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PREFACE

This work is the result of contributions from 52 active researchers in geophysics, astrophysics
and astronomy. We have followed a philosophy of directness and simplicity, while still allowing
contributors flexibility to expand in their own areas of expertise. They are cited in the contributors’
list, but I take this opportunity to thank the contributors for their efforts and their patience.

The subject areas of this dictionary at the time of this writing are among the most active of the
physical sciences. Astrophysics and astronomy are enjoying a new golden era, with remarkable
observations in new wave bands (y-rays, X-rays, infrared, radio) and in new fields: neutrino and
(soon) gravitational wave astronomy. High resolution mapping of planets continuously yields new
discoveries in the history and the environment of the solar system. Theoretical developments are
matching these observational results, with new understandings from the largest cosmological scale to
the interior of the planets. Geophysics mirrors and drives this research in its study of our own planet,
and the analogies it finds in other solar system bodies. Climate change (atmospheric and oceanic
long-timescale dynamics) is a transcendingly important societal, as well as scientific, issue. This
dictionary provides the background and context for development for decades to come in these and
related fields. It is our hope that this dictionary will be of use to students and established researchers
alike.

It is a pleasure to acknowledge the assistance of Dr. Helen Nelson, and later, Ms. Colleen McMil-
lon, in the construction of this work. Finally, I acknowledge the debt I owe to Dr. C.F. Keller, and to
the late Prof. Dennis Sciama, who so broadened my horizons in the subjects of this dictionary.

Richard Matzner
Austin, Texas
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Abney’s law of additivity

A

Abbott, David C. Astrophysicist.  In
1976, in collaboration with John I. Castor and
Richard I. Klein, developed the theory of winds
in early type stars (CAK theory). Through
hydrodynamic models and atomic data, they
showed that the total line-radiation pressure is
the probable mechanism that drives the wind in
these systems, being able to account for the ob-
served wind speeds, wind mass-loss rates, and
general form of the ultraviolet P-Cygni line pro-
files through which the wind was originally de-
tected.

Abelian Higgs model  Perhaps the simplest
example of a gauge theory, first proposed by
PW. Higgs in 1964. The Lagrangian is simi-
lar to the one in the Goldstone model where the
partial derivatives are now replaced by gauge co-
variants, 0, — 0, —ieA,, where e is the gauge
coupling constant between the Higgs field ¢ and
A,,. There is also the square of the antisymmet-
ric tensor Fy, = d,A, — 9,A, which yields
a kinetic term for the massless gauge field A,.
Now the invariance of the Lagrangian is with re-
spect to the gauge U (1) symmetry transforma-
tion ¢ — /AW ¢ and, in turn, the gauge field
transforms as A, (x) — A, (x) + e_laﬂA(x),
with A(x) being an arbitrary function of space
and time. It is possible to write down the La-
grangian of this model in the vicinity of the true
vacuum of the theory as that of two fields, one
of spin 1 and another of spin 0, both of them be-
ing massive (plus other higher order interaction
terms), in complete agreement with the Higgs
mechanism.

Interestingly enough, a similar theory serves
to model superconductors (where ¢ would now
be identified with the wave function for the
Cooper pair) in the Ginzburg—Landau theory.
See Goldstone model, Higgs mechanism, spon-
taneous symmetry breaking.

Abelianstring  Abelian strings form when, in
the framework of a symmetry breaking scheme

© 2001 by CRC Press LLC

G — H, the generators of the group G com-
mute. One example is the complete breakdown
of the Abelian U (1) — {1}. The vacuum mani-
fold of the phase transition is the quotient space,
and in this case, it is given by M ~ U (1). The
first homotopy group is then 71 (M) ~ Z, the
(Abelian) group of integers.

All strings formed correspond to elements
of m; (except the identity element). Regarding
the string network evolution, exchange of part-
ners (through intercommutation) is only possi-
ble between strings corresponding to the same
element of 7y (or its inverse). Strings from
different elements (which always commute for
Abelian 1) pass through each other without
intercommutation taking place. See Abelian
Higgs model, homotopy group, intercommuta-
tion (cosmic string), Kibble mechanism, non-
Abelian string, spontaneous symmetry break-

ing.

aberration of stellar light Apparent dis-
placement of the geometric direction of stel-
lar light arising because of the terrestrial mo-
tion, discovered by J. Bradley in 1725. Clas-
sically, the angular position discrepancy can be
explained by the law of vector composition: the
apparent direction of light is the direction of the
difference between the earth velocity vector and
the velocity vector of light. A presently accepted
explanation is provided by the special theory of
relativity. Three components contribute to the
aberration of stellar light with terms called di-
urnal, annual, and secular aberration, as the mo-
tion of the earth is due to diurnal rotation, to the
orbital motion around the center of mass of the
solar system, and to the motion of the solar sys-
tem. Because of annual aberration, the apparent
position of a star moves cyclically throughout
the year in an elliptical pattern on the sky. The
semi-major axis of the ellipse, which is equal to
the ratio between the mean orbital velocity of
earth and the speed of light, is called the aberra-
tion constant. Its adopted value is 20.49552 sec
of arc.

Abney’s law of additivity The luminous
power of a source is the sum of the powers of
the components of any spectral decomposition
of the light.



A-boundary

A-boundary  (or atlas boundary) In relativ-
ity, a notion of boundary points of the space-
time manifold, constructed by the closure of the
open sets of an atlas A of coordinate maps. The
transition functions of the coordinate maps are
extended to the boundary points.

absolute humidity  One of the definitions for
the moisture content of the atmosphere — the
total mass of water vapor present per unit volume
of air, i.e., the density of water vapor. Unit is
g/em’.

absolute magnitude  See magnitude.

absolute space and time In Newtonian
Mechanics, it is implicitly assumed that the
measurement of time and the measurement of
lengths of physical bodies are independent of
the reference system.

absolute viscosity = The ratio of shear to the
rate of strain of a fluid. Also referred to as
molecular viscosity or dynamic viscosity. For
a Newtonian fluid, the shear stress within the
fluid, 7, is related to the rate of strain (velocity
gradient), ‘é—’;, by the relation T = u‘é—’g. The
coefficient of proportionality, u, is the absolute
VISCOSity.

absolute zero  The volume of an ideal gas
at constant pressure is proportional to the abso-
lute temperature of the gas (Charles’ Law). The
temperature so defined corresponds to the ther-
modynamic definition of temperature. Thus, as
an ideal gas is cooled, the volume of the gas
tends to zero. The temperature at which this oc-
curs, which can be observed by extrapolation,
is absolute zero. Real gases liquefy at tempera-
tures near absolute zero and occupy a finite vol-
ume. However, starting with a dilute real gas,
and extrapolating from temperatures at which it
behaves in an almost ideal fashion, absolute zero
can be determined.

absorbance  The (base 10) logarithm of the
ratio of the radiant power at a given wavelength
incident on a volume to the sum of the scattered
and directly transmitted radiant powers emerg-
ing from the volume; also called optical density.
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absorptance The fraction of the incident
power at a given wavelength that is absorbed
within a volume.

absorption coefficient = The absorptance per
unit distance of photon travel in a medium, i.e.,
the limit of the ratio of the spectral absorptance
to the distance of photon travel as that distance
becomes vanishingly small. Units: [m~!].

absorption cross-section  The cross-section-
al area of a beam containing power equal to the
power absorbed by a particle in the beam [m?].

absorption efficiency factor The ratio of
the absorption cross-section to the geometrical
cross-section of the particle.

absorption fading  In radio communication,
fading is caused by changes in absorption that
cause changes in the received signal strength. A
short-wave fadeout is an obvious example, and
the fade, in this case, may last for an hour or
more. See ionospheric absorption, short wave
fadeout.

absorption line A dark line at a particu-
lar wavelength in the spectrum of electromag-
netic radiation that has traversed an absorbing
medium (typically a cool, tenuous gas between a
hot radiating source and the observer). Absorp-
tion lines are produced by a quantum transition
in matter that absorbs radiation at certain wave-
lengths and produces a decrease in the intensity
around those wavelengths. See spectrum. Com-
pare with emission line.

abstract index notation A notation of ten-
sors in terms of their component index structure
(introduced by R. Penrose). For example, the
tensor T(0,60) = Tabé’“ ® 6p is written in the
abstract index notation as Ta” , where the indices
signify the valence and should not be assigned
a numerical value. When components need to
be referred to, these may be enclosed in matrix
brackets: (v4) = (v', v?).

abyssal circulation = Currents in the ocean
that reach the vicinity of the sea floor. While
the general circulation of the oceans is primarily
driven by winds, abyssal circulation is mainly



accretion disk

driven by density differences caused by temper-
ature and salinity variations, i.e., the thermoha-
line circulation, and consequently is much more
sluggish.

abyssal plain  Deep old ocean floor covered
with sediments so that it is smooth.

acceleration  The rate of change of the veloc-
ity of an object per unit of time (in Newtonian
physics) and per unit of proper time of the object
(in relativity theory). In relativity, acceleration
also has a geometric interpretation. An object
that experiences only gravitational forces moves
along a geodesic in a spacetime, and its accel-
eration is zero. If non-gravitational forces act
as well (e.g., electromagnetic forces or pressure
gradient in a gas or fluid), then acceleration at
point p in the spacetime measures the rate with
which the trajectory C of the object curves off
the geodesic that passes through p and is tan-
gent to C at p. In metric units, acceleration has
units cm/sec? ; m/sec?.

acceleration due to gravity (g)  The standard
value (9.80665m/s2) of the acceleration experi-
enced by abody in the Earth’s gravitational field.

accreted terrain A terrain that has been ac-
creted to a continent. The margins of many con-
tinents, including the western U.S., are made up
of accreted terrains. If, due to continental drift,
New Zealand collides with Australia, it would
be an accreted terrain.

accretion The infall of matter onto a body,
such as a planet, a forming star, or a black hole,
occurring because of their mutual gravitational
attraction. Accretion is essential in the forma-
tion of stars and planetary systems. It is thought
to be an important factor in the evolution of stars
belonging to binary systems, since matter can be
transferred from one star to another, and in active
galactic nuclei, where the extraction of gravita-
tional potential energy from material which ac-
cretes onto a massive black hole is reputed to be
the source of energy. The efficiency at which
gravitational potential energy can be extracted
decreases with the radius of the accreting body
and increases with its mass. Accretion as an en-
ergy source is therefore most efficient for very
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compact bodies like neutron stars (R ~ 10 km)
or black holes; in these cases, the efficiency can
be higher than that of thermonuclear reactions.
Maximum efficiency can be achieved in the case
of a rotating black hole; up to 30% of the rest
energy of the infalling matter can be converted
into radiating energy. If the infalling matter has
substantial angular momentum, then the process
of accretion progresses via the formation of an
accretion disk, where viscosity forces cause loss
of angular momentum, and lets matter drift to-
ward the attracting body.

In planetary systems, the formation of large
bodies by the accumulation of smaller bodies.
Most of the planets (and probably many of the
larger moons) in our solar system are believed
to have formed by accretion (Jupiter and Sat-
urn are exceptions). As small objects solidified
from the solar nebula, they collided and occa-
sionally stuck together, forming a more massive
object with a larger amount of gravitational at-
traction. This stronger gravity allowed the ob-
ject to pull in smaller objects, gradually build-
ing the body up to a planetismal (a few kilo-
meters to a few tens of kilometers in diameter),
then a protoplanet (a few tens of kilometers up
to 2000 kilometers in diameter), and finally a
planet (over 2000 kilometers in diameter). See
accretion disk, active galactic nuclei, black hole,
quasi stellar object, solar system formation, star
formation, X-ray source.

accretionary prism (accretionary wedge)
The wedge-shaped geological complex at the
frontal portion of the upper plate of a subduction
zone formed by sediments scraped off the top of
the subducting oceanic plate. The sediments un-
dergo a process of deformation, consolidation,
diagenesis, and sometimes metamorphism. The
wedge partially or completely fills the trench.
The most frontal point is called the toe or defor-
mation front. See trench.

accretion disk A disk of gas orbiting a ce-
lestial body, formed by inflowing or accreting
matter. In binary systems, if the stars are suffi-
ciently close to each other so that one of the stars
is filling its Roche Lobe, mass will be transferred
to the companion star creating an accretion disk.

In active galactic nuclei, hot accretion disks
surround a supermassive black hole, whose



accretion, Eddington

presence is part of the “standard model” of active
galactic nuclei, and whose observational status
is becoming secure. Active galactic nuclei are
thought to be powered by the release of poten-
tial gravitational energy by accretion of matter
onto a supermassive black hole. The accretion
disk dissipates part of the gravitational poten-
tial energy, and removes the angular momen-
tum of the infalling gas. The gas drifts slowly
toward the central black hole. During this pro-
cess, the innermost annuli of the disk are heated
to high temperature by viscous forces, and emit
a “stretched thermal continuum”, i.e., the sum
of thermal continua emitted by annuli at differ-
ent temperatures. This view is probably valid
only in active galactic nuclei radiating below the
Eddington luminosity, i.e., low luminosity ac-
tive galactic nuclei like Seyfert galaxies. If the
accretion rate exceeds the Eddington limit, the
disk may puff up and become a thick torus sup-
ported by radiation pressure. The observational
proof of the presence of accretion disks in ac-
tive galactic nuclei rests mainly on the detection
of a thermal feature in the continuum spectrum
(the big blue bump), roughly in agreement with
the predictions of accretion disk models. Since
the disk size is probably less than 1 pc, the disk
emitting region cannot be resolved with present-
day instruments. See accretion, active galactic
nuclei, big blue bump, black hole, Eddington
limit.

accretion, Eddington  As material accretes
onto a compact object (neutron star, black hole,
etc.), potential energy is released. The Edding-
ton rate is the critical accretion rate where the
rate of energy released is equal to the Eddington

luminosity: G M Eddington Maccretor / Raccretor =

4r CRaccrelm bj
_ g object
LEddmgton = M accretion — T o

where « is the opacity of the material i 1n units
of area per unit mass. For spherically sym-
metric accretion where all of the potential en-
ergy is converted into photons, this rate is the
maximum accretion rate allowed onto the com-
pact object (see Eddington luminosity). For
ionized hydrogen accreting onto a neutron star
(Rns = 10 km Mns = 1.4My), this rate is:
1.5 x 1078 Mg, yr~'. See also accretion, Super-
Eddington.
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accretion, hypercritical See accretion,

Super-Eddington.

accretion, Super-Eddington  Mass accretion
at a rate above the Eddington accretion limit.
These rates can occur in a variety of accretion
conditions such as: (a) in black hole accretion
where the accretion energy is carried into the
black hole, (b) in disk accretion where luminos-
ity along the disk axis does not affect the accre-
tion, and (c) for high accretion rates that create
sufficiently high densities and temperatures that
the potential energy is converted into neutrinos
rather than photons. In this latter case, due to
the low neutrino cross-section, the neutrinos ra-
diate the energy without imparting momentum
onto the accreting material. (Syn. hypercritical
accretion).

Achilles A Trojan asteroid orbiting at the L4
point in Jupiter’s orbit (60° ahead of Jupiter).

achondrite A form of igneous stony mete-
orite characterized by thermal processing and
the absence of chondrules. Achondrites are gen-
erally of basaltic composition and are further
classified on the basis of abundance variations.
Diogenites contain mostly pyroxene, while eu-
crites are composed of plagioclase-pyroxene
basalts. Ureilites have small diamond inclu-
sions. Howardites appear to be a mixture of eu-
crites and diogenites. Evidence from microme-
teorite craters, high energy particle tracks, and
gas content indicates that they were formed on
the surface of a meteorite parent body.

achromatic objective = The compound objec-
tive lens (front lens) of a telescope or other op-
tical instrument which is specially designed to
minimize chromatic aberation. This objective
consists of two lenses, one converging and the
other diverging; either glued together with trans-
parent glue (cemented doublet), or air-spaced.
The two lenses have different indices of refrac-
tion, one high (Flint glass), and the other low
(Crown glass). The chromatic aberrations of
the two lenses act in opposite senses, and tend
to cancel each other out in the final image.



active fault

achronal set (semispacelike set) A set of
points S of a causal space such that there are
no two points in S with timelike separation.

acoustic tomography An inverse method
which infers the state of an ocean region from
measurements of the properties of sound waves
passing through it. The properties of sound in
the ocean are functions of temperature, water
velocity, and salinity, and thus each can be ex-
ploited for acoustic tomography. The ocean
is nearly transparent to low-frequency sound
waves, which allows signals to be transmitted
over hundreds to thousands of kilometers.

actinides  The elements of atomic number 89
through 103, i.e., Ac, Th, Pa, U, Np, Pu, Am,
Cm, Bk, Cf, Es, Fm, Md, No, Lr.

action  In mechanics the integral of the La-
grangian along a path through endpoint events
with given endpoint conditions:

o
I= / L (x’, dx'/dt, t) dt
1, C

J
1:Xa

(or, if appropriate, the Lagrangian may con-
tain higher time derivatives of the point-
coordinates). Extremization of the action over
paths with the same endpoint conditions leads
to a differential equation. If the Lagrangian is
asimple L = T — V, where T is quadratic in
the velocity and V is a function of coordinates
of the point particle, then this variation leads to
Newton’s second law:
d*x! Vv

= ,i=

Az T T iT 23

By extension, the word action is also applied to
field theories, where it is defined:

tb,xlf
I :/ Ly|gld"x ,
ta,x)

»Xa

where L is a function of the fields (which de-
pend on the spacetime coordinates), and of the
gradients of these fields. Here n is the dimen-
sion of spacetime. See Lagrangian, variational
principle.

activation energy (AH, ) That energy re-
quired before a given reaction or process can
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proceed. It is usually defined as the difference
between the internal energy (or enthalpy) of the
transition state and the initial state.

activation entropy ( AS, ) The activation
entropy is defined as the difference between the
entropy of the activated state and initial state, or
the entropy change. From the statistical defini-
tion of entropy, it can be expressed as

AS, = Rln 2%
wj

where o, is the number of “complexions” as-
sociated with the activated state, and wy is the
number of “complexions” associated with the
initial state. R is gas constant. The activation
entropy therefore includes changes in the con-
figuration, electronic, and vibration entropy.

activation volume (AV')  Theactivation vol-
ume is defined as the volume difference between
initial and final state in an activation process,
which is expressed as

IAG
AV ="
aP

where AG is the Gibbs energy of the activation
process and P is the pressure. The activation
volume reflects the dependence of process on
pressure between the volume of the activated
state and initial state, or entropy change.

active continental margin A continental
margin where an oceanic plate is subducting be-
neath the continent.

active fault A fault that has repeated dis-
placements in Quaternary or late Quaternary pe-
riod. Its fault trace appears on the Earth’s sur-
face, and the fault has a potential to reactivate
in the future. Hence, naturally, a fault which
had displacements associated with a large earth-
quake in recent years is an active fault. The de-
gree of activity of an active fault is represented
by average displacement rate, which is deduced
from geology, topography, and trench excava-
tion. The higher the activity, the shorter the re-
currence time of large earthquakes. There are
some cases where large earthquakes take place
on an active fault with low activity.



active front

active front  An active anafront or an active
katafront. An active anafront is a warm front at
which there is upward movement of the warm
sector air. This is due to the velocity component
crossing the frontal line of the warm air being
larger than the velocity component of the cold
air. This upward movement of the warm air usu-
ally produces clouds and precipitation. In gen-
eral, most warm fronts and stationary fronts are
active anafronts. An active katafront is a weak
cold frontal condition, in which the warm sec-
tor air sinks relative to the colder air. The upper
trough of active katafront locates the frontal line
or prefrontal line. An active katafront moves
faster than a general cold front.

active galactic nuclei (AGN) Luminous nu-
clei of galaxies in which emission of radiation
ranges from radio frequencies to hard-X or, in
the case of blazars, to y rays and is most likely
due to non-stellar processes related to accretion
of matter onto a supermassive black hole. Active
galactic nuclei cover a large range in luminosity
(~ 10*2 — 10 ergs s~ 1) and include, at the low
luminosity end, LINERs and Seyfert-2 galax-
ies, and at the high luminosity end, the most
energetic sources known in the universe, like
quasi-stellar objects and the most powerful ra-
dio galaxies. Nearby AGN can be distinguished
from normal galaxies because of their bright nu-
cleus; their identification, however, requires the
detection of strong emission lines in the optical
and UV spectrum. Radio-loud AGN, a minority
(10 to 15%) of all AGN, have comparable opti-
cal and radio luminosity; radio quiet AGN are
not radio silent, but the power they emit in the
radio is a tiny fraction of the optical luminosity.
The reason for the existence of such dichotomy
is as yet unclear. Currently debated explana-
tions involve the spin of the supermassive black
hole (i.e., a rapidly spinning black hole could
help form a relativistic jet) or the morphology
of the active nucleus host galaxy, since in spiral
galaxies the interstellar medium would quench
a relativistic jet. See black hole, QSO, Seyfert
galaxies.

active margins  The boundaries between the
oceans and the continents are of two types, ac-
tive and passive. Active margins are also plate
boundaries, usually subduction zones. Active
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margins have major earthquakes and volcanism;
examples include the “ring of fire” around the
Pacific.

activeregion A localized volume of the solar
atmosphere in which the magnetic fields are ex-
tremely strong. Active regions are characterized
as bright complexes of loops at ultraviolet and
X-ray wavelengths. The solar gas is confined
by the strong magnetic fields forming loop-like
structures and is heated to millions of degrees
Kelvin, and are typically the locations of sev-
eral solar phenomena such as plages, sunspots,
faculae, and flares. The structures evolve and
change during the lifetime of the active region.
Active regions may last for more than one solar
rotation and there is some evidence of them re-
curring in common locations on the sun. Active
regions, like sunspots, vary in frequency dur-
ing the solar cycle, there being more near solar
maximum and none visible at solar minimum.
The photospheric component of active regions
are more familiar as sunspots, which form at the
center of active regions.

adiabat  Temperature vs. pressure in a sys-
tem isolated from addition or removal of ther-
mal energy. The temperature may change, how-
ever, because of compression. The temperature
in the convecting mantle of the Earth is closely
approximated by an adiabat.

adiabatic atmosphere A simplified atmo-
sphere model with no radiation process, water
phase changing process, or turbulent heat trans-
fer. All processes in adiabatic atmosphere are
isentropic processes. Itis a good approximation
for short-term, large scale atmospheric motions.
In an adiabatic atmosphere, the relation between
temperature and pressure is

AR
T _(p)cp
To Do

where T is temperature, p is pressure, 7Tp and
po are the original states of T and p before adi-
abatic processes, A is the mechanical equivalent
of heat, R is the gas constant, and C, is the spe-
cific heat at constant pressure.

adiabatic condensation point  The height
point at which air becomes saturated when it
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is lifted adiabatically. It can be determined by
the adiabatic chart.

adiabatic cooling In an adiabatic atmo-
sphere, when an air parcel ascends to upper
lower pressure height level, it undergoes expan-
sion and requires the expenditure of energy and
consequently leading to a depletion of internal
heat.

adiabatic deceleration = Deceleration of en-
ergetic particles during the solar wind expan-
sion: energetic particles are scattered at mag-
netic field fluctuations frozen into the solar wind
plasma. During the expansion of the solar wind,
this “cosmic ray gas” also expands, resulting in a
cooling of the gas which is equivalent to a decel-
eration of the energetic particles. In a transport
equation, adiabatic deceleration is described by

a term
V. i 0
Y " Vsowi 9 (@TU)
3 oT

with T being the particle’s energy, T, its rest
energy, U the phase space density, Vgowi the solar
wind speed, and o« = (T + 2T,) /(T 4+ Ty).

Adiabatic deceleration formally is also
equivalent to a betatron effect due to the reduc-
tion of the interplanetary magnetic field strength
with increasing radial distance.

adiabatic dislocation  Displacement of a vir-
tual fluid parcel without exchange of heat with
the ambient fluid. See potential temperature.

adiabatic equilibrium  An equilibrium sta-
tus when a system has no heat flux across its
boundary, or the incoming heat equals the out-
going heat. Thatis, dU = —d W, from the first
law of thermodynamics without the heat term, in
which dU is variation of the internal energy, d W
is work. Adiabatic equilibrium can be found, for
instance, in dry adiabatic ascending movements
of air parcels; and in the closed systems in which
two or three phases of water exist together and
reach an equilibrium state.

adiabatic index Ratio of specific heats:
Cp,/Cy where C, is the specific heat at con-
stant pressure, and Cy is the specific heat at
constant volume. For ideal gases, equal to
(2+degrees of freedom )/(degrees of freedom).
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adiabatic invariant A quantity in a mechan-
ical or field system that changes arbitrarily little
even when the system parameter changes sub-
stantially but arbitrarily slowly. Examples in-
clude the magnetic flux included in a cyclotron
orbit of a plasma particle. Thus, in a variable
magnetic field, the size of the orbit changes as
the particle dufts along a guiding flux line. An-
other example is the angular momentum of an
orbit in a spherical system, which is changed if
the spherical force law is slowly changed. Adia-
batic invariants can be expressed as the surface
area of a closed orbit in phase space. They are
the objects that are quantized (=mh) in the Bohr
model of the atom.

adiabatic lapse rate Temperature vertical
change rate when an air parcel moves vertically
with no exchange of heat with surroundings. In
the special case of an ideal atmosphere, the adi-
abatic lapse rate is 10° per km.

ADM form of the Einstein—Hilbert action

In general relativity, by introducing the ADM
(Arnowitt, Deser, Misner) decomposition of
the metric, the Einstein—Hilbert action for pure
gravity takes the general form

1
167 G

/d4xay1/2 [Kij K7 —K?+ (3)R]
1 Z/d%y]/zK—i—;

8 G — Ji 8 G
Z/dt '/.a’zxyl/2 (Kﬁi—yijoz,j)
b Xy

where the first term on the rh.s. is the vol-
ume contribution, the second comes from pos-
sible space-like boundaries %;, of the space-
time manifold parametrized by ¢t = f,, and
the third contains contributions from time-like
boundaries x' = xé. The surface terms must
be included in order to obtain the correct equa-
tions of motion upon variation of the variables
vij which vanish on the borders but have non-
vanishing normal derivatives therein.
In the above,

SEH =

1
Kij=5_ (Bi1j + Bjli — vij.0)
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is the extrinsic curvature tensor of the surfaces
of constant time X,, | denotes covariant differ-
entiation with respect to the three-dimensional
metric y, K = Kj; ¥, and @ R is the intrinsic
scalar curvature of X;. From the above form of
the action, it is apparent that « and B’ are not
dynamical variables (no time derivatives of the
lapse and shifts functions appear). Further, the
extrinsic curvature of X; enters in the action to
build a sort of kinematical term, while the intrin-
sic curvature plays the role of a potential. See
Arnowitt—Deser—Misner (ADM) decomposition
of the metric.

ADM mass  According to general relativity,
the motion of a particle of mass m located in
a region of weak gravitational field, that is far
away from any gravitational source, is well ap-
proximated by Newton’s law with a force

F =g Moy
’
where r is aradial coordinate such that the metric
tensor g approaches the usual flat Minkowski
metric for large values of . The effective ADM
mass M 4 py is obtained by expanding the time-
time component of g in powers of 1/r,

gn=—1+mﬂ+(9<%> .
r r
Intuitively, one can think of the ADM mass as
the total (matter plus gravity) energy contained
in the interior of space. As such it generally
differs from the volume integral of the energy-
momentum density of matter. It is conserved if
no radial energy flow is present at large r.

More formally, M can be obtained by inte-
grating a surface term at large r in the ADM form
of the Einstein—Hilbert action, which then adds
to the canonical Hamiltonian. This derivation
justifies the terminology. In the same way one
can define other (conserved or not) asymptotical
physical quantities like total electric charge and
gauge charges. See ADM form of the Einstein—
Hilbert action, asymptotic flatness.

Adrastea  Moon of Jupiter, also designated
JXV. Discovered by Jewitt, Danielson, and Syn-
nott in 1979, its orbit lies very close to that
of Metis, with an eccentricity and inclination
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that are very nearly O and a semimajor axis of
1.29 x 10° km. Its size is 12.5 x 10 x 7.5 km,
its mass, 1.90 x 10'© kg, and its density roughly
4 gem™3. It has a geometric albedo of 0.05 and
orbits Jupiter once every 0.298 Earth days.

ADV (Acoustic Doppler Velocimeter) A de-
vice that measures fluid velocity by making use
of the Doppler Effect. Sound is emitted at a
specific frequency, is reflected off of particles in
the fluid, and returns to the instrument with a
frequency shift if the fluid is moving. Speed of
the fluid (along the sound travel path) may be
determined from the frequency shift. Multiple
sender-receiver pairs are used to allow 3-D flow
measurements.

advance of the perihelion  In unperturbed
Newtonian dynamics, planetary orbits around a
spherical sun are ellipses fixed in space. Many
perturbations in more realistic situations, for in-
stance perturbations from other planets, con-
tribute to a secular shift in orbits, including a
rotation of the orbit in its plane, a precession of
the perihelion. General relativity predicts a spe-
cific advance of the perihelion of planets, equal
to 43 sec of arc per century for Mercury, and
this is observationally verified. Other planets
have substantially smaller advance of their per-
ihelion: for Venus the general relativity predic-
tion is 8.6 sec of arc per century, and for Earth
the prediction is 3.8 sec of arc per century. These
are currently unmeasurable.

The binary pulsar (PSR 1913+16) has an ob-
servable periastron advance of 4.227°/year, con-
sistent with the general relativity prediction. See
binary pulsar.

advection  The transport of a physical prop-
erty by entrainment in a moving medium. Wind
advects water vapor entrained in the air, for in-
stance.

advection dominated accretion disks  Ac-
cretion disks in which the radial transport of
heat becomes relevant to the disk structure. The
advection-dominated disk differs from the stan-
dard geometrically thin accretion disk model be-
cause the energy released by viscous dissipation
is not radiated locally, but rather advected to-
ward the central star or black hole. As a conse-
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quence, luminosity of the advection dominated
disk can be much lower than that of a standard
thin accretion disk. Advection dominated disks
are expected to form if the accretion rate is above
the Eddington limit, or on the other end, if the
accretion rate is very low. Low accretion rate,
advection dominated disks have been used to
model the lowest luminosity active galactic nu-
clei, the galactic center, and quiescent binary
systems with a black hole candidate. See active
galactic nuclei, black hole, Eddington limit.

advective heat transfer (or advective heat
transport)  Transfer of heat by mass move-
ment. Use of the term does not imply a par-
ticular driving mechanism for the mass move-
ment such as thermal buoyancy. Relative to a
reference temperature Ty, the heat flux due to
material of temperature T moving at speed v is
q = v pc(T — Ty), where p and c are density
and specific heat, respectively.

aeolian  See eolian.

aerosol Small size (0.01 to 10 um), rela-
tively stable suspended, colloidal material, ei-
ther natural or man-made, formed of solid par-
ticles or liquid droplets, organic and inorganic,
and the gases of the atmosphere in which these
particles float and disperse. Haze, most smokes,
and some types of fog and clouds are aerosols.
Aerosols in the troposphere are usually removed
by precipitation. Their residence time order
is from days to weeks. Tropospheric aerosols
can affect radiation processes by absorbing, re-
flecting, and scattering effects, and may act
as Aitken nuclei. About 30% of tropospheric
aerosols are created by human activities. In the
stratosphere, aerosols are mainly sulfate parti-
cles resulting from volcanic eruptions and usu-
ally remain there much longer. Aerosols in the
stratosphere may reduce insolation significantly,
which is the main physics factor involved in
climatic cooling associated with volcanic erup-
tions.

aesthenosphere  Partially melted layer of the
Earth lying below the lithosphere at a depth of
80 to 100 km, and extending to approximately
200 km depth.
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affine connection A non-tensor object which
has to be introduced in order to construct the co-
variant derivatives of a tensor. Symbol: ng.
Under the general coordinate transformation
xt — x'" = x* +£H(x) the affine connection
possesses the following transformation rule:
VL L
By fxr 9xB 9xv' Vh T axT axB ox?’
while for an arbitrary tensor 74 = T'";*! one
has

o0 ax* ox% JxV!
,31/.../3](/ - ax,ul T axﬂl axﬂl’
Vk
dx Tt
e axﬂk, V1...Vk

The non-tensor form of the transformation of
affine connection guarantees that for an arbitrary

ap... . . . .
tensor Tpf o its covariant derivative

VTS = TPy TSI+
— rgMTgfﬂ;g — ...

@, 9

is also a tensor. (Here the subscript “u” means
d/0X*".) Geometrically the affine connection
and the covariant derivative define the paral-
lel displacement of the tensor along the given
smooth path. The above transformation rule
leaves a great freedom in the definition of affine
connection because one can safely add to ng
any tensor. In particular, one can provide the
symmetry of the affine connection ng = 1";‘5
(which requires torsion tensor = 0) and also
metricity of the covariant derivative V;, gog = 0.
In this case, the affine connection is called the
Cristoffel symbol and can be expressed in terms
of the sole metric of the manifold as

1
Ty = ng (9p&yar + Dy gpr — dr8py)

See covariant derivative, metricity of covariant
derivative, torsion.

African waves  During the northern hemi-
sphere summer intense surface heating over the
Sahara generates a strong positive temperature
gradient in the lower troposphere between the
equator and about 25° N. The resulting easterly
thermal wind creates a strong easterly jet core
near 650 mb centered near 16° N. African waves
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are the synoptic scale disturbances that are ob-
served to form and propagate westward in the
cyclonic shear zone to the south of this jet core.
Occasionally African waves are progenitors of
tropical storms and hurricanes in the western
Atlantic. The average wavelength of observed
African wave disturbance is about 2500 km and
the westward propagation speed is about 8 m/s.

afternoon cloud (Mars)  Afternoon clouds
appear at huge volcanos such as Elysium Mons,
Olympus Mons, and Tharsis Montes in spring
to summer of the northern hemisphere. After-
noon clouds are bright, but their dimension is
small compared to morning and evening clouds.
In their most active period from late spring to
early summer of the northern hemisphere, they
appear around 10h of Martian local time (MLT),
and their normal optical depths reach maximum
in 14h to 15h MLT. Their brightness seen from
Earth increases as they approach the evening
limb. Afternoon clouds show a diurnal vari-
ation. Sometimes afternoon clouds at Olym-
pus Mons and Tharsis Montes form a W-shaped
cloud together with evening clouds, in which the
afternoon clouds are identified as bright spots.
The altitude of afternoon clouds is higher than
the volcanos on which they appear. See evening
cloud, morning cloud.

aftershocks  Essentially all earthquakes are
followed by a sequence of “aftershocks”. In
some cases aftershocks can approach the main
shock in strength. The decay in the number of
aftershocks with time has a power-law depen-
dence; this is known as Omori’s law.

ageostrophic flow The flow that is not
geostrophic. See geostrophic approximation.

agonic line A line of zero declination. See

declination.

air  The mixture of gases near the Earth’s sur-
face, composed of approximately 78% nitrogen,
21% oxygen, 1% argon, 0.035% carbon dioxide,
variable amounts of water vapor, and traces of
other noble gases, and of hydrogen, methane,
nitrous oxide, ozone, and other compounds.
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airfoil probe A sensor to measure oceanic
turbulence in the dissipation range. The probe
is an axi-symmetric airfoil of revolution that
senses cross-stream velocity fluctuations u =
|u| of the free stream velocity vector W (see fig-
ure). Airfoil probes are often mounted on verti-
cally moving dissipation profilers. The probe’s
output is differentiated by analog electronic cir-
cuits to produce voltage fluctuations that are pro-
portional to the time rate of change of u, namely
du(z)/0t, where z is the vertical position. If
the profiler descends steadily, then by the Tayler
transformation this time derivative equals veloc-
ity shear du/dz = V~! du(z)/dt. This mi-
crostructure velocity shear is used to estimate
the dissipation rate of turbulent kinetic energy.

airglow Widely distributed flux predomi-
nately from OH, oxygen, and neon at an altitude
of 85 to 95 km. Airglow has a brightness of
order 14 magnitudes per square arcsec.

air gun  An artificial vibration source used
for submarine seismic exploration and sonic
prospecting. The device emits high-pressured
air in the oceanic water under electric control
from an exploratory ship. The compressed air
is conveyed from a compressor on the ship to
a chamber which is dragged from the stern.
A shock produced by expansion and contrac-
tion of the air in the water becomes a seismic
source. The source with its large capacity and
low-frequency signals is appropriate for investi-
gation of the deeper submarine structure. An air
gun is most widely used as an acoustic source
for multi-channel sonic wave prospecting.

Airy compensation  The mass of an elevated
mountain range is “compensated” by a low den-
sity crustal root. See Airy isostasy.

Airy isostasy  An idealized mechanism of
isostatic equilibrium proposed by G.B. Airy in
1855, in which the crust consists of vertical rigid
rock columns of identical uniform density p.
independently floating on a fluid mantle of a
higher density p,,. If the reference crustal thick-
ness is H, represented by a column of height
H, the extra mass of a “mountain” of height A
must be compensated by a low-density “moun-
tain root” of length b. The total height of the
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Probe

1ecm

Geometry of the airfoil probe, o is the angle of attack
of the oncoming flow.

rock column representing the mountain area is
then & + H + b. Hydrostatic equilibrium below
the mountain root requires (0, — pc)b = pch.

Airy phase  When a dispersive seismic wave
propagates, the decrease of amplitude with
increasing propagation distance for a period
whose group velocity has a local minimum is
smaller than that for other periods. The wave
corresponding to the local minimum is referred
to as an Airy phase and has large amplitude on a
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record of surface waves. An Airy phase appears
ata transition between normal dispersion and re-
verse dispersion. For continental paths an Airy
phase with about a 20-sec period often occurs,
while for oceanic paths an Airy phase with 10-
to 15-sec period occurs, reflecting the thickness
of the crust.

Airy wave theory  First-order wave theory
for water waves. Also known as linear or first-
order theory. Assumes gravity is the dominant
restoring force (as opposed to surface tension).
Named after Sir George Biddell Airy (1801-
1892).

Aitken, John  (1839-1919) Scottish physi-
cist. In addition to his pioneering work on atmo-
spheric aerosol, he investigated cyclones, color,
and color sensations.

Aitken nucleus count  One of the oldest and
most convenient techniques for measuring the
concentrations of atmospheric aerosol. Satu-
rated air is expanded rapidly so that it becomes
supersaturated by several hundred percent with
respect to water. At these high supersaturations
water condenses onto virtually all of the aerosol
to form a cloud of small water droplets. The
concentration of droplets in the cloud can be de-
termined by allowing the droplets to settle out
onto a substrate, where they can be counted ei-
ther under a microscope, or automatically by
optical techniques. The aerosol measured with
an Aitken nucleus counter is often referred to as
the Aitken nucleus count. Generally, Aitken nu-
cleus counts near the Earth’s surface range from
average values on the order of 103 cm™3 over
the oceans, to 10* cm~3 over rural land areas, to
103 cm™3 or higher in polluted air over cities.

Alba Patera A unique volcanic landform on
Mars that exists north of the Tharsis Province.
It is less than 3 km high above the surround-
ing plains, the slopes of its flanks are less than
a quarter of a degree, it has a diameter of
~ 1600 km, and it is surrounded by an addi-
tional 500 km diameter annulus of grabens. Its
size makes it questionable that it can properly be
called a volcano, a name that conjures up an im-
age of a distinct conical structure. Indeed from
the ground on Mars it would not be discernible
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because the horizontal dimensions are so large.
Nevertheless, itis interpreted as a volcanic struc-
ture on the basis that it possesses two very large
summit craters from which huge volumes of lava
have erupted from the late Noachian until the
early Amazonian epoch; hence, it might be the
largest volcanic feature on the entire planet. The
exact origin is unclear. Possible explanations
include deep seated crustal fractures produced
at the antipodes of the Hellas Basin might have
subsequently provided a conduit for magma to
reach the surface; or it formed in multiple stages
of volcanic activity, beginning with the emplace-
ment of a volatile rich ash layer, followed by
more basaltic lava flows, related to hotspot vol-
canism.

albedo  Reflectivity of a surface, given by
I/F, where [ is the reflected intensity, and & F
is the incident flux. The Bond albedo is the frac-
tion of light reflected by a body in all directions.
The bolometric Bond albedo is the reflectivity
integrated over all wavelengths. The geomet-
ric albedo is the ratio of the light reflected by a
body (at a particular wavelength) at zero phase
angle to that reflected by a perfectly diffusing
disk with the same radius as the body. Albedo
ranges between O (for a completely black body
which absorbs all the radiation falling on it) to
1 (for a perfectly reflecting body).

The Earth’s albedo varies widely based on
the status and colors of earth surface, plant cov-
ers, soil types, and the angle and wavelength of
the incident radiation. Albedo of the earth atmo-
sphere system, averaging about 30%, is the com-
bination of reflectivity of earth surface, cloud,
and each component of atmosphere. The value
for green grass and forest is 8 to 27%; over 30%
for yellowing deciduous forest in autumn; 12 to
18% for cities and rock surfaces; over 40% for
light colored rock and buildings; 40% for sand;
up to 90% for fresh flat snow surface; for calm
ocean, only 2% in the case of vertically inci-
dent radiation but can be up to 78% for lower
incident angle radiation; 55% average for cloud
layers except for thick stratocumulus, which can
be up to 80%.

albedo neutrons Secondary neutrons ejected
(along with other particles) in the collision of
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cosmic ray ions with particles of the upper at-
mosphere. See neutron albedo.

albedo of a surface For a body of water,
the ratio of the plane irradiance leaving a water
body to the plane irradiance incident on it; it is
the ratio of upward irradiance to the downward
irradiance just above the surface.

albedo of single scattering  The probability
of a photon surviving an interaction equals the
ratio of the scattering coefficient to the beam
attenuation coefficient.

Alcyone  Magnitude 3 type B7 star at RA
03h47m, dec +24°06’; one of the “seven sisters”
of the Pleiades.

Aldebaran Magnitude 1.1 star at RA
04h25m, dec +16°31".

Alfvénic fluctuation  Large amplitude fluc-
tuations in the solar wind are termed Alfvénic
fluctuations if their properties resemble those
of Alfvén waves (constant density and pres-
sure, alignment of velocity fluctuations with the
magnetic-field fluctuations; see Alfvén wave).
In particular, the fluctuations §V g,y in the solar
wind velocity and 6B in magnetic field obey the

relation
5B

Jaro

with o being the solar wind density. Note
that in the definition of Alfvénic fluctuations or
Alfvénicity, the changes in magnetic field and
solar wind speeds are vector quantities and not
the scalar quantities used in the definition of the
Alfvén speed.

Obviously, in a real measurement it will be
impossible to find fluctuations that exactly fulfill
the above relation. Thus fluctuations are clas-
sified as Alfvénic if the correlation coefficient
between 8vyowi and 8B is larger than 0.6. The
magnetic field and velocity are nearly always
observed to be aligned in a sense corresponding
to outward propagation from the sun.

OV sowi =

Alfvénicity  See Alfvénic fluctuation.

Alfvén layer  Term introduced in 1969 by
Schield, Dessler, and Freeman to describe the
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region in the nightside magnetosphere where
region 2 Birkeland currents apparently origi-
nate. Magnetospheric plasma must be (to a high
degree of approximation) charge neutral, with
equal densities of positive ion charge and neg-
ative electron charge. If such plasma convects
earthward under the influence of an electric field,
as long as the magnetic field stays constant (a fair
approximation in the distant tail) charge neutral-
ity is preserved.

Near Earth, however, the magnetic field be-
gins to be dominated by the dipole-like form of
the main field generated in the Earth’s core, and
the combined drift due to both electric and mag-
netic fields tends to separate ions from electrons,
steering the former to the dusk side of Earth
and the latter to the dawn side. This creates
Alfvén layers, regions where those motions fail
to satisfy charge neutrality. Charge neutrality
is then restored by electrons drawn upwards as
the downward region 2 current, and electrons
dumped into the ionosphere (plus some ions
drawn up) to create the corresponding upward
currents.

Alfvén shock  See intermediate shock.

Alfvénspeed Inmagnetohydrodynamics, the
speed of propogation of transverse waves in a
direction parallel to the magnetic field B. In SI
units, v4 = B/+/(up) where B is the magnitude
of the magnetic field [tesla], p is the fluid density
[kg/meter?], and y is the magnetic permeability
[Hz/meter].

Alfvén’s theorem
field.

See “frozen-in” magnetic

Alfvén wave A hydromagnetic wave mode
in which the direction (but not the magnitude) of
the magnetic field varies, the density and pres-
sure are constant, and the velocity fluctuations
are perfectly aligned with the magnetic-field
fluctuations. In the rest frame of the plasma,
energy transport by an Alfvén wave is directed
along the mean magnetic field, regardless of
the direction of phase propagation. Large-
amplitude Alfvén waves are predicted both by
the equations of magnetohydrodynamics and
the Vlasov—Maxwell collisionless kinetic the-
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ory, without requiring linearization of the the-
ory.

In magnetohydrodynamics, the characteris-
tic propagation speed is the Alfvén speed C4 =
B/ /47 p (cgs units), where B is the mean mag-
netic field and p is the gas density. The ve-
locity and magnetic fluctuations are related by
8V = F5B/ /47 p; the upper (lower) sign ap-
plies to energy propagation parallel (antiparal-
lel) to the mean magnetic field. In collisionless
kinetic theory, the equation for the characteristic
propagation speed is generalized to

4
ijcf,[wﬁ(m—m—n)],

where P, and Pj are, respectively, the pressures
transverse and parallel to the mean magnetic
field,

1
M=—> pa(AVo)® .
'0 o

po 1s the mass density of charge species «, and
AV, is its relative velocity of streaming rela-
tive to the plasma. Alfvén waves propagating
through a plasma exert a force on it, analogous
to radiation pressure. In magnetohydrodynam-
ics the force per unit volume is —V ((SB)2 /8w,
where (8B)? is the mean-square magnetic fluc-
tuation amplitude. It has been suggested that
Alfvén wave radiation pressure may be impor-
tant in the acceleration of the solar wind, as well
as in processes related to star formation, and in
other astrophysical situations.

In the literature, one occasionally finds the
term “Alfvén wave” used in a looser sense, re-
ferring to any mode of hydromagnetic wave. See
hydromagnetic wave, magnetoacoustic wave.

Algol system A binary star in which mass
transfer has turned the originally more massive
component into one less massive than its ac-
creting companion. Because the time scale of
stellar evolution scales as M 2, these systems,
where the less massive star is the more evolved,
were originally seen as a challenge to the theory.
Mass transfer resolves the discrepancy. Many
Algol systems are also eclipsing binaries, includ-
ing Algol itself, which is, however, complicated
by the presence of a third star in orbit around
the eclipsing pair. Mass transfer is proceeding
on the slow or nuclear time scale.
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Allan Hills meteorite A meteorite found in
Antarctica in 1984. In August of 1996, McKay
et al. published an article in the journal Sci-
ence, purporting to have found evidence of an-
cient biota within the Martian meteorite ALH
84001. These arguments are based upon chem-
ically zoned carbonate blebs found on fracture
surfaces within a central brecciated zone. It has
been suggested that abundant magnetite grains
in the carbonate phase of ALH 84001 resem-
ble those produced by magnetotactic bacteria,
in both size and shape.

allowed orbits  See Stormer orbits.

all sky camera A camera (photographic, or
more recently, TV) viewing the reflection of the
night sky in a convex mirror. The image is
severely distorted, but encompasses the entire
sky and is thus very useful for recording the dis-
tribution of auroral arcs in the sky.

alluvial  Related to or composed of sediment
deposited by flowing water (alluvium).

alluvial fan ~ When a river emerges from a
mountain range it carries sediments that cover
the adjacent plain. These sediments are de-
posited on the plain, creating an alluvial fan.

alongshore sediment transport  Transport
of sediment in a direction parallel to a coast.
Generally refers to sediment transported by
waves breaking in a surf zone but could include
other processes such as tidal currents.

Alpha Centauri A double star (a-Centauri
A, B), at RA 6"45M9%, declination
—16°42/58", with visual magnitude —0.27.
Both stars are of type G2. The distance to o-
Centauri is approximately 1.326 pc. In addition
there is a third, M type, star (Proxima Centauri)
of magnitude 11.7, which is apparently bound
to the system (period approximately 1.5 million
years), which at present is slightly closer to Earth
than the other two (distance = 1.307 pc).

a effect A theoretical concept to describe
a mechanism by which fluid flow in a dynamo
such as that in the Earth’s core maintains a mag-
netic field. In mean-field dynamo theory, the
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magnetic field and fluid velocities are divided
into mean parts which vary slowly if at all and
fluctuating parts which represent rapid varia-
tions due to turbulence or similar effects. The
fluctuating velocities and magnetic fields inter-
act in a way that may, on average, contribute to
the mean magnetic field, offsetting dissipation
of the mean field by effects such as diffusion.
This is parameterized as a relationship between
a mean electromotive force € due to this effect
and an expansion of the spatial derivatives of the
mean magnetic field By:

dByj
8xk

€ =a;jBoj + Bijk +--

with the first term on the right-hand side, usually
assumed to predominate, termed the “alpha ef-
fect”, and the second term sometimes neglected.
V x € is then inserted into the induction equa-
tion for the mean field. For simplicity, « is often
assumed to be a scalar rather than a tensor in
mean-field dynamo simulations (i.e., € = aBy).
For o to be non-zero, the fluctuating velocity
field must, when averaged over time, lack cer-
tain symmetries, in particular implying that the
time-averaged helicity (u - V X u) is non-zero.
Physically, helical fluid motion can twist loops
into the magnetic field, which in the geodynamo
is thought to allow a poloidal magnetic field to
be created from a toroidal magnetic field (the op-
posite primarily occurring through the w effect).
See magnetohydrodynamics.

alpha particle ~ The nucleus of a “He atom,
composed of two neutrons and two protons.

Altair  Magnitude 0.76 class A7 star at RA
19h50.7m, dec +8°51".

alternate depths  Two water depths, one sub-
critical and one supercritical, that have the same
specific energy for a given flow rate per unit
width.

altitude  The altitude of a point (such as a
star) is the angle from a horizontal plane to that
point, measured positive upwards. Altitude 90°
is called the zenith (q.v.), 0° the horizontal, and
—90° the nadir. The word “altitude” can also
be used to refer to a height, or distance above
or below the Earth’s surface. For this usage, see
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elevation. Altitude is normally one coordinate
of the three in the topocentric system of coordi-
nates. See also azimuth and zenith angle.

Amalthea  Moon of Jupiter, also designated
JV. Discovered by E. Barnard in 1892, its or-
bit has an eccentricity of 0.003, an inclination
of 0.4°, a precession of 914.6° yr_l, and a
semimajor axis of 1.81 x 10°> km. Its size is
135 x 83 x 75 km, its mass, 7.18 x 10'8 kg, and
its density 1.8 gcm™>. It has a geometric albedo
of 0.06 and orbits Jupiter once every 0.498 Earth
days. Its surface seems to be composed of rock
and sulfur.

Amazonian  Geophysical epoch on the planet
Mars, 0 to 1.8 Gy BP. Channels on Mars give
evidence of large volumes of water flow at the
end of the Hesperian and the beginning of the
Amazonian epoch.

Ambartsumian, Viktor Amazaspovich
(1908-1996) Soviet and Armenian astrophysi-
cist, founder and director of Byurakan As-
trophysical Observatory. Ambartsumian was
born in Thilisi, Georgia, and educated at the
Leningrad State University. His early work
was in theoretical physics, in collaboration with
D.D. Ivanenko. Together they showed that
atomic nuclei cannot consist of protons and elec-
trons, which became an early indication of the
existence of neutrons. The two physicists also
constructed an early model of discrete space-
time.

Ambartsumian’s achievements in astrophys-
ics include the discovery and development of
invariance principles in the theory of radiative
transfer, and advancement of the empirical ap-
proach in astrophysics, based on analysis and
interpretation of observational data. Ambart-
sumian was the first to argue that T Tauri stars
are very young, and in 1947, he discovered stel-
lar associations, large groups of hot young stars.
He showed that the stars in associations were
born together, and that the associations them-
selves were gravitationally unstable and were
expanding. This established that stars are still
forming in the present epoch.

ambipolar field An electric field amounting
to several volts/meter, maintaining charge neu-
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trality in the ionosphere, in the region above the
E-layer where collisions are rare. If that field did
not exist, ions and electrons would each set their
own scale height — small for the ions (mostly
O™), large for the fast electrons — and densities
of positive and negative charge would not match.
The ambipolar field pulls electrons down and
ions up, assuring charge neutrality by forcing
both scale heights to be equal.

Amor asteroid  One of a family of minor
planets with Mars-crossing orbits, in contrast to
most asteroids which orbit between Mars and
Jupiter. There are 231 known members of the
Amor class.

ampere Unit of electric current which, if
maintained in two straight parallel conductors
of infinite length, of negligible circular cross-
section, and placed 1 m apart in vacuum, pro-
duces between these conductors a force equal to
2 x 1077 N/m of length.

Ampere’s law  If the electromagnetic fields
are time independent within a given region, then
within the region it holds that the integral of the
magnetic field over a closed path is proportional
to the total current passing through the surface
limited by the closed path. In CGS units the con-
stant of proportionality is equal to 4 7 divided
by the speed of light. Named after A.M. Ampere
(1775-1836).

amphidrome (amphidromic point) A sta-
tionary point around which tides rotate in a coun-
terclockwise (clockwise) sense in the northern
(southern) hemisphere. The amplitude of a
tide increases with distance away from the am-
phidrome, with the amphidrome itself the point
where the tide vanishes nearly to zero.

Am star A star of spectral type A as deter-
mined by its color but with strong heavy metal
lines (copper, zinc, strontium, yttrium, barium,
rare earths [atomic number = 57 to 71]) in its
spectrum. These stars appear to be slow ro-
tators. Many or most occur in close binaries
which could cause slow rotaton by tidal locking.
This slow rotation suppresses convection and al-
lows chemical diffusion to be effective, produc-
ing stratification and differentiation in the outer
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layers of the star, the currently accepted expla-
nation for their strange appearance.

anabatic wind A wind that is created by air
flowing uphill, caused by the day heating of the
mountain tops or of a valley slope. The opposite
of a katabatic wind.

analemma  The pattern traced out by the po-
sition of the sun on successive days at the same
local time each day. Because the sun is more
northerly in the Northern summer than in North-
ern winter, the pattern is elongated North-South.
It is also elongated East-West by the fact that
civil time is based on the mean solar day. How-
ever, because the Earth’s orbit is elliptical, the
true position of the sun advances or lags be-
hind the expected (mean) position. Hence, the
pattern made in the sky resembles a figure “8”,
with the crossing point of the “8” occurring near,
but not at, the equinoxes. The sun’s position is
“early” in November and May, “late” in January
and August. The relation of the true to mean mo-
tion of the sun is called the equation of time. See
equation of time, mean solar day.

Ananke Moon of Jupiter, also designated
JXII. Discovered by S. Nicholson in 1951, its
orbit has an eccentricity of 0.169, an inclination
of 147°, and a semimajor axis of 2.12 x 107 km.
Its radius is approximately 15 km, its mass,
3.8 x 10" kg, and its density 2.7 g cm™3. Its
geometric albedo is not well determined, and it
orbits Jupiter (retrograde) once every 631 Earth
days.

Andromeda galaxy  Spiral galaxy (Messier
object M31), the nearest large neighbor galaxy,
approximately 750 kpc distant, centered at RA
00"42.7™ dec +41°16/, Visual magnitude 3.4,
angular size approximately 3° by 1°.

anelastic deformation  Solids creep when a
sufficiently high stress is applied, and the strain
is a function of time. Generally, the response of
asolid to a stress can be splitinto two parts: elas-
tic part or instantaneous part, and anelastic part
or time-dependent part. The strain contributed
by the anelastic part is called anelastic deforma-
tion. Part of the anelastic deformation can be
recovered with time after the stress is removed
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(retardation strain), and part of it becomes per-
manent strain (inelastic strain). Anelastic defor-
mation is usually controlled by stress, pressure,
temperature, and the defect nature of solids.
Two examples of anelastic deformation are the
attenuation of seismic waves with distance and
the post-glacial rebound.

anemometer  An instrument that measures
windspeed and direction. Rotation anemome-
ters use rotating cups, or occasionally pro-
pellers, and indicate wind speed by measuring
rotation rate. Pressure-type anemometers in-
clude devices in which the angle to the verti-
cal made by a suspended plane in the wind-
stream is an indication of the velocity. Hot wire
anemometers use the efficiency of convective
cooling to measure wind speed by detecting tem-
perature differences between wires placed in the
wind and shielded from the wind. Ultrasonic
anemometers detect the phase shifting of sound
reflected from moving air molecules, and a simi-
lar principle applies to laser anemometers which
measure infrared light reemitted from moving
air molecules.

angle of repose The maximum angle at
which a pile of a given sediment can rest. Typi-
cally denoted by ¢ in geotechnical and sediment
transport studies.

angle-redshift test A procedure to determine
the curvature of the universe by measuring the
angle subtended by galaxies of approximately
equal size as a function of redshift. A galaxy of
size D, placed at redshift z will subtend an angle

g DQ3(1 +2)?

2cH; !
(szoz +(Q—2) [(Qoz + 12— 1])_l :

in a universe with mean density €2, and no cos-
mological constant. In models with cosmolog-
ical constant, the angle also varies in a defined
manner but cannot be expressed in a closed form.
However, since galaxies are not “standard rods”
and evolve with redshift, this test has not been
successful in determining cosmological param-
eters.
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Angstrom (A) A unit of length used in spec-
troscopy, crystallography, and molecular struc-
ture, equal to 1071 m

angular diameter distance Distance of a
galaxy or any extended astronomical object es-
timated by comparing its physical size to the an-
gle subtended in the sky: if D is the diameter of
the galaxy and § the angle measured in the sky,
then d4 = D/tand ~ D/§. For a Friedmann
model with density €2, in units of the critical
density, and zero cosmological constant, the an-
gular diameter d4 of an object at redshift z can
be given in closed form:

2cH;!
Q2(1 + z)?
(202 + @ -2 [0z + D 1))

dy =

Other operational definitions of distance can be
made (see luminosity distance) depending on
the intrinsic (assumed to be known) and the ob-
served properties to be compared.

angular momentum L = r x p, where x
indicates the vector cross product, r is the radius
vector from an origin to the particle, and p is the
momentum of the particle. L is a pseudovector
whose direction is given by r, p via the right-
hand rule, and whose magnitude is

IL] = |r|lp|sin® ,

where 6 is the angle between r and p. For abody
or system of particles, the total angular momen-
tum is the vectorial sum of all its particles. In
this case the position is generally measured from
the center of mass of the given body. See pseu-
dovector, right-hand rule, vector cross product.

angular velocity (w) The angle through
which a body rotates per unit time; a pseudovec-
tor with direction along the axis given by the
right-hand rule from the rotation.

anisotropic A material whose properties
(such as intrinsic permeability) vary according
to the direction of flow.

anisotropic scattering
spherically symmetric.

Scattering that is not
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anisotropic turbulence
lence.

See isotropic turbu-

anisotropic universe A universe that ex-
pands at different rates in different directions.
The simplest example is Kasner’s model (1921)
which describes a space that has an ellipsoidal
rate of expansion at any moment in time. More-
over, the degree of ellipticity changes with time.
The generic Kasner universe expands only along
two perpendicular axes and contracts along the
third axis.

anisotropy  The opposite of isotropy (invari-
ance under rotation), i.e., variation of properties
under rotation. For example, if a rock has a fab-
ric such as layering with a particular orientation,

. then phases of seismic waves may travel at dif-

ferent speeds in different directions through the
rock, according to their alignment with the fab-
ric. The wave speed along an axis varies when
the axis is rotated through the rock with respect
to the fabric, i.e., it is anisotropic. In terms of
the material properties of the rock, this would
be associated with an elasticity tensor that varies
under rotation. This occurs in the real Earth: for
example, wave speeds are observed to be faster
in the upper mantle under the ocean in the di-
rection perpendicular to the mid-ocean ridges.
The Earth’s inner core has been determined to
be anisotropic, with (to a first approximation)
faster wave speeds parallel to the Earth’s ro-
tation axis than in directions perpendicular to
it. Many other physical properties may also be
anisotropic, such as magnetic susceptibility, dif-
fusivity, and turbulence.

annual flood  The maximum discharge peak
flow during a given water year (October 1
through September 30) or annual year.

annular eclipse A solar eclipse in which the
angular size of the moon is slightly too small
to obscure the entire solar photosphere. As a
result, a ring (“annulus”) of visible photosphere
surrounds the dark central shadow of the moon.
Annular eclipse occurs when the moon is near
apogee, giving it a smaller angular size.

anomalistic month  See month.
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anomalistic year  See year.

anomalous resistivity For a fully ionized
collision-dominated plasma, such as the solar
corona, the extremely low value of the classical
resistivity ensures that the rate of energy release
is negligible since the field lines are prevented
from diffusing through the plasma. In a tur-
bulent plasma, the resistivity can be enhanced
via the correlation of particles over length scales
much larger than the usual plasma length scale,
the Debye length. This increases the colli-
sion frequency and, consequently, the resistivity.
This turbulently enhanced resistivity is known as
anomalous resistivity.

anomaly  See mean anomaly, true anomaly.
anomaly, South Atlantic  The region above
the southern Atlantic Ocean, in which the radi-
ation belt descends to heights lower than else-
where, so that near-earth satellites, nominally
below the radiation belt, are likely to encounter
peak radiation levels there.

The “anomaly” is caused by the non-dipole
components of the main magnetic field of the
earth, which create a region of abnormally weak
magnetic field there (in the eccentric dipole
model of the Earth’s field, the dipole is furthest
away from that region).

Each ion or electron trapped along a field line
in the Earth’s field has a mirroring field intensity
B, at which its motion along the line is turned
around. Such particles also drift, moving from
one field line to the next, all the way around the
Earth. If in this drift motion the mirror point
where the particle is turned back (and where the
field intensity equals B,,) passes above the South
Atlantic anomaly, it probably reaches an altitude
lower there than anywhere else. The radiation
belt thus extends lower in this region than else-
where, and the loss of belt particles by collisions
with atmospheric molecules is likely to occur
there.

anorthosite Mafic igneous rock type that
consists predominantly of the mineral plagio-
clase (silicates of feldspar group) that seems to
have differentiated at high temperature at the
crust-mantle boundary, where plagioclase crys-
tallized before separating from the main magma
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body and rose through the crust in a semi-molten
state. Anorthosites are rare on Earth, but appear
to be more common on the moon. See igneous.

anoxia  The condition arising from insuffi-
cient ambient oxygen to support biological res-
piration, or the effect of such lack.

Antarcticcircle  The latitude 66°32’S. South
of this line the sun does not rise on the southern
winter solstice and does not set on the day of the
southern summer solstice.

antarctic circumpolar current  South Ocean
current circling the Antarctic continent east-
ward. The largest oceanic current in terms of
volume. Also called the West Wind Drift. Spans
40° to 60° South. Very close to the Antarctic
continent is the East Wind Drift, driven by pre-
vailing easterly winds near the continent.

Antarctic ozone depletion A rapid and ac-
celerating decrease in the ozone over Antarc-
tica each September and October, as the so-
called “ozone hole”, which is due to the chem-
ical activity of the chlorine atoms contained in
the chlorofluorocarbons (CFCs or “Freons”). It
was first reported on May 16, 1985, by J.C. Far-
man et al. from the British Antarctic Survey pub-
lished in the British journal Nature. Field cam-
paigns incorporating remote sensing, in situ and
satellite observations, have now clearly demon-
strated that man-made CFCs and some other
halogenated industrial compounds are responsi-
ble for this dramatic loss of ozone. These chemi-
cals are released into the atmosphere where their
long lifetimes (50 to 100 years) allow them to
be transported to the middle and upper strato-
sphere, where they can be decomposed by short-
wave solar radiation to release their chlorine
and bromine atoms. These free radicals are ex-
tremely reactive and can destroy ozone readily,
but in most parts of the atmosphere they react to
form harmless “reservoir” compounds. In the
Antarctic, however, very low temperatures in
the late winter and early spring stratosphere per-
mit the formation of natural Polar Stratospheric
Cloud (PSC) particles, which provide sites for
surface reactions in which the reservoir halogens
revert to ozone-destroying radicals with the help
of sunlight. The severity of the ozone loss is
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also due, in part, to the special meteorology of
the Antarctic winter stratosphere, which isolates
the ozone hole, preventing the replenishment of
ozone and the dilution of ozone destroying com-
pounds. Thus, the ozone hole results from the
combination of a range of special local and sea-
sonal conditions with man-made pollution; its
appearance in recent years simply corresponds
to the build-up of anthropogenic halogenated
gases in the atmosphere.

The production of CFCs and some other com-
pounds potentially damaging to ozone is now
limited by the Montreal Protocol and its amend-
ments. However, the lifetimes of these gases
are long, and although it is thought that strato-
spheric chlorine levels will peak in the next few
years, recovery of the ozone hole may not be
detectable for a number of years, and full recov-
ery, to pre-ozone hole conditions, may not occur
until the middle of the twenty-first century.

Antarctic ozone hole A large annual de-
crease in the ozone content of the ozone layer
over the Antarctic region during the southern
hemisphere spring. Discovered in 1985, the
ozone hole presumably appeared in the early
1980s and continued to increase in severity, size,
and duration through the 1990s. In recent years,
up to two-thirds of the total amount of ozone
has been lost by mid-October, largely as a result
of losses of over 90% in the layer between 14
and 22 km where a large fraction of the ozone is
normally found. The onset of the ozone losses
occurs in September, and the ozone hole usually
recovers by the end of November.

Antarctic Zone In oceanography, the region
in the Southern Ocean northward of the Con-
tinental Zone (which lies near the continent).
It is separated from the Continental Zone by a
distinct oceanographic front called the Southern
Antarctic Circumpolar Current front.

Antares  0.96 magnitude star, of spectral type
M1, at RA 16h 29m 24.3, dec —26°25'55".

anthropic principle  The observation that hu-
mankind (or other sentient beings) can observe
the universe only if certain conditions hold to al-
low human (or other sentient) existence. When-
ever one wishes to draw general conclusions
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from observations restricted to a small sample, it
is essential to know whether the sample should
be considered to be biased and, if so, how. The
anthropic principle provides guidelines for tak-
ing account of the kind of bias that arises from
the observer’s own particular situation in the
world. For instance, the Weak Anthropic Prin-
ciple states that as we exist, we occupy a special
place of the universe. Since life as we know it re-
quires the existence of heavy elements such as C
and O, which are synthesized by stars, we could
not have evolved in a time less than or of the or-
der of the main sequence lifetime of a star. This
principle can be invoked to explain why the age
of astronomical objects is similar to the Hubble
time. This time scale would represent the lapse
of time necessary for life to have evolved since
the Big Bang. On the other hand, in the Steady
State Cosmology, where the universe has no ori-
gin in time, the coincidence mentioned above
has no “natural” explanation.

In the more controversial strong version,
the relevant anthropic probability distribution
is supposed to be extended over an ensemble
of cosmological models that are set up with a
range of different values of what, in a particular
model, are usually postulated to be fundamen-
tal constants (such as the well-known example
of the fine structure constant). The observed
values of such constants might be thereby ex-
plicable if it could be shown that other values
were unfavorable to the existence of anthropic
observers.

Thus the Strong Anthropic Principle states
that the physical properties of the universe are
as they are because they permit the emergence
of life. This teleological argument tries to ex-
plain why some physical properties of matter
seem so fine tuned as to permit the existence of
life. Slight variations in nuclear cross-sections
could have inhibited the formation of heavy el-
ements in stars. A different fine-structure con-
stant would lead to a different chemistry and
presumably life would not exist.

anticyclone A wind that blows around a high
pressure area, in the opposite sense as the Earth’s
rotation. This results in a clockwise rotation in
the Northern Hemisphere and counterclockwise
in the Southern Hemisphere.
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anticyclonic ~ Any rotation that is opposite
the sense of the locally measured Earth rotation:
clockwise in the Northern Hemisphere, counter-
clockwise in the Southern Hemisphere.

antidune  Dunes that form in rivers or canals
at relative high flow speeds. Dunes and an-
tidunes are similar in shape, but the water sur-
face above a dune is out of phase with the bed,
whereas the water surface above antidunes is in
phase with the bed. Antidunes and the corre-
sponding surface waves often march gradually
upstream.

antinode A point on a standing wave where
the field has maximum amplitude. For a stand-
ing water wave, this corresponds to a point with
maximum vertical motion. For a standing wave
transverse on a string, the antinode corresponds
to a point which has maximum motion in a di-
rection normal to that axis defined by the string.

antiparticle A particle having the same mass
as a given elementary particle and a charge equal
in magnitude but opposite in sign.

apastron  In planetary motion, the farthest
distance achieved from the gravitating central
star. Generically one says apapse. Specific ap-
plications are aphelion, when referring to the
motion of planets in our solar system; apogee,
when referring to orbits around the Earth. Simi-
lar constructions are sometimes invented for or-
bits about the moon or other planets.

aperture correction  The difference between
the photometric magnitude of an object as mea-
sured with two different-sized apertures.

When making photometric measurements of
stars on an image, the resulting magnitudes are
often referenced to the light measured in a fixed-
size aperture (perhaps a few arcseconds in diam-
eter). However, this aperture is usually smaller
than the full profile of the star (which can be
as large as an arcminute or more for light that
is still detectable above the background). The
aperture correction is the difference between the
small, measurement aperture and a larger, ref-
erence aperture that is large enough to include
any frame-to-frame variations that may be due
to seeing or other variable effects. The aper-
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ture correction is calculated for each frame and
added to the magnitude of the objects in the
frame to get a total magnitude. The aperture cor-
rection can be calculated by modeling the stellar
profile, then integrating it out to infinity (or some
large radius), or it may be calculated by simply
measuring a number of isolated bright stars in
an image using the small and large apertures and
taking the average difference.

aperture synthesis Method whereby the
information-gathering capability of a large aper-
ture is achieved by two or more smaller apertures
operating together as interferometers.

aphelion The point in an elliptical orbit
around the sun that is farthest from the sun. (The
perihelion is the point closest to the sun.) The
time of aphelion passage for the Earth is around
July 4.

aphoticzone That portion of the ocean where
light is insufficient for plants to carry on photo-
synthesis.

Apindex The planetary index for measuring
the strength of a disturbance in the Earth’s mag-
netic field defined over a period of one day from
a set of standard stations around the world. See
geomagnetic activity.

apoapsis The point in an elliptical orbit
where the orbiting body is the farthest distance
from the body being orbited. (The periapsis is
the point of the shortest distance.) When the
sun is the central body, the point of apoapsis is
called the aphelion.

Apollo asteroid  One of a family of minor
planets with Earth-crossing orbits. The majority
of asteroids orbit between Jupiter and Mars, but
the Apollos cross Earth’s orbit and thus pose at
least the potential for collision with Earth. It
is estimated that there are at least 2000 Earth-
crossing Apollo asteroids with diameters of 1 km
or larger, and at least 10 larger than 50 meters.

Impact with an asteroid 1 km in size would
deposit about 10?! J of energy if it impacted the
Earth. This is about 10° Mtons of equivalent
nuclear weapons, equivalent to exploding a good
fraction of all the nuclear weapons on Earth at
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one instant. The crater produced would be about
10 km across. This event would raise matter
into the atmosphere that would cause dramatic
surface cooling by blocking sunlight for at least
several years.

There are 240 known Apollos.
asteroid, Aten asteroid.

See Amor

apparent horizon A spacelike topological
2-sphere from which the outgoing null rays all
have zero expansion. In gravitational theories,
especially in general relativity, a horizon is a
boundary between events visible from infinity
and those that are not. The surface of a black
hole, for instance, consists of those marginally
trapped rays (which just fail escape to infinity);
these constitute the event horizon. Generators
of the event horizon are not truly identified until
the evolution of the spacetime is complete into
the future. A more local definition is the ap-
parent horizon, the outermost surface defined
by the null rays which instantaneously are not
expanding. See event horizon, trapped surface.

apparent magnitude  See magnitude.

apparent optical property (AOP) A ratio
of radiometric quantities that depends both on
the inherent optical properties and on the di-
rectional nature of the ambient light field and
which is spatially and temporally stable. Ap-
plied in oceanography to describe a water body;
examples include the average cosine of the light
field, the irradiance reflectance, the remote sens-
ing reflectance, and the diffuse attenuation co-
efficients.

apparent solar time  Time based on the di-
urnal motion of the true (observed) sun, as op-
posed to mean solar time, to which it is related
by the equation of time. The rate of diurnal mo-
tion undergoes seasonal variations because of
the obliquity of the ecliptic, the eccentricity of
the Earth’s orbit, and irregularities in the Earth’s
orbit.

apse  Line connecting the pericenter to the
apocenter of an orbit, the longest axis of the
orbit.
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Ap star A chemically peculiar star of tem-
perature classification A, which is a slow rota-
tor and has a strong gravitational field. Ap stars
have a pattern of overabundance including sil-
icon, chromium, strontium, and europium and
other rare earths. Their magentic fields are mea-
sured by the polarization induced in their spec-
tral lines by the Zeeman effect; the fields have
been measured up to 34000 Gauss (compared to
~ 1G for the sun). Present understanding is that
the slow rotation and the magnetic field together
suppress convection to allow chemical segrega-
tion and enhancement in the surface layers of
the stars.

aquifer A highly pervious geological forma-
tion, empirically defined as a geologic formation
saturated with water and sufficiently permeable
to transmit “significant” quantities of water un-
der normal field conditions. On land, water en-
ters an aquifer through precipitation or influent
streams and leaves an aquifer through springs
or effluent streams. An unconfined aquifer is a
geologic formation in which the upper bound-
ary of the saturated zone is the water table. A
confined aquifer is an aquifer that is overlain
by a confining bed with significantly lower hy-
draulic conductivity (an aquitard); water in a
well or piezometer within a confined aquifer
will rise above the top of the confined aquifer to
the potentiometric surface. A perched aquifer
is a region in the unsaturated zone that may be
temporarily saturated because it overlies an area
with lower hydraulic conductivity such as an
aquitard or aquiclude.

aquitard A semipervious geological forma-
tion that transmits water very slowly as com-
pared to an aquifer.

Arago point  One of three points on the sky
in a vertical line through the sun at which the po-
larization of skylight vanishes. Usually located
at about 20° above the antisolar point (the point
opposite the sun on the sky). See Babinet point,
Brewster point.

arcade A configuration of coronal loops
spanning a magnetic neutral line. The loops are
often perpendicular to the neutral line but can be
sheared due to the forces of differential rotation.
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A coronal arcade is frequently associated with a
filament channel.

archaeoastronomy  The study of the astro-
nomical knowledge and techniques of prehistor-
ical societies by studies of archaeological struc-
tures.

archaeomagnetism  The study of the Earth’s
magnetic field using archaeological artifacts.
Historical magnetism uses explicit historical
measurements of the Earth’s magnetic field,
which (despite claims that the compass was in-
vented as far back as the second century BC)
are only useful back to around 1600 AD. Paleo-
magnetism relies on measurements of the mag-
netization of geological materials, such as lava
flows and lake bed sediments, and tends to have
coarser resolution in time. Archaeomagnetism
attempts to bridge the gap between the two by
providing measurements of field older than his-
torical but with better resolution than paleomag-
netism. A magnetic measurement may be ob-
tained from an excavation from, for example,
a kiln whose last firing may be determined us-
ing radiocarbon dating. The kiln may record
the magnetic field of that time through thermo-
remanent magnetization.

Archean  The period in the Earth’s evolution
prior to 2.5 billion years ago.

Archimedes’ principle  An object partially
or totally submerged in a liquid is buoyed up
by a force equal to the weight of the displaced
liquid.

Archimedian spiral  Shape of the interplan-
etary magnetic field line. Physically, the solar
magnetic field is frozen into the radially stream-
ing solar wind (see frozen-in flux theorem). Be-
cause the footpoint of the field line is fixed on
the sun, the sun’s rotation winds up the field to
a spiral with constant distances between neigh-
boring windings.

Mathematically, such a spiral is called an
Archimedian spiral. In polar coordinates (7, ¢)
it is described as

¢ — Yo
we

+ 7o

= Vsowi -
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with v gowi being the solar wind speed, wg the
angular speed of the sun in the equatorial plane,
o the source height of the plasma parcel, and
@ o its source longitude. With ¢ = wa7/v sowi
the path length s along the spiral is

I vsowi
y i (v )
+<1n{1/f+\/1ﬂ2+1}> .

For sufficiently large distances, the garden hose
angle §, that is the angle between the magnetic
field line and a radius vector from the sun, can
be written as

S =

wer
tand = ©

U sowi

At Earth’s orbit, the garden hose angle is
about 45° for the average solar wind speed of
400 km/s, and the distance s to the sun along
the Archimedian magnetic field spiral is about
1.15 AU.

arc minute A measure of angular size, ab-
breviated arcmin or /. There are 60 arc minutes
in 1 arc degree. On the surface of the Earth 1 arc
minute of latitude corresponds very closely to a
north-south distance of 1 nautical mile (1852 m).

arc second A measure of angular size in the
plane of the sky, abbreviated arcsec or /7. There
are 60 arc seconds in 1 arc minute and, therefore,
3600 arc seconds in 1 arc degree. One arc second
corresponds to about 725 km on the surface of
the sun, as viewed from the Earth.

Arctic circle  The latitude 66°32'N. North of
this line the sun does not rise on the northern
winter solstice and does not set on the day of the
northern summer solstice.

arctic oscillation (AO)  Dominant mode of
atmospheric sea level pressure (SLP) variability
in the Northern Hemisphere, most pronounced
in winter. At its positive phase, the AO features
adeepened Icelandic low and Azores high in the
North Atlantic but a weakened Aleutian low in
the North Pacific. Surface air temperature rises
over northern Eurasia but falls over high-latitude
North America. The AO involves changes in
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the latitude and strength of westerly jet in the
troposphere and in the intensity of polar vortex
in the lower stratosphere.

Arcturus —0.2 magnitude star, of spectral
type K2, at RA 14" 15™ 39.6% dec +19°10'57".

argon Inert (noble) gas which is a minor
(0.94%) constituent of the Earth’s atmosphere.
Atomic number 18, naturally occurring atomic
mass 39.95, composed of three naturally occur-
ring isotopes A3® (0.34%), A3® (0.06%), and
A% (99.60%). A*0 is produced by decay of
K%, and potassium-argon dating is used to date
the solidification of rocks, since the gas escapes
from the melt, but is then regenerated by the
decaying potassium.

argument of periapse = The angle from the
ascending node of an orbit to the periapse.

Ariel Moon of Uranus, also designated UL
It was discovered by Lassell in 1851. Its orbit
has an eccentricity of 0.0034, an inclination of
0.3°, a semimajor axis of 1.91 x 10° km, and
a precession of 6.8° yr~!. Its radius is 576 km,
its mass is 1.27 x 102! kg, and its density is
1.59 g cm™3. Its geometric albedo is 0.34, and
it orbits Uranus once every 2.520 Earth days.

Arnowitt—-Deser-Misner (ADM) decomposi-
tion of the metric In a four-dimensional
space-time €2, with Lorentzian metric tensor g,
consider any one-parameter () family of space-
like hypersurfaces ¥, with internal coordinates
X = (x', i = 1,2, 3) and such that, by contin-
uously varying ¢, ¥; covers a domain D C 2 of
non-zero four-dimensional volume. Inside D,
on using (f, X) as space-time coordinates, the
proper distance between a point Az on X, and a
point Bz 43 on X;44; can be written according
to the Pythagorean theorem

ds* = vy (dxf Y dz) (dxf +pi dt)
— (adn)?,

where y is the metric tensor (pull back of g)
on ¥;, o (lapse function) gives the lapse of
proper time between the two hypersurfaces %;
and X, 4;, B' (shift vector) gives the proper dis-
placement tangential to 3; between Aj and the
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point A%, which has the same spatial coordinates
as Az but lies on X,y 4;.

In matrix notation one has for the covariant
metric tensor

- [ ~a + B Bt B }
Bj vij |’
where latin indices are lowered by contraction

with y;;. The contravariant metric (the matrix
inverse of g) is given by

where ¥ Vij = 8’1 Any geometrical quan-
tity can then be decomposed in an analogous
way. For instance, the determinant of g be-
comes g = a?y, where y is the determinant
of the 3-dimensional metric y .

The above forms (in four dimensions) are
also called 3+1 splitting of space-time and can
be generalized easily to any dimension greater
than one. There is a large amount of freedom
in the choice of this splitting which reflects the
absence of a unique time in general relativity
(multifingered time). See ADM form of the
Einstein—Hilbert action.

array seismic observation A seismic obser-
vation system improving S/N (signal to noise)
ratio of seismic waves by deploying many seis-
mometers in an area and stacking their records,
giving appropriate time differences. It is also
possible to identify a location of a hypocenter
of an earthquake by obtaining direction of ar-
rived seismic waves and apparent velocity. As
a large-scale array system, there is the LASA
(Large Aperture Seismic Array) in Montana,
where more than 500 seismometers were de-
ployed in an area about 200 km in diameter.

arrow of time A physical process that dis-
tinguishes between the two possible directions
of flow of time. Most of the equations that de-
scribe physical processes do not change their
form when the direction of flow of time is re-
versed (i.e., if time ¢ is replaced by the param-
eter T = —t, then the equations with respect
to T are identical to those with respect to 7).
Hence, for every solution f(¢) of such equa-
tions (f(#) represents here a function or a set
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of functions), f(—t) is also a solution and de-
scribes a process that is, in principle, also pos-
sible. Example: For a planet orbiting a star, the
time-reversed motion is a planet tracing the same
orbit in the opposite sense. However, for most
complex macroscopic processes this symmetry
is absent; nature exhibits histories of directed
events in only one direction of time, never the
reverse. This is known as the arrow of time.
The arrow of time is provided by the expansion
of the universe, the thermodynamics of the phys-
ical system, or the psychological process. The
most famous example is the entropy in thermo-
dynamics: All physical objects evolve so that
their entropy either increases or remains con-
stant. The question of whether an arrow of time
exists in cosmology is a theoretical problem that
has not been solved thus far. Observations show
that the universe is expanding at present, but the
Einstein equations allow a time-reversed solu-
tion (a contracting universe) as well. Note also
that at a microscopic level certain quantum parti-
cle interactions and decays are not time reversal
invariant, and thus define a direction of time.
However, no completely convincing connection
has yet been made to the large-scale or cosmo-
logical arrow of time.

ascending node For solar system objects,
the right ascension of the point where the orbit
crosses the ecliptic travelling to the North; in
other systems, the equivalent definition.

aseismic front  An ocean-side front line of an
aseismic wedge-shaped region located between
a continental plate and an oceanic plate subduct-
ing beneath an island arc such as the Japanese
islands. An aseismic front is almost parallel to a
trench axis and a volcanic front. Very few earth-
quakes whose hypocentral depths range from 40
to 60 km between the oceanic and the continental
plates occur on the continental side of the aseis-
mic front. This is thought to be because temper-
ature is high and interplate coupling is weak on
the continental side of the aseismic front. These
are closely related to slow velocity structure of
the uppermost mantle beneath the island arc, de-
tected from an analysis of observed Pn waves.

aseismic region
earthquakes.

A region with very few
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asperity  Earthquakes occur on faults. Faults
are approximately rough planar surfaces. This
roughness results in asperities that impede dis-
placements (earthquakes) on the fault. An ex-
treme example of an asperity would be a bend
in a fault.

association  An obvious collection of stars on
the sky that are part of, or contained within, a
constellation.

Astar  Starof spectral type A. Vega and Sirius
are examples of A stars. AQ stars have color
index = 0.

asterism A small collection of stars (part of
a constellation) that appear to be connected in
the sky but form an association too small to be
called a constellation.

asteroid Small solid body in orbit around
the sun, sometimes called minor planet. As-
teroids are divided into a number of groups de-
pending on their reflection spectrum. The major
classes are C-type, characterized by low albedo
(0.02 to 0.06) and a chemical composition sim-
ilar to carbonaceous chondrites; S-type, which
are brighter (albedo between 0.07 and 0.23) and
show metallic nickel-iron mixed with iron and
magnesium silicates; and M-type with albedos
of 0.07 to 0.2 which are nearly pure nickel-
iron. C-type asteroids comprise about 75% of all
main belt asteroids, while S-type comprise about
17%. Additional rare classes are E (enstatite),
R (iron oxide?), P (metal?), D (organic?), and
U (unclassifiable). Asteroids are also classi-
fied according to location. Main belt asteroids
lie in roughly circular orbits between Mars and
Jupiter (2 to 4 AU from the sun). The Aten fam-
ily has semimajor axes less than 1.0 AU and
aphelion distances larger than 0.983 AU. These
form a potential hazard of collision with Earth.
The Apollo family has semimajor axes greater
than 1.0 AU and perihelion distances less than
1.017 AU. Amor asteroids have perihelia be-
tween 1.017 and 1.3 AU. Trojan asteroids lie
at the L4 and L5 Lagrange points of Jupiter’s
orbit around the sun. Centaurs have orbits that
bring them into the outer solar system. Oberva-
tionally, the distinction between asteroids and
comets is that comets display a coma and tail.
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Some asteroids are probably dead comets which
have lost most of their icy material due to their
many passages around the sun. Some asteroids
have been found to show comet-like character-
istics, and the asteroid Chiron (for which the
Centaur asteroids were named) has now been
reclassified as a comet on this basis. The largest
asteroid is Ceres, which has a diameter of about
950 km. The asteroids within the asteroid belt,
however, are believed to be left-over debris from
the formation of the solar system, which was
never allowed to accrete into a planet due to the
gravitational influence of nearby Jupiter. Im-
ages taken by spacecraft show that asteroids
are generally irregular, heavily cratered objects.
Some may be solid rock, although many are
likely collections of small debris (“rubble piles™)
held together only by their mutual gravity.

asteroid classification A classification of as-
teroids according to their spectra and albedo: C-
type, apparently similar to carbonaceous chon-
drite meteorites; extremely dark (albedo ap-
proximately 0.03). More than 75% of known
asteroids fall into this class. S-type, albedo
.10-.22; spectra indicating metallic nickel-iron
mixed with iron- and magnesium-silicates; ap-
proximately 17% of the total. M-type, albedo
.10-.18; pure nickel-iron.

asteroid orbital classification =~ Main Belt:
asteroids orbiting between Mars and Jupiter
roughly 2 to 4 AU from the sun; Near-Earth
Asteroids (NEAs): asteroids that closely ap-
proach the Earth; Aten asteroids: asteroids with
semimajor axes less than 1.0 AU and aphelion
distances greater than 0.983 AU; Apollo as-
teroids: asteroids with semimajor axes greater
than 1.0 AU and perihelion distances less than
1.017 AU; Amor asteroids: asteroids with peri-
helion distances between 1.017 and 1.3 AU; Tro-
jans asteroids: asteroids located near Jupiter’s
Lagrange points (60° ahead and behind Jupiter
in its orbit).

Asterope  Magnitude 5.8 type B9 star at RA
03845™ dec +24°33'; one of the “seven sisters”
of the Pleiades.

asthenosphere  The inner region of a terres-
trial planet which undergoes ductile flow (also
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called solid state convection). In the Earth, the
asthenosphere is composed of the lower part of
the mantle and is the region between 100 and
640 km depth. It is marked by low seismic ve-
locities and high seismic-wave attenuation. The
ability of the asthenosphere to flow over long
time periods (thousands to millions of years)
helps to transport heat from the deep interior
of a body and leads to plate tectonic activity on
Earth as the rigid outer lithosphere rides atop the
asthenosphere.

Astraea Fifth asteroid to be discovered,
in 1845. Orbit: semimajor axis 2.574 AU,
eccentricity 0.1923, inclination to the ecliptic
5°.36772, period 4.13 years.

astrochemistry = Chemistry occurring under
extraterrestrial conditions including: reactions
of atoms, ions, radicals, and neutral molecules
in the gas phase, and reactions of such species
in ices on metal or mineral surfaces and in/on
ices on grains, comets, and satellites, especially
induced by impinging atoms, ions, and photons.

astrometric binary A binary star system that
reveals itself as a single point of light whose po-
sition or centroid shifts with the orbit period. A
famous example is Sirius, recognized by Bessell
in 1844 as having a very faint companion of
roughly its own mass, accounting for the shift
of its position with a 50-year period. Improved
angular resolution or sensitivity can turn an as-
tronometric binary into a visual binary. See bi-
nary star system, visual binary system.

astrometry  The measurement of positions
and motions of celestial objects.

astronomical latitude  Defined as the angle
between the local vertical, as defined by gravity,
and the Earth’s equatorial plane, counted pos-
itive northward and negative southward. (See
also latitude.) Astronomical latitude is gener-
ally within 10” arc of geodetic latitude in value.
The local vertical, in this sense, is the normal
to the geoid; in simple terms, it is the upwards
line defined by the plumb bob. The differ-
ence between astronomical latitude and geode-
tic latitude is due to small, local gravity varia-
tions. These are caused by mass concentrations,



astronomical refraction

such as mountains, lakes, and large ore deposits,
which cause the plumb line to deviate slightly
from the normal to the ellipsoid.

astronomical refraction  The apparent an-
gular displacement toward the zenith in the po-
sition of a celestial body, due to the fact that
the atmosphere over any observer is apparently
a planar slab with density decreasing upward.
The effect vanishes overhead and is largest near
the horizon, where it becomes as much as 30'.
The fact that the sun is refracted to appear above
its true angular position contributes measurably
to the length of the apparent day. Also called
atmospheric scintillation.

astronomical scintillation Any irregular
scintillation such as motion, time dependent
chromatic refraction, defocusing, etc. of an im-
age of a celestial body, produced by irregu-
larities in the Earth’s atmosphere. The effects
have periods of 0.1 to 10 sec and are apparently
caused by atmospheric irregularities in the cen-
timeter to decimeter and meter ranges, within
the first 100 m of the telescope aperture.

astronomical tide  Fluctuations in mean wa-
ter level (averaged over a time scale of minutes)
that arise due to the gravitational interaction of
(primarily) the earth, moon, and sun. May also
be used to refer to the resulting currents.
astronomical twilight  See twilight.
astronomical unit (AU)  The mean distance
between the sun and the Earth (1.4959787 x
103 km). This is the baseline used for trigono-

metric parallax observations of distances to
other stars.

astronomy, infrared  The observation of as-
tronomical objects at infrared (IR) wavelengths,
approximately in the range from 1 to 200 pm,
that provide information on atomic motions that
cause changes in charge distribution. The mid-
infrared spans approximately the range from 2.5
to 25 um and includes fundamental transitions
for bond stretching and bending of most inter-
stellar molecules. Longer and shorter wave-
lengths, known as the far and near IR, respec-
tively, correspond to low frequency motions of
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groups of atoms and overtones of far and mid-IR
features.

astronomy, infrared: interstellar grains,
comets, satellites, and asteroids Absorp-
tion, reflection, and emission at infrared (IR)
wavelengths provide astronomers with unique
molecular information for molecules not visible
at other wavelengths, such as radio, because they
lack a permanent dipole moment, or are solids,
such as ices on interstellar grains or solar system
bodies. IR spectroscopy of these solid materials,
measured in absorption and reflection, respec-
tively, have supplied most remotely measured
information about the mineralogy and chemical
composition of interstellar grains and solar sys-
tem surfaces. Most spectra of outer solar system
bodies have been measured in reflected sunlight
in the near IR because solar radiation diminishes
with increasing wavelength so they are dark in
the mid-IR.

astronomy, ultraviolet: interstellar The
observation of astronomical objects and phe-
nomena at ultraviolet (UV) wavelengths, ap-
proximately in the range from 100 to 4000 A,
provide information on the electronic transi-
tions of materials, molecules, and reactive spe-
cies. UV absorption of interstellar materials
have helped to put constraints on the form and
distribution of most carbon bearing species in
the galaxy. See diffuse interstellar bands (DIBs).

asymmetry factor  In scattering, the mean
cosine of the scattering angle.

asymmetry parameter  Asymmetry factor.

asymptotic  The (normalized) angular shape
of the radiance distribution at depths far from the
boundary of a homogeneous medium; the direc-
tional and depth dependencies of the asymptotic
radiance distribution decouple and all radiomet-
ric variables (e.g., irradiances) vary spatially at
the same rate as the radiance, as governed by
the inherent optical properties only. See diffuse
attenuation coefficient.

asymptotically simple space-time A space-
time (M, g) is said to be asymptotically simple
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if there exists a space-time (M, g), such that M
is a submanifold of M with boundary Z and

¢ gabzgzgab,Q>OGM
*OnZ,2=0and V,Q #0

* Any null geodetic curve in M has two
endpoints in Z

* In a neighborhood of Z, the space-time is
empty (or has only electromagnetic fields)

asymptotic diffuse attenuation coefficient
The value of the diffuse attenuation coefficient
in the asymptotic regime; it depends on the in-
herent optical properties only.

asymptotic flatness  The assumption in the-
oretical/analytical descriptions of gravitational
fields, that the gravitational potential goes to
zero at spatial infinity, i.e., far away from its
sources. In general relativity, the gravitational
field is reflected in curvature of spacetime, so
requiring flatness has a direct connection to re-
quiring vanishing gravitational effects. In sit-
uations with a nonvanishing central mass m,
asymptotic flatness requires the metric approach
flat +O(Gm/c?r). Thus, a space-time €2 with
Lorentzian metric g is said to be asymptotically
flat (at spatial infinity) if a set of spherical coor-
dinates (¢, r, 8, ¢) can be introduced, such that
g approaches the Minkowski tensor for large r:

lim g = diag (-1, 1,72, 72 sin? 9) .

r——+00

asymptotic giant branch (AGB) star  Star
of low or intermediate mass (~ 0.8 to 5 so-
lar masses) in the advanced evolutionary phase
where the primary energy sources are fusion of
hydrogen (by the CNO cycle) to helium and of
helium (by the triple-alpha process) to carbon in
thin shells surrounding an inert carbon-oxygen
core. The phase is important for two reasons.
First, the star develops several zones of convec-
tion which cross back and forth so as to mix to
the surface products of the interior nuclear reac-
tions, including nitrogen from the CNO cycle,
carbon from the triple-alpha process, and the
products of the s process, including barium and,
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sometimes, technitium, thus confirming the oc-
currence of these reactions. The longest-lived
isotope of Tc has a half life less than a million
years, showing that the reactions must be oc-
curring recently. Second, the star expels a wind
of up to 107 to 10~* solar masses per year,
and this mass loss both terminates the interior
nuclear reactions and determines that the core
will become a white dwarf rather than igniting-
carbon fusion. The phase lasts only about 0.01%
of the longest, main-sequence, phase. The name
derives from the location of these stars on the
HR diagram in a diagonal strip that approaches
tangentially at high luminosity to the main red
giant branch. AGB stars are much brighter and
more extended, but cooler on the surface, than
the same stars were on the main-sequence. See
CNO cycle, convection, HR diagram, main se-
quence star, red giant, s process, triple-alpha
process, white dwarf.

asymptotic regime  In oceanography, depths
at which the rate of decay with depth of all radio-
metric variables, given by the asymptotic diffuse
attenuation coefficient, depends only on the in-
herent optical properties.

Aten asteroid A member of a class of as-
teroids with Venus-crossing orbits, in contrast
to the majority of asteroids that orbit between
Mars and Jupiter. There are 30 known members
of the Aten class.

Atlas A moon of Saturn, also designated
SXV. It was discovered by R. Terrile in 1980
in Voyager photos. Its orbit has an eccentricity
of 0, an inclination of 0.3°, and a semimajor axis
of 1.38 x 10° km. Its size is roughly 20 x 10 km,
and its mass has not yet been determined. It ap-
pears to be a shepherd satellite of Saturn’s A
ring and orbits Saturn once every 0.602 Earth
days. Also, magnitude 3.8 type B9 star at RA
03h49m, dec +24°03’; “Father” of the “seven
sisters” of the Pleiades.

atmosphere  The gaseous envelop surround-
ing the Earth and retained in the Earth’s grav-
itational field, which contains the troposphere
(up to about 10 to 17 km), stratosphere (up to
about 55 km), mesosphere (up to about 80 km),
and ionosphere (up to over 150 km). The total
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mass of the atmosphere is about 5.3 x 1018 kg,
which is about one-millionth of the total mass
of Earth. At sea level, average pressure is
1013.25 hPa, temperature 288.15 K, and density
is 1.225 kg/m>. The density of the atmosphere
decreases rapidly with height, and about three-
quarters of the mass of the atmosphere is con-
tained within the troposphere. The atmosphere
has no precise upper limit. Formally one defines
the top of the atmosphere at 1000 km altitude,
which is also the highest observed altitude of
aurora.

atmosphere effect ~ Whenever a gas that is
a weak absorber in the visible and a strong
absorber in the infrared is a constituent of a
planetary atmosphere, it contributes toward rais-
ing the surface temperature of the planet. The
warming results from the fact that incoming ra-
diation can penetrate to the ground with rela-
tively little absorption, while much of the out-
going longwave radiation is “trapped” by the at-
mosphere and emitted back to the ground. This
is called the atmosphere effect. This warming
is commonly referred to as the “greenhouse ef-
fect”.

atmospheric angular momentum  As wind
flows in the atmosphere, an air parcel rotates
about the Earth’s axis, so the atmosphere con-
tains angular momentum. In tropical easterlies,
friction with the Earth’s surface transfers angu-
lar momentum to the atmosphere; in the mid-
latitiude westerlies in both hemispheres, angular
momentum is transferred from the atmosphere
to the surface. Over long periods of time, the an-
gular momentum of the atmosphere is in a steady
state. Thus, there must be angular momen-
tum transport from the tropics to mid-latitude
in the two hemispheres. In the tropics, the mean
meridional circulation plays an important role
in the meridional transport of atmospheric an-
gular momentum; and at mid-latitudes transient
eddies and stationary eddies play a major role.
Short term variations in the total atmospheric
angular momentum can be observed in the rota-
tion rate of the soled Earth.

atmospheric conductivity = Conductivity of

the atmosphere, determined by ion concentra-
tion and ion mobility. The conductivity in-
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creases roughly exponentially with height be-
cause ion mobility depends on the number of
collisions between air particles and thus in-
creases with increasing height. Since the mo-
bility of small ions is much larger than that of
large ones, aerosol particles form a sink for small
ions, reducing the atmospheric conductivity.

atmospheric electric field  The atmospheric
electric field on the ground is about —100 V/m
with strong variations depending on weather
conditions and the availability of dust particles.
With increasing height, the atmospheric elec-
tric field decreases because the conductivity in-
creases. The atmospheric electric field is part
of the global electric circuit which can be con-
ceptualized as a spherical capacitor formed by
the terrestrial surface and the bottom of the iono-
sphere filled with a slightly conductive medium,
the atmosphere. Thunderstorms work as gener-
ators, driving a current from the surface to the
bottom of the ionosphere. The circuit is closed
through the fair weather atmosphere which acts
as a resistor.

atmospheric noise Radio noise produced
by natural electrical discharges below the iono-
sphere and reaching the receiving point, where
it is observed, along normal propagation paths
between the Earth’s surface and the ionosphere.
Distant lightning has usually been thought to
be the main source for this noise. See galactic
noise.

atmospheric pressure  The ambient air pres-
sure at a particular time and location. Expressed
as an absolute pressure (i.e., relative to a vac-
uum). See also gauge pressure. “Standard” at-
mospheric pressure is taken as 14.7 1b/in? or
101.3 kPa.

atmospherics A lightning stroke transmits
a wide range of electromagnetic radiation, the
most familiar being visible light. The elec-
tromagnetic emissions are short-lived, like the
optical emissions. Those that can be reflected
by the Earth’s ionosphere can propagate to re-
mote locations in the earth-ionosphere wave-
guide where they can be observed. At frequen-
cies used for early high frequency radio commu-
nications (~ 1 to 30 MHz) the propagated light-
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ning signal was heard as a sharp, short duration
crackle on a radio receiver. This bursty crackle
of interference was called an armospheric, to
distinguish it from the internal and local site in-
terference. The sum of many atmospherics from
remote lightning strokes all over the world pro-
duces a steady background noise limit at these
radio frequencies called atmospheric noise. At-
mospherics were observed at lower frequencies
and used as a measure of thunderstorm activity.
Early receivers for this application were some-
times caller spheric receivers.

atmospheric tide  Oscillations in any atmo-
spheric field with periods that are simple inte-
ger fractions of either a lunar or a solar day. In
addition to being somewhat excited by the grav-
itational potential of the sun and moon, atmo-
spheric tides are strongly forced by daily vari-
ations in solar heating. The response of these
forcings is by internal gravity waves. Unlike
ocean tides, atmospheric tides are not bound
by coastlines but are oscillations of a spherical
shell.

atomic mass  The mass of an isotope of an
element measured in atomic mass units. The
atomic mass unit was defined in 1961, by the
International Union of Pure and Applied Physics
and the International Union of Pure and Applied
Chemistry, as 1/12 of the mass of the carbon
isotope counting 6 neutrons (and 6 protons) in
its nucleus.

atomic number  The number of protons in
the nucleus of a given element.

atomic structure calculations — one-electron
models  The calculation of possible states of
an electron in the presence of an atomic nucleus.
The calculations consist in obtaining the elec-
tron distribution or wave function about the nu-
cleus for each state. This is achieved by solv-
ing the Schrodinger equation for the electron
wave function in a fixed Coulomb potential gen-
erated by the nucleus of the atom. The quan-
tified nature of the possible solutions or states
appear naturally when the conditions of conti-
nuity and integrability are applied to the wave
functions. An important characteristic of the
one-electron models is that they can be solved
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exactly; the wave functions may be expressed
in terms of spherical harmonics and associated
Laguerre polynomials. Relativistic treatment is
done through Dirac’s equation. Dirac’s equation
leads to the fine structure as a relativistic correc-
tion to Schrodinger’s solution. Another impor-
tant result of Dirac’s equations is that even for
non-relativistic cases one finds that the electron
has two possible states, generally interpreted as
two possible states of intrinsic angular momen-
tum or spin.

atomic time  Time as measured by one or
more atomic clocks, usually a cesium-beam
atomic clock or a hydrogen maser. Measured
since January 1, 1958, it is the most uniform
measure of time available and has, therefore, re-
placed Universal Time as the standard.

attenuation coefficient  In propogation of a
signal, beam, or wave through a medium, with
absorption of energy and scattering out of the
path to the detector, the attenuation coefficient
o is
a=d 'In(S/S) ,

where this is the natural logarithm, and S and Sy
are the current intensity and the initial intensity.
Since « is an inverse length, it is often expressed
in terms of decibel per meter, or per kilometer.
See beam attenuation coefficient, diffuse atten-
uation coefficient.

attenuation efficiency factor  The sum of the
absorption plus scattering efficiency factors.

aulacogen = Mantle plumes create regions of
elevated topography which typically have three
rift valleys at about 120° apart; these are aulaco-
gen. These are also known as triple junctions,
and they participate in the formation of new
ocean basins. An example is the southern end of
the Red Sea. Typically two arms participate in
the opening of an ocean, and the third is known
as a failed arm. The St. Lawrence river valley is
a failed arm associated with the opening of the
Atlantic Ocean.

aurora Polar lights. The aurora borealis
(northern lights) and aurora australis (southern
lights). Energetic electrons are trapped from the
solar wind and spiral around the field lines of the
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Earth’s magnetic field. They enter the Earth’s
upper atmosphere where the field lines intersect
the atmosphere, i.e., in the polar regions. There
they excite atoms in the high thin atmosphere at
altitudes of 95 to 300 km. The red and green
colors are predominantly produced by excita-
tions of oxygen and nitrogen. The polar lights
are typically seen within 5000 km of the poles,
but during times of intense solar activity (which
increases the electron population), they can be-
come visible at midlatitudes as well. Any body
that possesses both a magnetic field and an atmo-
sphere can produce aurorae. Aurorae are com-
monly seen not only on Earth but also the Jovian
planets of Jupiter and Saturn.

aurora australis Southern light, aurora in
the southern hemisphere. See aurora.

aurora borealis  Northern light, aurora in the
northern hemisphere. See aurora.

auroral cavity A region on magnetic field
lines which guides the aurora, typically within
10000 km or so of Earth, where abnormally low
ion densities are observed at times of strong au-
rora, presumably caused by it.

auroral electrojet A powerful electric cur-
rent, flowing in the auroral oval in the iono-
spheric E-layer, along two branches that meet
near midnight. The branches are known as the
eastward and westward auroral electrojets, re-
spectively, and the region in which they meet,
around 2200 magnetic local time, is the Harang
discontinuity.

The electrojets are believed to be Hall cur-
rents in the ionospheric E-layer and to be a
secondary effect of the currents linking Birke-
land currents of region 1 with those of region 2.
Because of Fukushima’s theorem, the magnetic
disturbance due to the Birkeland current sheets
on the ground is very weak, and the main signa-
ture of their circuit — which can be quite strong
— comes from the electrojets. The usual way
of estimating the current flowing in that circuit
— which is a major signature of substorms —
is therefore by means of the AE, AL, and AU
indices which gauge the strength of the electro-
jets.
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auroral oval  Circular region several degrees
wide around the geomagnetic pole at a geomag-
netic latitude of about £70°, its center shifted by
about 200 km towards the nightside; the region
in which aurora is observed at any instant, cover-
ing the region of the diffuse aurora, which is also
where the discrete aurora can be seen. The au-
roral oval can be seen in satellite images in UV
as a closed circle. From Earth, in visible light,
in the auroral oval aurora can be seen nearly
each night, during polar night for a full 24 hours.
Shapes and structure of the aurora vary with lo-
cal time: with a rather diffuse auroral brighten-
ing between local noon and midnight, quiet arcs
during the evening hours up to around 21 lo-
cal time, followed by homogeneous or rayed
bands or draperies, which after about 3 local
time, are complemented by patches at the south-
ern rim of the auroral oval. These patches, to-
gether with short arcs, dominate the appearance
of the aurora during the morning hours. The
size of the auroral oval varies greatly; it grows
during magnetic storms and may sometimes ex-
tend well beyond the region where aurora is or-
dinarily seen (auroral zone). At magnetically
quiet times the oval shrinks and may assume a
non-circular “horsecollar” shape, narrower near
noon. Physically, the auroral oval is related to
upward flowing Birkeland currents coupling the
ionosphere and magnetosphere. See Birkeland
current.

auroral zone  The region where auroras are
ordinarily seen, centered at the magnetic pole
and extending between magnetic latitudes 66°
and 71°. The auroral zone is generally derived
from ground observations of discrete aurora, but
it also approximates the statistical average of the
auroral oval, averaged over many nights.

autumnal equinox  The epoch at the end of
Northern hemisphere summer on which the sun
is located at the intersection of the celestial equa-
tor and the ecliptic; on this day, about Septem-
ber 21, the night and day are of equal length
throughout the Earth. The date of autumnal
equinox is the beginning of the Southern hemi-
sphere spring. Autumnal equinox also refers to a
direction of the celestial sphere: 12" RA, 0° dec-
lination, antipodal to the direction of the vernal
equinox. See vernal equinox. After autumnal



AXAF

equinox, in the Northern hemisphere, the pe-
riod of daylight becomes shorter and the nights
longer, until the winter solstice.

available potential energy  (Lorenz, 1955)
The energy that could be obtained by some well-
defined process. Such processis usually an adia-
batic (or isentropic) redistribution of mass with-
out phase changes to a statically stable state of
rest. The estimate of mean available potential
energy is about 11.1 x 10° J m~2 in the Earth
atmosphere and is of order of 10’ J m~2 in a
typical mid-latitude ocean gyre.

avalanche In Earth science, the sudden
slumping of earth or snow down a steep slope.
average cosine  Mean cosine of radiance or
scattering.

average matter-density =~ The mean amount
of mass in a unit of volume of space. The rela-
tivity theory taken to the extreme would require
that the distributions of matter density and of
velocities of matter are specified down to the
size of single stars, and then a cosmological
model is obtained by solving Einstein’s equa-
tions with such a detailed description of mat-
ter. This approach would be mathematically in-
tractable; moreover, sufficiently precise obser-
vational data are not available except for a small
neighborhood of the solar system in our galaxy.
Hence, for the purposes of cosmology, average
values of physical quantities over large volumes
of space must be given. Average matter den-
sity p must also include the rest mass equivalent
to radiation. In cosmology, the averaging vol-
ume is taken to be of the size of several galaxies
at least, possibly of several clusters of galax-
ies. If the universe, represented in this way, is
spatially homogeneous (see homogeneity), then
p does not depend on which volume is used to
evaluate it and so it is well defined at least in
the mathematical sense. If the universe is inho-
mogeneous, then the value of p depends on the
averaging volume, and choosing the right vol-
ume becomes a problem that has not yet been
solved in a general way.

averaging The mathematical procedure of
calculating an average value of a given quantity.
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In cosmology, average values of various quan-
tities with respect to the volume of space are
used in order to avoid introducing too detailed
mathematical models of the real universe — they
would be too difficult to handle. Averaging is
straightforward only for scalars (such as matter-
density, pressure, or rate of volume expansion;
see average matter-density). For vectors (such
as the velocity of matter-flow) and tensors (see
tidal forces for an example of a tensor) this sim-
ple procedure does not work; for example, the
sum of two vectors attached to different points
of a curved space does not transform like a vec-
tor under a change of the coordinate system. In
particular cases, a suitable concept of averaging
of such objects can be found by careful consider-
ation of the physical processes being described.

Avogadro’s number  The number of atoms
or molecules in an amount of substance whose
total mass, when expressed in grams, equals its
atomic mass: N4 = N/n = 6.02214199(47) x
1023 molecules/gm-mole, a fundamental con-
stant of nature. N is the total number of
molecules and 7 is the number of gram-moles.
Named after Amadeo Avogadro (1776-1856).

away polarity  One of two possible polarities
of the interplanetary magnetic field, correspond-
ing to magnetic field lines which, at the points
where they are anchored in the sun, point away
from it. In interplanetary magnetic sectors with
away polarity, magnetic field lines linked to the
northern polar cap of the Earth come from the
sun and contain polar rain, whereas those linked
to the southern polar cap extend into the outer
solar system and contain none.

AXAF Acronym of Advanced X-ray As-
trophysics facility, a space-borne astronomical
observatory launched in July 1999, devoted to
the observation of soft and medium energy X-
rays, and renamed “Chandra” to honor Subrah-
manyan Chandrasekhar. Imaging resolution is
0.5 to 1 sec of arc (comparable to that of ground-
based telescopes without adaptive optics), over
the photon energy range of 0.2 to 10 keV. The
field of view is 31 x 31 square arcmin. Two grat-
ing spectrometers yield a maximum spectral re-
solving power (E/AE) ~ 1000 over the energy
range from 0.09 to 10 KeV. Chandra provides
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an order of magnitude improvement in resolu-
tion and two orders of magnitude improvement
in sensitivity over the imaging performances of
the Einstein observatory (HEAO-2). The im-
provement in spectral resolving power is also
very significant: for comparison, the spectrom-
eters on board the Japanese X-ray observatory
ASCA, operating since 1993, had maximum en-
ergy resolving power E/AE & 50 between 0.5
and 12 KeV. Chandra is expected to detect super-
nova remnants in M31, to resolve single galax-
ies in the Virgo Cluster, and distant quasars that
may contribute to the diffuse X-ray background.
The Chandra spectrometers are, in principle,
able to resolve emission lines and absorption
edges from hot plasmas, such as the intra-cluster
medium in clusters of galaxies, making feasible
a study of their physical properties and of their
chemical composition, and to resolve the profile
of the prominent iron K lines, which, in active
galactic nuclei, are thought to be produced in the
innermost regions of an accretion disk.

axial dipole principle A fundamental princi-
ple established in paleomagnetic studies, which
states that the axis of the geomagnetic dipole
nearly coincides with Earth’s rotational axis at
all geological times. The principle makes it pos-
sible to use paleomagnetic data to constrain the
position of continents in the geological past rel-
ative to Earth’s rotational axis.

axionic string  Axions are scalar-like fields
which have been proposed to solve the strong
CP-problem in QCD. They are present in many
grand unified models and also in superstring the-
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ories. Axions behave essentially as the phase of
a scalar field and would be expected to have very
small values in vacuum in order to solve the CP-
problem. However, in some instances, such as
phase transitions, they play the role of the phase
of a Higgs field (although there is no Higgs field
in most models), and thus could be forced to
undergo a variation by an amount of 2, just
like the phase of an ordinary Higgs field would,
thereby being responsible for the appearance of
axionic cosmic strings. During the evolution
of a network of these strings, they would radi-
ate some energy in the form of axion particles,
whose remnant density is calculable given a spe-
cific model. This is one means of constraining
the actual mass of the axion particle. See cosmic
string, CP problem, global topological defect.

azimuth The azimuth of a line is the
angle from a vertical plane passing through
North to that line, measured positive east-
wards. Thus, the points North, East, South,
and West on the compass are, in turn, at
0°, 90°, 180°, and 270° azimuth. Alter-
natively, it is possible to use the range from
—180° to + 180°, in which case West is —90°.
Azimuth is part of the topocentric system of co-
ordinates. See also altitude. In critical applica-
tions, it is necessary to distinguish true North
(as defined by the Earth’s rotation axis) from
magnetic North. Azimuth can also be defined
relative to another marker besides North, such
as the direction of motion of an aircraft. In that
case, for example, 0° is “dead ahead” and “to
the right” is 90°. In this extended usage, one
does not refer to the topocentric system.
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B

Baade—Wesselink method A method of de-
termining the distance to pulsating stars, which
can also be observed spectroscopically. One es-
timates the surface temperature and hence the
surface brightness from the color index (B — V
color), based on simultaneous measurements of
the blue and visual magnitude at bright and dim
epochs in the star’s pulsation. One computes the
square root of the ratio of the observed flux to the
surface brightness for each of these epochs. This
is an estimate of the angular diameter of the star.
Spectroscopy yields the surface velocity of the
star (via blue and red shifting of spectral lines),
which leads to a determination of the total dif-
ference in radius of the star between the obser-
vations. The combination of these observations
allows a determination of the physical size of
the star, and thus of its absolute magnitude and
distance. The method has also been applied to
the expanding envelope of type II supernovae.

Babinet point  One of three points on the
sky in a vertical line through the sun at which
the polarization of skylight vanishes. Usually
located at about 20° above the sun. See Arago
point, Brewster point.

baby universe A theory regarding matter that
falls into a black hole that subsequently evapo-
rates. It states that this matter may go into a
separate space-time, which could detach from
the universe at one location and reattach else-
where. This may not be particularly useful for
space travel, but the existence of baby universes
introduces a randomness so that even a complete
unified theory would be able to predict much less
than expected. However, averaging over ensem-
bles of universes containing baby universes may
lead to predictions via expected values of certain
measured quantities, such as the cosmological
constant.

backarc spreading In some subduction
zones (ocean trenches) an area of sea-floor
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spreading occurs behind the subduction zone,
thus creating new oceanic crust. The Sea of
Japan is an example. The foundering oceanic
plate pulls away from the adjacent continental
margin, and backarc spreading fills the gap.

back scattering
greater than 90°.

Scattering through angles

backscattering coefficient  The integral over
the hemisphere of backward directions of the
volume scattering function.

backscattering fraction The ratio of the
backscattering coefficient to the scattering co-
efficient.

backshore  The relatively flat portion of a
beach profile which lies between the steeper
beachface and the dunes, cliffs, or structures
behind the beach. Subaerial during non-storm
conditions.

Backus effect A particular type of nonu-
niqueness that can occur in the inversion of geo-
magnetic data on a spherical surface, where in-
stead of knowing the full vector magnetic field
only the magnitude of the field B is known and
not its orientation. Historically, early satellite
measurements from platforms such as the PO-
GOs are of this form, as it was difficult to obtain
high quality measurements of satellite orienta-
tion. The effect occurs even if there is perfect
knowledge of B on a spherical surface but can
be alleviated by knowledge of B in a shell or by
knowledge of the position of the magnetic equa-
tor. The source of the error is the existence of
magnetic fields that are perpendicular to Earth-
like fields everywhere on a spherical surface,
and which, therefore, can be added or subtracted
from the Earth’s field without changing B. As
the Earth’s field is predominantly axial dipolar,
the error terms associated by the Backus effect
have strong sectoral variation in a band around
the equator. See nonuniqueness.

Baily’s beads A phenomenon appearing
at the onset and at the conclusion of a solar
eclipse, in which the photosphere is almost to-
tally eclipsed, except for a few locations on the
limb of the moon, which allow view of the pho-
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tosphere through lunar valleys. If only one bead
is apparent, a “diamond ring effect” is produced.

Ballerina model  Shape of the heliospheric
current sheet as proposed by H. Alfvén in the
early 1970s. The wavy neutral line on the source
surface is carried outwards by the solar wind,
resulting in a wavy heliospheric current sheet
that resembles the skirt of a dancing ballerina.
The waviness of this current sheet is described
by the tilt angle. See heliospheric current sheet,
source surface, tilt angle.

Balmer series The series of lines in the
spectrum of the hydrogen atom which corre-
sponds to transitions between the state with prin-
cipal quantum number n = 2 and successive
higher states. The wavelengths are given by
1/» = Ry(1/4 — 1/n?), where n = 3,4, ...
and Ry is the Rydberg constant for hydrogen.
The first member of the series (n = 2 < 3),
which is often called the H, line, falls at a wave-
length of 6563 A. See Rydberg constant.

banner cloud  An altocumulus lenticularis
cloud, (lenticular cloud) which forms on the lee
side of the top of a mountain and remains a sta-
tionary feature with one edge attached to the
ridge of the mountain.

bar A unit of pressure, defined as 100
dyne/cm? (10° N/m?). The bar is commonly
divided into 1000 mb. The pressure of atmos-
phere at sea level is about 1013 hPa = 1.013 bar.

bar detectors Solid bars, made of metallic
alloys, for detecting gravitational waves. The
technology was pioneered by J. Weber. The sen-
sitivity of h = 10~18 (relative strain) has been
reached in second-generation cryogenic detec-
tors. At this level of sensitivity, no gravitational
wave event has yet been reliably detected. See
LIGO.

barium release  An experimental procedure
near-Earth space physics, in which barium is
evaporated by a thermite charge, usually in a
sunlit region above the (denser) atmosphere,
creating a greenish cloud. Barium atoms are
rapidly ionized (within 10 sec or so), and the
ions form a purple cloud, which responds to
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magnetic and electric fields and therefore often
drifts away from the neutral one.

The technique was pioneered by Gerhard
Haerendel in Germany, and many releases have
been conducted from rockets above the atmo-
sphere, often with the barium squirted out by a
shaped explosive charge. Typically releases are
made after sunset or before sunrise, so that the
rocket rises into sunlight but the clouds are seen
against a dark sky. Effects of electric fields have
been observed, striations like those of the au-
rora, even abrupt accelerations along field lines.
Some releases have taken place in more distant
space, notably an artificial comet in the solar
wind, produced in 1984 by the AMPTE mission.

Barnard’s star  Star of spectral type M3.8,
5.9ly distant with magnitude m = 9.5 and ab-
solute magnitude M = 13.2; located at Right
Ascension 17758™, declination +04°41’. Dis-
covered in 1916 by E.E. Bernard, it has the
largest known proper motion: 10.29 arcsec/year.
Measurements by van de Kamp had suggested
that there were perturbations of the motion cor-
responding to an associated planet, but recent
observations using the Hubble space telescope
have not confirmed this claim.

baroclinic atmosphere or ocean  An atmo-
sphere or ocean in which the density depends
on both the temperature and the pressure. In a
baroclinic atmosphere or ocean, the geostrophic
wind or current generally has vertical shear, and
this shear is related to the horizontal temperature
or density gradient by the thermal wind relation.

baroclinic instability =~ A wave instability that
is associated with vertical shear of the mean flow
and that grows by converting potential energy
associated with the mean horizontal temperature
or density gradient.

baroclinic wave = Wave in the baroclinic flow.

barotropic atmosphere or ocean  An atmo-
sphere (or ocean) in which the density depends
only on the pressure. In the barotropic atmo-
sphere or ocean, the geostrophic wind or current
is independent of height.
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barotropic instability A wave instability as-
sociated with the horizontal shear in a jet-like
current and that grows by extracting kinetic en-
ergy from the mean flow field.

barotropy In fluid mechanics, the situation
in which there is no vertical motion, and the
gradients of the density and pressure field are
proportional, and the vorticity (as measured in
an inertial frame) is conserved.

barred galaxies Disk galaxies showing a
prominent, elongated feature, often streaked by
absorption lanes due to interstellar dust. Promi-
nent bars are observed in about % of disk galax-

ies; approximately % of galaxies do, however,
show some bar-like feature. A bar can contribute
to a substantial part, up to %, of the total lumi-
nosity of a galaxy. The bar photometric pro-
file is quite different from the photometric pro-
file of galaxies: the surface brightness along the
bar major axis is nearly constant but decreases
rapidly along the minor axis. The bar occupies
the inner part of the galaxy rotation curve where
the angular speed is constant; bars are therefore
supposed to be rotating end over end, like rigid
bodies.

barrierisland Anelongated island separated
from a coast by a shallow bay or lagoon. Gen-
erally much longer in the longshore direction
than cross-shore direction. The Outer Banks of
North Carolina and much of the east coast of
Florida provide good examples.

barriers = When an earthquake is caused by a
rupture on a fault, inversions of seismic waves
indicate some portions of the fault do not rup-
ture; these are barriers.

Barycentric Coordinate Time (TCB) Bary-
centric Dynamical Time has been deemed by
the International Astronomical Union (IAU) to
be an inferior measure of time in one sense:
Its progress depends on the mass of the sun
and the mean radius and speed of the Earth’s
motion around the sun, and, to a smaller ex-
tent, on the mean gravitational perturbations of
the planets. Therefore, in 1991 the IAU es-
tablished a time standard representing what an
SI clock would measure in a coordinate sys-
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tem, such that the barycenter of the solar sys-
tem was stationary in this nearly inertial sys-
tem, as was the clock, but the clock was so
far removed from the sun and planets that it
suffered no gravitational effect. That time is
TCB =TDB+Lp-(JD—-2443144.5)-86400
sec, where Lg = 1.550505 - 10-8 by definition
as of mid-1999, and JD stands for the Julian
Date in TDT. Presumably, the “constant”, b, is
subject to revision when and if the mass con-
tent of the solar system or the properties of the
Earth’s orbit are redetermined. See Barycentric
Dynamical Time.

Barycentric Dynamical Time (TDB) In
1977, Dynamical Time was introduced as two
forms, Terrestrial Dynamical Time (TDT) (q.v.)
and TDB, on the basis of a 1976 IAU resolu-
tion. The difference between these two consists
of periodic terms due to general relativity. TDB
is commonly used for the determination of the
orbits of the planets and their satellites, except
those of the Earth. It is particularly suited to
this purpose because it is adjusted from TDT in
such a way as to represent what a clock on the
geoid would measure if the Earth orbited the sun
in a circular orbit of radius 1 astronomical unit
(q.v.), while TDT contains relativistic effects of
the eccentricity of the Earth’s orbit. See also
Barycentric Coordinate Time (TCB). Approxi-
mately, TDB = T DT + 0.001652825 cos(g)s
where g is the mean anomaly (q.v.) of the Earth
in its orbit. See Ephemeris Time, dynamical
time.

baryogenesis  Period of the early evolution of
the universe when baryons were generated from
quarks. Observationally, the universe is made
of normal matter, containing baryons and lep-
tons with no observational evidence of signifi-
cant amounts of antimatter anywhere. Similarly
to the successful predictions of nucleosynthesis,
the unfulfilled goal is to build a scenario where,
starting from a baryon symmetric state, quark
and lepton interactions lead to an excess of mat-
ter over antimatter as the photon temperature
drops. It will suffice to produce an excess of 1
baryon every 10° antibaryons to give rise to a
universe made of normal matter and a baryon-
to-photon ratio n ~ 1072, as observed.
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In 1967 Sakharov identified the three neces-
sary ingredients to dynamically evolve a baryon
asymmetry: (i) Baryon Number Violation. If
a baryon number is conserved in all interac-
tions, the absence of antimatter indicates asym-
metric initial conditions. (ii) C and CP Viola-
tion. If not, B-violating interactions will pro-
duce excesses of baryons and antibaryons at
the same rate, thereby maintaining zero baryon
number. (iii) Non-thermal equilibrium, other-
wise the phase space density of baryons and
antibaryons are identical. So far, a successful
model has not been made because it requires
physics beyond the standard model of particle
interactions.

basalt  Volcanic mafic igneous rocks contain-
ing minerals such as pyroxene and olivine. The
most common volcanic rock. Produced by about
a 20% melting of the mantle.

basaltic lava A form of molten rock that
emerges in volcanic outflows at a temperature
of 1000°C to 1250°C. Examples include erup-
tions in the Hawaiian chain.

basement In many parts of the continents
the surface rocks are sediments. Sediments are
products of erosion. These sediments lie on top
of either metamorphic or igneous rocks. The
boundary is termed basement. The depth to
basement can range from a few meters to a max-
imum of about 20 km.

basic MUF  Defined as the highest frequency
by which a radiowave can propagate between
given terminals on a specified occasion, by iono-
spheric refraction alone, and may apply to a par-
ticular mode, e.g., the E-layer basic MUF. The
basic MUF depends on the critical frequency
(fc) of the ionosphere at the mid-point of the path
and the angle of incidence (I) of the radiowave
on the ionosphere, and to a good approximation
MUF = fc sec(I). The factor, sec(I), is called the
obliquity factor for the circuit because it relates
the vertical incidence ionospheric information
to the oblique incidence path. A further correc-
tion is required to allow for a curved Earth and
ionosphere. For a given radiowave takeoff an-
gle, the obliquity factor reduces as the reflecting
layer height increases; thus it is greatest for the E
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and Es layers and least for the F2 layer. It is con-
ventional to use a standard 3000 km obliquity
factors, M(3000)F2, for the F region and con-
vert this to other pathlengths. The M(3000)F2
can be measured directly from ionograms. See
ionospheric radio propagation path, operational
MUEFE.

Batchelor scale  Length scale at which tur-
bulent concentration (or temperature) gradients
in a fluid are damped out by molecular viscous
effects; alternately, the length scale, at which
the sharpening of the concentration (or temper-
ature) gradients by the strain rate is balanced
by the smoothing effect of molecular diffusion.
This length depends on the kinematic viscosity
v, the molecular diffusion coefficient «, and the
dissipation rate of turbulent kinetic energy e:

UK2
€

At scales smaller than Lpg, scalar fluctuations
disappear at a fast rate and subsequently the
Batchelor spectrum drops sharply off. Most
commonly the Batchelor scales are used for
temperature (k = «T) and salt (k = «kg), re-
spectively. In oceanic turbulence studies, Lp
is most commonly defined using «T, because
temperature is easily measured. The Batchelor
scales for temperature and salt (typical scales
of mm and sub-mm in natural waters, respec-
tively) are smaller than the Kolmogorov scale
Lk , since in water molecular diffusivities are
much smaller than viscosity v (Dt/v ~ 100 and
Ds/v ~ 1000 in natural waters). See also Kol-
mogorov scale.
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Batchelor spectrum  Underisotropic and sta-
tionary conditions, the power spectrum of the
one-dimensional temperature fluctuations fol-
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vl/4g € the nondimensional vertical
wavenumber, v the kinematic viscosity of wa-
ter, xr the dissipation rate of temperature vari-
ance, and e the dissipation rate of turbulent ki-
netic energy; Lp is the Batchelor scale (Batch-
elor, 1959). The constancy of the turbulence
parameter ¢, usually taken as ¢ = 3.4 (Dil-
lon and Caldwell, 1980), is subject to debate.
The Batchelor spectrum of salt follows the same
function with the molecular diffusivity «g of
salt (instead of «7) and the dissipation rate of
salt variance xs (instead of x7). For small
k, the spectrum ¢7 (k;) drops as k™! (viscous-
convective subrange), and for k larger than the
Batchelor wavenumber kg , ¢7 (k;) rolls off ata
much steeper rate (viscous-diffusive subrange).
These two subranges are commonly referred to
as Batchelor spectrum.

Batchelor wavenumber  The inverse of the
Batchelor scale, expressing the wavenumber kg,
above which scalar fluctuations (such as those
of temperature or salt) become eradicated by
the smoothing effect of molecular diffusion (i.e.,
Batchelor spectrum drops off sharply above kg).
Two definitions are common: kg = (¢/vk?)/*
[rad m~!], or kg = (271)’](8/\1/(2)1/4 [cycles
m~']. « is the molecular diffusivity of the scalar
(k = k7 for temperature or k = kg for salt).

batholith  Large igneous body where molten
rocks have solidified at depth in the ocean. A
typical batholith has a thickness of a few kilo-
meters and horizontal dimension of tens to hun-
dreds of kilometers.

bathymetry  Measure of the depth of the sea
floor below sea level.

b-boundary  (or bundle boundary) In rela-
tivity, assorted boundary points of the space-
time manifold defined by equivalence classes
of curves in the orthogonal frame bundle of the
space-time (B. Schmidt). The goal of this work
is to evade the difficulties of setting up a topol-
ogy on a manifold with an indefinite metric by
using the positive-definite measure on the frame
bundle. Examples of cosmological space-times
have been found which show that the notion of
the b-boundary is not suitable for defining the
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boundary of a space-time, due to topological
problems.

beach cusps Periodic (in space), transient,
cuspate features which commonly appear in
beach planforms. Wavelengths typically range
from 1 to 50 meters, with amplitudes less than
a wavelength.

beachface  The relatively planar portion of
a beach in the vicinity of the still water line.
Subject to swash by wave action; therefore, al-
ternately wet and dry.

beach mining  The process of removing sand
for some human activity, often industrial.

beach morphology  The study of the shape
and form of a beach or coastal area.

beach nourishment  The process of placing
sand on an eroding beach to advance the shore-
line seaward. Sand is typically transported by
hydraulic dredge via a pipeline, delivered by a
split-hull barge, or transferred overland by truck.
Typical project sand volumes are 10,000 to 10
million m?.

beach profile A cross-shore slice through a
beach, illustrating how bathymetry varies in the
shore-normal direction.

beach ridge A linear ridge of sand that ap-
pears behind the modern beach and indicates a
prograding beach. Multiple beach ridges are of-
ten visible. Referred to as “Cheniers” in Texas
and Louisiana.

beam attenuation coefficient = The limit of
the ratio of the spectral absorptance plus spectral
scatterance to the distance of photon travel as
that distance becomes vanishingly small [m~!];
equal to the sum of the absorption and scattering
coefficients.

beams, ion Beam-like upwards flow of
ions, usually O™ (singly ionized oxygen), ob-
served above the atmosphere during polar au-
roras. First seen in 1976 by the S3-3 satel-
lite, ion beams are believed to be accelerated
by the same parallel electric field that accel-
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erates auroral electrons downwards, possibly a
quasi-neutral electric field associated with up-
wards Birkeland currents. See conics.

beam spread function = The irradiance distri-
bution on the inner surface of a sphere as gen-
erated by an initially collimated, narrow beam
and normalized to the beam power [m~2]; nu-
merically equals the point spread function.

beam transmissometer An instrument for
measuring the fraction of a collimated beam lost
by absorption and scattering per unit distance of
photon travel; measures the beam attenuation
coefficient.

Beaufort wind scale A descriptive table of
wind speeds developed by Admiral Sir Francis
Beaufort in 1806. For practical use, in partic-
ular at sea, wind speeds are described by the
states of the sea surface and the wave height
H. The original scale considers 12 grades from
calm to hurricane; in 1956, grade 12 was divided
into grades from 12 to 17. The wind velocity is
related to the Beaufort Force approximated by
v = B!, where v is the wind speed measured
at 10 m height and B is the Beaufort Force. See
tables on pages 39 and 40.

bed load A term used in the study of sedi-
ment transport by moving fluids. Bed load de-
notes the fraction of sediment transported very
close to the bed, such as the particles that bounce
along the bed. The remainder of the sediment is
suspended in the water column and is referred
to as suspended load and wash load.

Beer’s law  Radiation traveling in a certain
direction in a scattering or absorbing medium is
exponentially attenuated.

Belinda Moon of Uranus also designated
UXIV. Discovered by Voyager 2 in 1986, it is
a small, irregular body, approximately 34 km in
radius. Its orbit has an eccentricity of 0, an in-
clination of 0°, a precession of 129° yr‘l, and a
semimajor axis of 7.53 x 10 km. Its surface is
very dark, with a geometric albedo of less than
0.1. Its mass has not been measured. It orbits
Uranus once every 0.624 Earth days.
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Benard cell When a gas or plasma is heated
uniformly from below, convection takes place
in vertical cells, the Benard cells. The motion
is upward in the center of the cell and down-
ward at the cell boundaries. In laboratory ex-
periments, the pattern of convection cells is reg-
ular and long-lived. Natural Benard cells can
be observed in the terrestrial atmosphere under
calm conditions or as granulation at the top of
the solar convection zone.

Benioff zone In a subduction zone the
oceanic lithosphere descends into the mantle at
velocities of about 10 cm per year. The upper
boundary of the descending plate is a fault zone
between the plate and overlying crustal and man-
tle wedge. The earthquakes on this fault define
the Benioff zone. The zone has a typical dip
of 30° to 45° and extends to depths of 670 km.
The existence of these dipping zones of seis-
micity was one of the major arguments for plate
tectonics.

benthic  The portion of the marine environ-
ment inhabited by marine organisms that live in
or on the bottom of the ocean.

benthos Bottom-dwelling marine organisms.
Bergen school Meteorology. A school of
analysis founded in 1918 by the Norwegian
physicist Vihelm Bjerknes (1862—-1951), his son
Jacob Bjerknes (1897-1975), Halvor Solberg
(1895-), and Tor Bergeron (1891-). V. Bjerk-
nes began his career as a physicist. In the late
1890s, he turned his attention to the dynamics of
atmosphere and oceans. The “circulation theo-
rems” he developed during this period provided
a theoretical basis for the basic concepts in the
general circulation. During World War I, Bjerk-
nes, as founding director of the Geophysical In-
stitute at Bergen, was successful in convincing
the Norwegian government to install a dense net-
work of surface stations which provided data for
investigating the surface wind field. These stud-
ies led to the concept of fronts and ultimately
to models of the life cycle of frontal cyclones.
In 1919, J. Bjerknes introduced the concept of
warm, cold, and occluded fronts, and correctly
explained their relationship to extratropical cy-
clones. By 1926, in collaboration with Solberg
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Classic Beaufort Scale

Wind speed
B° Name [knots] [m/s] Sea surface characteristics H [m]
0 Calm <1 0.0-0.2 Sealike a mirror 0
1 Light air 2 0.9 Ripples 0.1-0.2
2 Light breeze 5 25 Small wavelets 0.3-0.5
3 Gentle breeze 9 4.4 Large wavelets, crests 0.6-1.0
begin to break
4 Moderate breeze 13 6.7 Small waves, white horses 1.5
5 Fresh breeze 18 9.3 Moderate waves, becoming 2.0
longer
6  Strong breeze 24 12.3  White foam crests 3.5
7 Moderate gale 30 15.5  Sea heaps up; white foam 5.0
from breaking waves blown
in streaks
8  Fresh gale 37 19 Moderately high waves, greater
length; edges of crests break
into spindrift
9  Strong gale 44 22.6  High waves, sea begins to roll 9.5
10 Whole gale 52 26.5  Sea-surface white from great 12
patches of foam blown in dense
streaks
11  Storm 60 30.6  Exceptionally high waves; sea 15
covered by patches of foam;
visibility reduced
12 Hurricane 68 34.8  Air filled with foam and spray;

visibility greatly reduced

and others, he had described the structure and
life cycle of extratropical cyclones. Bergeron
also made important contributions to the under-
standing of occluded fronts and the formation of
precipitation.

Bergeron, Tor  (1891-) See Bergen school.

berm A nearly horizontal ledge, ridge, or
shelf of sediment which lies behind the beach
face at a beach. More than one berm will some-
times be evident within the backshore region.

Bernoulli equation  For steady flow of a fric-
tionless, incompressible fluid along a smooth
line of flow known as a streamline, the total me-
chanical energy per unit weight is a constant that
is the sum of the velocity head (12/2g), the el-
evation head (z), and the pressure head (p/pg):
u?/2g + z + p/pg = constant, where u is the
velocity, g is the acceleration of gravity, z is the
elevation above some arbitrary datum, p is the
fluid pressure, and p is the fluid density. The
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Bernoulli equation expresses all terms in the
units of energy per unit weight or joules/newton,
which reduces to meters. The Bernoulli equa-
tion therefore has the advantage of having all
units in dimensions of length. The sum of these
three factors is the hydraulic head 4.

Besselian year  See year.

beta decay = Nuclear transition mediated by
the weak force, in which the nuclear charge
changes by one, either Z — Z+1, A — A with
the emission of an electron plus an antineutrino;
orZ > Z—1,A — A with the emission of
a positron plus a neutrino. The paradigm is the
free decay of the neutron:

n—p+e +v.

beta-effect  (S-effect) A combined effect of
the rotation and curvature of the Earth which
tends to produce ocean currents on the west-
ern boundaries of basins with speeds exceeding
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Beaufort Wind Scale Limits of Wind Speed at 10 m

Force  Knots m/sec km/hr mi/hr  Description of wind
0 <1 0-0.2 <1 <1 Calm
1 1-3 0.3-1.5 1-5 1-3 Light air
2 4-6 1.6-3.3 6-11 4-7 Light breeze
3 7-10 3.4-54 12-19 8-12 Gentle breeze
4 11-16 5.5-7.9 20-28 13-18  Moderate breeze
5 17-21 8.0-10.7 29-38 19-24  Fresh breeze
6 22-27  10.8-13.8  39-49 25-31  Strong breeze
7 28-33  13.9-17.1 50-61 32-38  Moderate gale
8 34-40 17.2-20.7 62-74 39-46  Fresh gale
9 41-47  20.8-24.4  75-88 47-54  Strong gale
10 48-55 24.5-28.4 89-102 55-63  Whole gale
11 56-63  28.5-32.6 103-117 64-72  Storm
12 64-71 32.7-36.9 118-133  73-82  Hurricane
13 72-80 37.0-41.4 134-149 83-92  Hurricane
14 81-89  41.5-46.1 150-166 93-103 Hurricane
15 90-99 46.2-50.9 167-183 104-114 Hurricane
16 100-108 51.0-56.0 184-201 115-125 Hurricane
17 109-118 56.1-61.2 202-220 126-136 Hurricane

those in the rest of the ocean basin. See beta-
plane approximation.

Beta Lyraesystems Binary stars in which the
more massive star has recently filled its Roche
Lobe so that material has begun flowing down
onto the companion star (in a stream or accre-
tion disk). This occurs very rapidly (on the
Kelvin—Helmholtz time scale) until the ratio of
masses has been reversed. The companion is
often completely hidden by the disk, so that one
sees eclipses of the mass donor by something
that itself emits very little light. It is not abso-
lutely certain that Beta Lyrae itself is actually a
Beta Lyrae system. See Roche lobe.

beta-plane approximation (Rossby et al.,
1939) The effects of the Earth’s sphericity are re-
tained in the Cartesian metric by approximating
the Coriolis parameter, f, with the linear func-
tion of y, which is the latidinal coordinate and
is measured positive northward from the refer-
ence latitude. This approximation is called the
B-plane approximation.

Bianca Moon of Uranus also designated
UVIIL Discovered by Voyager 2 in 1986, it is
a small, irregular body, approximately 22 km in
radius. Its orbit has an eccentricity of 0.001, an
inclination of 0°, a precession of 299° yr’] ,and
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a semimajor axis of 5.92 x 10* km. Its surface is
very dark, with a geometric albedo of less than
0.1. Its mass has not been measured. It orbits
Uranus once every 0.435 Earth days.

Bianchi classification A classification of
three-parametric symmetries into inequivalent
classes.

For three-dimensional spaces, the number of
distinct classes is finite, and the complete list
of all classes is called the Bianchi classification
(after the Italian mathematician Luigi Bianchi).
The total number of Bianchi’s classes is 9, al-
though some of the classes are themselves col-
lections labeled by free parameters. This clas-
sification is useful in constructing mathematical
models of the universe.

biased vacuum states (domain wall) Do-
main walls are formed whenever a discrete sym-
metry is broken, and their existence is a conse-
quence of the presence of degenerate potential
minima in the broken phase. Domain walls in
the universe would importantly alter standard
cosmology. They are, however, produced in
some particle physics theories, which are there-
fore highly constrained.

It is conceivable that the Higgs potential may
be modified somehow, so that the above men-
tioned equivalent minima acquire different val-
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ues. It would be possible then, with this biased
potential, to have walls decaying sufficiently
rapidly so that the cosmological problem they
generate is cured. In fact, invoking quantum
effects between the fields that form the walls
and other particles in some models, one finds
that the potential is slightly tilted (see figure) in
such a way that the vacuum, defined as the min-
imum energy state, instead of being degenerate,
becomes single-valued. This effect takes place
after the phase transition has been completed so
that domain walls actually form and subsequent-
ly decay. See cosmic topological defect, domain
wall.

V() v(9)

/

RV

Possible self-interaction potentials: (a) the original po-
tential, (b) the biased potential once the radiative cor-
rections have been accounted for.

bias frame, bias overscan CCD detectors
contain a pedestal or “bias” level of counts. This
isaDC offset that is added to the output signal of
the CCD. Sometimes the CCD is “preflashed” to
establish a bias before an observation is made.
The function of this bias is to raise the number of
counts for the data above some level where the
detection of data is more accurate. The value of
the bias can vary from pixel to pixel on a CCD,
as well as vary over time or temperature. When
processing observing data, one of the first steps
is to remove the bias. This is a two-step process.
The first step is to account for any bias changes
that may vary on a frame-to-frame basis. This
is usually accomplished by measuring the bias
on a part of the CCD that is not exposed during
the observation (this is called the “overscan re-
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gion”), and subtracting this bias as a single value
from the frame or fitting a function to the bias
and subtracting it along columns and/or rows.
The second step is to account for the pixel-to-
pixel variations in the bias. This is often done
by obtaining a number of bias frames or images
that are essentially images with zero integration
times with the shutter closed. Such frames con-
tain only the bias, which is assumed to be rep-
resentative of the bias on each data image. The
average bias image is directly subtracted from
each data image (including flat fields and other
calibration images).

biasing parameter  Ratio between the am-
plitude of galaxy-galaxy and cluster-cluster cor-
relation function. By extension, ratio between
the amplitude in the matter power spectrum and
those of galaxies and clusters. At each scale:
b2 (k) = Pgai(k)/ Puarrer- If galaxies and clus-
ters of galaxies form in high density environ-
ments, then galaxies are more correlated than
the underline matter distribution (and clusters
even more strongly than galaxies). It is usu-
ally assumed that the bias parameter is indepen-
dent of scale. The current estimated value is:
b=13+£0.13.

bidirectional reflection distribution function
(BRDF) Theratio of the radiance reflected by
a surface into a specific localized direction to the
collimated irradiance incident from a particular
direction onto the surface [sr—!].

BigBang Theinitial explosion that gave birth
to the universe, and a standard model of the uni-
verse in which all matter, space, and time ex-
pands from an initial state of enormous density
and pressure. All models of the universe con-
structed in the classical relativity theory (Gen-
eral Relativity) must take into account the fact
that at present the universe is expanding (see
expansion), i.e., that any two clusters of galax-
ies recede from one another. If the matter in
the universe is either a dust or a perfect fluid,
then Einstein’s equations imply that at a certain
moment in the past any given small portion of
matter must have been squeezed to zero volume.
This moment of infinite compression is called
the Big Bang. It is a formal mathematical con-
clusion that only implies that every region of the
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universe must have been much denser and hotter
in the past than it is now (and observations con-
firm this implication). The infinite compression
implied by the models shows that classical Gen-
eral Relativity does not apply to such states of
matter and must be replaced by a suitable gener-
alization (nonexistent so far). Quantum gravity
is a likely candidate to produce this generaliza-
tion. The Robertson—Walker models imply that
the Big Bang occurred simultaneously for all
matter in the universe, but more general models
exist in which there is a nonsimultaneous Big
Bang. See inhomogeneous models, singulari-
ties.

Big Bang cosmology = Cosmological model
that assumes that the whole observable universe
has expanded from an earlier state of much
higher density. It was originally proposed by
George Gamow, Ralph Alpher, and Robert Her-
mann in the late 1940s long before the obser-
vations of cosmic microwave background radia-
tion and abundances of light elements suggested
the existence of very high densities and temper-
atures in the past.

The model is based on the cosmological prin-
ciple. The dynamics are described by Einstein’s
general relativity theory. Contrary to the steady
state model that requires new physics, the Big
Bang model assumes the current laws of physics
are locally valid everywhere. The dynamics are
described by Friedmann models and only three
parameters are necessary to specify the evo-
lution of the universe: mean density, Hubble
constant, and cosmological constant. The ex-
trapolation of the atomic, nuclear, and particle
physics to explain the behavior of the universe
at early times has proven to be very successful:
the present abundances of light elements and the
existence of a cosmic microwave background
radiation with a degree of anisotropy close to
107> have been confirmed by observations. The
model has its own shortcomings. The existence
of a particle horizon poses a difficulty as to how
to explain the high degree of homogeneity of
the observed universe. A solution to this prob-
lem has been proposed appealing to a period of
rapid expansion. See inflation, Big Bang nucle-
osynthesis, Friedmann-Lemaitre cosmological
models, cosmic microwave background.
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Big Bang flatness problem  Problem related
to the need to fine-tune the initial value of the
density parameter to allow the universe to sur-
vive 10!7s being close to flat. The present obser-
vational data indicate that the mean energy den-
sity p is, within one order of magnitude, close to
the critical density p., so that the universe will
(approximately) expand forever, and so that the
time = constant hypersurfaces (the 3-spaces) are
almost Euclidean. The success in predicting the
abundances of light elements (see nucleosynthe-
sis) strongly suggests that our understanding of
the physical processes occurring at ¢ ~ 1s is
adequate. At that moment

p(1sec) — p.(1sec) ~ 10716 ,

and at earlier times the differences are even
smaller. A larger difference would imply that
our universe would either have recollapsed or
would have become freely expanding, with neg-
ligible gravitational deceleration by now (see
Friedmann models). The fact that it is in neither
of these states indicates that either the universe
is exactly flat or initial conditions tuned its ini-
tial value such that at 1s it differed from unity in
the 16th decimal place.

Big Bang horizon problem  Problem related
to the existence of particle horizons arising since
fact that we can see, or affect, objects only as far
away as light has traveled since the Big Bang.
Causality poses a severe difficulty when explain-
ing the large scale homogeneity and isotropy of
the universe. In the standard Big-Bang model,
homogeneity and isotropy are built-in (see cos-
mological principle). In this context, it is not
surprising that, for example, the cosmic mi-
crowave background radiation from two oppo-
site directions in the sky shows the same black
body spectra. However, since those regions
came within our horizon and have been visi-
ble only very recently, there has not been time
since the Big Bang for light to travel from one
to the other, so they have never been in casual
contact with each other. Then how could they
have acquired the same physical properties? If
those regions had slightly different initial den-
sities, the evolution of the universe will amplify
those differences making the initial irregularities
more evident. The horizon problem is therefore
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a statement about why the universe is so homo-
geneous. As a solution, a period of rapid ex-
pansion (see inflation) has been advocated that
would have stretched the observed universe out
of a horizon volume at early times.

Big Bang nucleosynthesis  The production
of deuterium, 3He and “He (the latter to about
25% mass fraction) in the first 500 to 1000 sec
of the early universe. These light isotopes, plus
measurable amounts of ' Li and trace amounts of
elements B, Be, are the result of non-equilibrium
nuclear reactions as the universe cooled to about
108 K . Heavierisotopes were produced in stellar
nucleosynthesis.

big blue bump A feature in the spectral en-
ergy distribution of active galactic nuclei, dom-
inating the emission shortwards of 4000 A and
in the UV. The shape, luminosity, and spectral
extension of the big blue bump are as yet un-
certain since the big blue bump lies mostly in
the unobserved far UV, with maximum emission
probably right below the Lyman limit. Only the
low and high energy tails of the big blue bump
have actually been observed. The high energy
end of the big blue bump appears to be for sev-
eral objects in the soft X-ray domain, where a
sharp rise toward lower energies, the so-called
“soft X-ray excess” is observed. The current
interpretation of the active galactic nuclei spec-
tral energy distribution, still highly debated, as-
cribes this feature to thermal emission from a
hot accretion disk surrounding a supermassive
black hole. See active galactic nuclei, Lyman
limit.

binaries, X-ray  X-ray binaries are close bi-
naries in which one of the objects is either a
black hole or neutron star, and the companion is
either a star with a strong wind or a star overfill-
ing its Roche-lobe. The material transfers from
the companion to the compact object and forms
an accretion disk. The gravitational energy re-
leased as the material accretes onto the disk pow-
ers the X-ray flux. Two classes of X-ray binaries
exist: low-mass (neutron star) and high-mass
(black hole) X-ray binaries. Low-mass X-ray
binaries have companion star masses less than
5Mg, whereas high-mass X-ray binaries have
more massive companions.
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binary black holes  Two black holes orbiting
each other, like stars in a binary system. A bi-
nary system of two black holes may radiate away
significant orbital energy by emission of gravi-
tational radiation, with efficiency that increases
with the eccentricity of the orbit; orbital energy
loss may lead to orbital decay, with the two black
holes spiraling down toward each other and ul-
timately coalescing to form a single black hole.
There is as yet no definitive evidence from obser-
vations of the actual occurrence of binary black
holes. Binary black holes have been invoked to
explain peculiar features of kpc-sized radio jets,
of the photometric light curve of the blazar OJ
287, and of rarely observed peculiarities in the
spectral line profiles of active galactic nuclei.
Gravitational wave detectors may provide the
firstincontrovertible evidence of merging binary
black holes. See black hole, black hole binary.

binary fraction = The fraction of stars in a stel-
lar association which are binary stars. For many
years it was believed that there were no binary
stars among Population I stars. However, it now
seems that there may be no difference in the rel-
ative number of binary stars between groups of
stars of the same age, regardless of whether they
are Population I or Population II.

binary pulsar The pulsar PSR 1913+16,
which is in orbit with another neutron star;
both stars have a mass of approximately 1.4
solar masses. Orbital parameters are extracted
from the almost periodic Doppler shifts of the
pulses from the pulsar. The pulse repetition pe-
riod is 59 milliseconds, and the orbital period
is 2.79 x 10* sec. General relativistic effects,
including periastron advance, are verified, and
they, along with a general relativistic model of
gravitational radiation from the orbiting neutron
stars (period decrease of —2.4 x 10712), give ex-
cellent agreement with observations.

binary star  Two stars gravitationally bound
together. There are numerous types of binaries
including, among others, the following classes:
Algol, RS Canus Venaticorum, W Ursa Majoris
(see contact binary), 8 Lyrae, cataclysmic vari-
ables. Some binaries show eclipses as one star
passes in front of the other. In such systems,
the amount of light received as a function of
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time (see light-curve) varies. The binary ap-
pears brightest when neither star is eclipsed and
is fainter when one star is eclipsed by the other.

binary star system A pair of stars in a grav-
itationally bound orbit around each other. Half
or more of all stars in the sky are binaries, with
the fraction varying from one cluster to another
and one stellar population to another. The sta-
tistical properties of a binary population include
the distribution of periods, total masses, mass
ratios, and orbital eccentricities, and these also
vary from one place to another (for reasons that
must have to do with the conditions of star for-
mation but which we cannot currently model).
The range of orbit periods is less than an hour to
millions of years; the range of separations from
the sizes of the stars themselves is to at least
0.1 parsec; the range of masses is essentially the
same as for single stars (see initial mass func-
tion); and the range of eccentricities is from O
(circle) to at least 0.9, with short period systems
generally in circular orbits.

Binary stars can be subdivided in several
ways. Wide binaries are ones whose separation
is larger than the maximum size either star will
reach (as a red giant, super giant, or asymptotic
giant branch star), so the stars evolve indepen-
dently. Close binaries interact at some point in
their lives, generally via gas flowing from the
more rapidly evolving star (the more massive
one) to its companion. They can also be sub-
divided by the method of detection, including
visual binary, astrometric binary, eclipsing bi-
nary, spectroscopic binary, photometric binary,
and spectrum binary systems.

Habitable planets are unlikely to be found in
most binary systems because only orbits very
close to one star or very far away from both
will be stable. Most of our knowledge of the
masses of stars comes from the analysis of bi-
nary systems. See initial mass function, parsec,
star formation.

biogenic stratification In low saline water,
biogeochemical processes, such as photosynthe-
sis and subsequent settling of biogenic parti-
cles and mineralization by bacteria, may sig-
nificantly change (generally enhance) vertical
salinity gradients and thereby increase the sta-
bility N? of the water column. This phenome-
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non, common in many deep and eutrophic lakes
(especially close to the sediment) is usually the
cause of permanent density stratification (so-
called meromixis). Ca?T and HCOs- are often
the dominant ions for biogenic stratification.

bioluminescence  Light produced by organ-
isms as aresult of conversion of chemical energy
to radiant energy.

biomass The amount of living matter per unit
of water surface or water volume (i.e., in the
water column) [kg m~2 or kg m—3].

biosphere  That part of the earth and its atmo-
sphere that can support life. This extends from
the upper atmosphere to underground into rock
where living bacteria have been found. In more
colloquial terms, it refers to the first hundred
meters of the Earth’s atmosphere, the oceans,
and the soil down to bedrock, where easily rec-
ognizable organisms are found.

Biot-Savartlaw Ifthe electromagnetic fields
are time independent within a given region, then
within the region it holds that the magnetic field
for a given point in space is proportional to vol-
ume integral of the vectorial product of the cur-
rent density times the unit vector in the direction
of the relative position divided by the square of
the relative position. In CGS units the constant
of proportionality is the inverse of the speed
of light. Named after Biot and Savart who in
1820 presented experimental evidence that es-
tablished the law.

BIPM
Mesures.

See Bureau International des Poids et

bipolar flow The flow of material from a
star in two streams in opposite directions. It
is thought to be caused by the effects of stellar
rotation on the mass outflow.

Birkeland current  Field aligned electric cur-
rent linking the Earth’s ionosphere with more
distant regions, often associated with the polar
aurora and with substorms.

Birkhoff theorem (1923)  The only spher-
ically symmetric asymptotically flat vacuum
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space-time in general relativity with no cosmo-
logical term is the Schwarzschild space-time.
Since the latter is static, this also rules out
monopole gravitational waves. Further, the
empty space-time inside a spherically symmet-
ric source must be flat. Generalizations with the
inclusion of a Maxwell field and cosmological
constant have been given. See Schwarzschild
solution.

Bjerknes  See Bergen school.

Bjerknes circulation theorem  The rate of
circulation change is due to either the baroclin-
icity or the change in the enclosed area projected
in the equatorial plane:

where C is the relative circulation, p is the pres-
sure, p is the density, Q2 is the Earth’s rotation
rate and A, is the enclosed area projection in
the equatorial plane. D is the absolute deriva-
tive along the flow. In a barotropic fluid, the
relative circulation for a closed chain of fluid
particles will be changed if either the horizontal
area enclosed by the loop changes or the latitude
changes.

Bjerknes feedback  An ocean-atmospheric
interaction mechanism first proposed by Ja-
cob Bjerknes in 1969 to explain the El Nino/
Southern Oscillation phenomenon. Normally
the easterly trade winds maintain a tilt of equa-
torial thermocline, shallow in the east and deep
in the west. The equatorial upwelling induced
by the trades brings cold upper thermocline wa-
ter to the surface in the eastern equatorial Pa-
cific. A slight relaxation in the trades weakens
equatorial upwelling and depresses the thermo-
cline in the east, both acting to warm the eastern
Pacific. The warming in the east shifts the cen-
ter of active atmospheric convection eastward
and relaxes the easterly trades on the equator
even more. This constitutes a positive feedback
among the trade winds, thermocline depth, up-
welling, and sea surface temperature.

black aurora  Name given to structured dark

patches appearing on the background of bright
aurora. Their origin is uncertain.
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black-body radiation = The radiation from a
hypothetical thermal radiating body with perfect
emissivity. Practical black body sources consist
of a heated cavity with a small exit aperture.
Because radiation interacts repeatedly with the
walls of the cavity before emerging, the emerg-
ing radiation is closely black body.

The spectral distribution of black-body radi-
ation is given by Planck’s formula:

do  2wc’h 1
dr A5 | exphe/GAT)

(Joules per second per wavelength interval and
per unit area of the emitter) in which 7 =
6.62608 x 10~%7 erg sec is Planck’s constant and
k = 1.3807 x 10~'® erg/K is Boltzmann’s con-
stant; this was the first understood instance of
a quantum phenomenon. At long wavelengths
the spectral distribution is approximately

which corresponds to earlier classical descrip-
tions by Wien and others. The peak of the dis-
tribution obeys:

)‘PlanckT =.2898 cm K.

This is Wien’s law.

blackbody temperature The temperature
at which the radiation distribution from an ob-
ject can be characterized by Planck’s black-
body equation. The distribution of radiation
from most hot, compact astronomical objects is
closely approximated by a blackbody tempera-
ture, yet not exactly. The energy spectrum of
the sun, for example, has an energy distribu-
tion that is closely but not exactly described by
a blackbody having a temperature Tp = 6300
K. The effective temperature of the sun, which
takes into account the sun’s surface area and to-
tal output power, is T.ry = 5800 K. See effec-
tive temperature, excitation temperature, color
temperature.

black frost Temperatures falling below
freezing in air dry enough that white hoar frost
does not form. Or, the blackening of vegetation
due to water freezing within and disrupting their
cells. See hoarfrost.



black hole

black hole A region of spacetime from which
the escape velocity exceeds the velocity of light.
In Newtonian gravity the escape velocity from
the gravitational pull of a spherical star of mass
M and radius R is

2GM
Vesc = T ,

where G is Newton’s constant. Adding mass to
the star (increasing M), or compressing the star
(reducing R) increases v.s.. When the escape
velocity exceeds the speed of light c, even light
cannot escape, and the star becomes a black hole.
The required radius Rppy follows from setting
Vesc €qual to c:

2GM
Rpy = -
C

For a solar mass black hole M ~ 2 x 10°3 gm,
and Rgy ~ 3 km. (An equivalent conclu-
sion was first derived by P.S. Laplace in the
18th century, even though the notion of a black
hole originated in relativity theory in the 1960s.)
The so-called gravitational radius (or horizon
radius) Rpy for the Earth is equal to about
0.88 cm. Thus, the Earth and the sun, squeezed
to form black holes, would be extremely dense;
such densities are not met anywhere in the real
world. However, if p denotes the mean mass-
density inside an object, then M = %n ,5r3, ie.,
r o« M3 and Ry o« M, which means that
with increasing mass Rpy grows much faster
than r. The radius would be one astronomi-
cal unit for a black hole of 108 M; a spherical
object whose mean mass-density equals that of
water (1 g/cm3), would become a black hole if
its radius exceeded about 4.01 - 108 km = 2.68
astronomical units. This means that if the cen-
ter of such an object were placed at the center of
the sun, then its surface would be between the
orbits of Mars and Jupiter. Hence, black holes
might form under reasonable conditions.

In General Relativity for spherical black
holes (Schwarzschild black holes), exactly the
same expression Rpg holds for the surface of a
black hole. The surface of a black hole at Ry
is a null surface, consisting of those photon tra-
jectories (null rays) which just do not escape to
infinity. This surface is also called the black
hole horizon. Further, the gravitational redshift
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of radiation originating at or inside its horizon
is infinite. Both mean that radiation emitted
from inside the black hole can never be detected
from outside. Hence, the surface at that radius
is called a horizon. Material accreting from out-
side can get very hot, radiating copiously. Thus,
black holes are associated with some of the most
luminous objects known, including quasars and
other active galaxies, some X-ray binaries, and
gamma ray bursters. Besides collapsed astro-
physical objects, primordial particles produced
during the Big Bang are possible candidates as
black holes.

If the black hole gains matter from outside
(e.g., an accreting disc), it will increase in mass
and its horizon will cover a larger portion of
space. According to quantum mechanical com-
putations pioneered by S. Hawking, a black hole
can also radiate away energy via quantum ef-
fects, in which case its horizon contracts.

Black holes were first discovered as purely
mathematical solutions of Einstein’s field equa-
tions. This solution, the Schwarzschild black
hole, is a nonlinear solution of the Einstein equa-
tions of General Relativity. It contains no mat-
ter, and exists forever in an asymptotically flat
space-time. It is thus called an eternal black
hole. Later these solutions were extended to
represent the final stage in models of gravita-
tional collapse when outward pressure does not
balance self-gravity.

The general theory of relativity allows one
to prove that only a small number of families
of different black hole types can exist (no-hair
theorems). They correspond to different math-
ematical vacuum solutions of Einstein’s field
equations which are related to the symmetry of
the asymptotically flat space-time outside the
horizon (domain of outer communication) and,
equivalently, to the charges (conserved quan-
tities in vacuum) of the black hole. The sim-
plest case is given by the Schwarzschild metric,
which represents a black hole fully character-
ized by its mass. If the black hole is electrically
charged, then one has a Reissner—Nordstrom
metric, and rotating cases are given by the (elec-
trically neutral) Kerr metric and the (charged)
Kerr—-Newman metric. In these cases, the for-
mula for the horizon location depends on the
angular momentum (and charge) as well as the
mass of the black hole. Further, the general
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properties of the above metrics have been widely
investigated, leading to a set of laws very close
in spirit to thermodynamics.

Rotating black holes, described by the Kerr
solution, allow rotational energy to be extracted
from aregion just outside the horizon, especially
if magnetic fields are present. See ADM mass,
asymptotic flatness, black hole horizon, domain
of outer communication, black hole horizon,
Kerr black hole, Schwarzschild black hole.

black hole binary  An observed binary sys-
tem of which apparently one member is a black
hole. These are identified by their X-ray emis-
sion. Cyg-X1 is the prototype, with a compact
object of mass ~ 12 M, (the putative black hole)
accreting mass from a hot supergiant companion
star through an accretion disk which thermally
emits X-radiation.

black hole horizon  The future causal horizon
that is the surface of a black hole: the bound-
ary between light-rays which can reach infin-
ity and those that do not. The description of
horizons has been developed in terms of classi-
cal relativity, where one can prove, for instance,
that the area of a black hole cannot decrease,
so the horizon converges towards a final (big-
ger) future event horizon. However, Hawking
radiation, a quantum phenomenon, leads to the
eventual evaporation of an isolated black hole.
If the black hole is eternal and does not change
in time, the horizon is a true future event horizon
and bounds a region of space which will never
be experienced from outside the black hole. If
the black hole evaporates away completely, its
interior will eventually be seen from outside. If
there is a limit to this effect, it must occur in the
fully quantum limit, black hole mass ~ 1073
grams (the Planck Mass, Mp; = (h c/G)l/z,
associated length scale 1.6 x 10733 cm). See
apparent horizon, black hole, future/past causal
horizon, future/past event horizon, Killing hori-
zon.

black ice  Condition of aged ice on highway
surfaces, which has a polished surface and so

appears dark rather than bright.

blast wave shock  Shock created by a short,
spatially limited energy release, such as an ex-

© 2001 by CRC Press LLC

plosion. Therefore, the energy supply is limited,
and the shock weakens and slows as it propa-
gates outward. In models of the energetics and
propagation of interplanetary traveling shocks,
blast wave shocks are often used because their
mathematical description is simple, and the as-
sumptions about the shock can be stated more
clearly. It is also speculated that blast wave
shocks give rise to the metric type Il radio bursts
on the sun.

blazar A class of active galactic nuclei which
includes BL Lac objects and Optically Violently
Variable (OVV) quasars, whose name derives
from the contraction of the terms BL Lac and
quasar. BL Lac and OVV quasars share several
common properties, like high continuum polar-
ization and large luminosity changes on rela-
tively short time scales. All known blazars —
a few hundred objects — are radio loud active
galactic nuclei, and several of them have been
revealed as strong y-ray sources. Blazars are
thought to be active galactic nuclei whose ra-
dio jets are oriented toward us, and whose non-
thermal, synchrotron continuum is strongly am-
plified by Doppler beaming. See active galactic
nuclei, BL Lacertae object.

blizzard Winter storm characterized by
winds exceeding 35 miles (56 km) per hour,
temperatures below 20° F (—7° C), and driving
snow, reducing visibility to less than 1/4 mile
(400 m) for 3 or more hours.

BL Lacertae  Prototype of extremely com-
pact active galaxies [BL Lacertae objects, or
Lacertids (also Blazar)] that closely resemble
Seyfert and N galaxies, radiating in the radio,
infrared, optical, and X-ray. BL Lacertae, of
magnitude 14.5, is located at RA22000™M408, dec
42°02’ and was observed in 1929 and incorrectly
identified as a variable star but observed to be
a radio source in 1969. About 40 Lacertids
are presently known. They are characterized
by a sharply defined and brilliant (starlight) nu-
cleus that emits strong nonthermal radiation and
whose continuous visible spectrum has no emis-
sion or absorption lines. Surrounding the bright
nucleus is a faint halo resembling a typical el-
liptical galaxy from which redshifts can be mea-
sured. BL Lacertae is thus found to have a red-
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shift z = 0.07, comparable to those of the nearer
quasars; PKS 0215+015 is a BL Lac object with
z = 0.55. BL Lacertae objects radiate most
of their energy in the optical and infrared wave-
lengths and undergo rapid changes in brightness
in visible light, the infrared, and X-rays bright-
ening to the brightness of the brightest quasars.
The central radio source is very small, consistent
with the rapid fluctuations in brightness. X-ray
brightness may vary in periods of several hours,
suggesting that the emitting region is only a few
light-hours across. It has been conjectured that
the Lacertids, quasars, and radio galaxies are
actually the same types of objects viewed from
earth at different angles that either obscure or
reveal the galaxy’s central powerhouse of radi-
ation, presumably powered by accretion onto a
central black hole.

BL Lacertae object  An active galaxy very
similar to quasars in appearance but with no
emission lines, with a strong continuum stretch-
ing from rf through X-ray frequencies. There
are no known radio quiet BL Lac objects. They
can exhibit dramatic variability.

blocking A persistent weather pattern where
the mid-latitude westerly jet is blocked and di-
verted into a northern and a southern branch.
The blocking is associated with a pair of anti-
cyclonic (blocking high) circulation to the north
and cyclonic circulation to the south. When
a blocking occurs, extreme weather conditions
can persist for a week or longer. Blockings often
occur in winter over northwestern North Pacific
off Alaska and northwestern North Atlantic off
Europe.

blocking patterns High-amplitude quasi-
stationary wave disturbances in the extratropical
atmosphere.

blue clearing (Mars) The difference in
albedo between Mars surface features is small
in blue, except for the polar caps. Therefore,
albedo features visible in green and red are not
usually identified in blue. However, they are
sometimes identified even in blue; this phenom-
enon is called blue clearing. In the first half
of the twentieth century, it was thought that the
Martian atmosphere was thick enough to hold
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a haze layer which absorbs light in blue, and
that the albedo features are visible in blue only
when the haze disappears and the sky clears up
in blue, but the haze layer is now not believed to
exist. The blue clearing has been observed most
frequently around the opposition of Mars. The
opposition effect may be one of the causes of the
blue clearing. The degree of the opposition ef-
fect is larger in bright areas than in dark areas in
all visible wavelengths, not only in red but also
in blue. Therefore, albedo features are identified
even in blue around the opposition. However,
the degree of the opposition effect may depend
on the Martian season, for the surface is covered
with a thin dust layer and uncovered in a cycle
of a Martian year.

blue ice  Old sea ice that has expelled im-
purities and appears a deep translucent blue in
sunlight.

blue jet A long-duration luminous structure
observed directly above an active thundercloud,
extending upwards from the cloud top for many
tens of kilometers. The name is derived from
their highly collimated blue beam of luminosity,
which persists for several tenths of a second.
Unlike sprites and elves, blue jets are relatively
rare and consequently are poorly understood.

blue straggler A star whose position on the
HR diagram is hotter (bluer) and brighter than
that allowed for stars of the age represented in
the particular star cluster or other population un-
der consideration. Such stars are sometimes in-
terlopers from younger populations, but more
often they are the products of evolution of binary
stars, where material has been transferred from
one star to another or two stars have merged,
giving the recipient a larger mass (hence, higher
luminosity and surface temperature) than single
stars of the same age.

body waves  Earthquakes generate seismic
waves that are responsible for the associated
destruction. Seismic waves are either surface
waves or body waves. The body waves are com-
pressional p-waves and shear s-waves. These
waves propagate through the interior of the Earth
and are the first arrivals at a distant site.
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Bogomol’nyi bound  The mass of a (mag-
netic) monopole depends on the constants that
couple the Higgs field with itself and with the
gauge fields forming the monopole configura-
tion. The energy of a monopole configuration
can be calculated, albeit numerically, for any
value of these constants. It can, however, be
seen that the mass always exceeds a critical
value, first computed by E.B. Bogomol’nyi in
1976, which is

m, >nje,

where 7 is the mass scale at which the monopole
is formed, and e is the coupling of the Higgs
field to the gauge vectors A, (a being a gauge
index). The bound is saturated, i.e., equal-
ity holds, when the ratio of the coupling con-
stants vanishes, a limit known as the Prasad—
Sommerfield limit. Since magnetic monopoles
may be produced in the early universe, this limit
is of relevance in cosmology. See cosmic topo-
logical defect, monopole, Prasad—Sommerfield
limit, t’ Hooft—Polyakov monopole.

Bohr’s theory of atomic structure  Theory
of the atomic structure of hydrogen postulated
by Neils Bohr (1885-1962). The theory is based
upon three postulates: 1. The electrons rotate
about the nucleus without radiating energy in the
form of electromagnetic radiation. 2. The elec-
tron orbits are such that the angular momentum
of the electron about the nucleus is an integer
of h/2m, where h is Planck’s constant. 3. A
jump of the electron from one orbit to another
generates emission or absorption of a photon,
whose energy is equal to the difference of en-
ergy between the two orbits. This theory has
now been superseded by wave mechanics, which
has shown that for the hydrogen atom spectrum,
Bohr’s theory is a good approximation.

bolide A meteoroid that explodes or breaks
up during its passage through the atmosphere as
a meteor.

bolometric correction (B.C.) The correc-
tion to an observed magnitude (luminosity) in a
particular wavelength region to obtain the bolo-
metric magnitude (luminosity). This correction
is to account for the stellar flux that falls beyond
the limits of the observed wavelength region.
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bolometric magnitude/luminosity  The lu-
minosity of a star integrated over all wavelengths
the star radiates. This is a measure of the total
energy output of a star.

Boltzmann’s constant (k)  Constant of pro-
portionality between the entropy of a system
S and the natural logarithm of the number of
all possible microstates of the system £2, i.e.,
S = kIn(2). When one applies statistical me-
chanics to the ideal or perfect gas, one finds
that Boltzmann’s constant is also the constant
of proportionality of the equation of state of
an ideal gas when the amount of gas is ex-
pressed in the number of molecules N rather
than the number of moles, i.e., PV = NkT.
k = 1.3806503(24) x 1072 J K~!'. Named
after Ludwig Boltzmann (1844-1906).

Bondimass In general relativity the function
m(r, t) equal to the total energy contained inside
the sphere of radius r at the time 7. If there is
no loss or gain of energy at r — 400, and the
space is asymptotically flat, then

lim m(r, t)=Mapuy ,
r——+400

where Mpy is the ADM mass. See ADM
mass, asymptotic flatness.

Bonnor symmetry A stationary (i.e., rotat-
ing) axisymmetric vacuum space-time can be
mapped to a static axisymmetric electrovacuum
space-time. In this process, the twist potential
must be extended in the complex plane. When
the twist is proportional to a real parameter, the
complex continuation of this parameter can be
used to make the resulting twist potential real.
See electrovacuum.

bore A steep wave that moves up narrow-
ing channels, produced either by regular tidal
events, or as the result of a tsunami. A bore
of this type, generated by an earthquake off the
coast of Chile, destroyed Hilo on the island of
Hawaii on May 22, 1960.

borrow site A source of sediment for con-
struction use. May be on land or offshore.



boson

boson  An elementary particle of spin an in-
teger multiple of the reduced Planck constant 7.
A quantum of light (a photon) is a boson.

boson star A theoretical construct in which
the Klein—Gordon equation for a massive scalar
field ¢:

O¢ 4+ m?¢p =0

is coupled to a description of gravity, either
Newtonian gravity with ¢, the gravitational po-
tential

2 1 2
Vg, = 471G§(V¢)

or General Relativistic gravitation:
Gy =8nGTy(9)

where T, (¢) is the scalar stress-energy tensor.
In that case the wave operator applied to ¢ is the
covariant one. O¢ = ¢“.,. Stable localized so-
lutions, held together by gravity are called boson
strings. Nonstationary and nonspherical boson
stars may be found by numerical integration of
the equations.

Bouguer correction A correction made to
gravity survey data that removes the effect of
the mass between the elevation of the observa-
tion point and a reference elevation, such as the
mean sea level (or geoid). It is one of the sev-
eral steps to reduce the data to a common ref-
erence level. In Bouguer correction, the mass
in consideration is approximated by a slab of
infinite horizontal dimension with thickness #,
which is the elevation of the observation point
above the reference level, and average density p.
The slab’s gravitational force to be subtracted
from the measured gravity value is then Ag =
2w Gph, where G is the gravitational constant.

Bouguer gravity anomaly Much of the
point-to-point variation in the Earth’s gravity
field can be attributed to the attractions of the
mass in mountains and to the lack of attraction
of the missing mass in valleys. When the attrac-
tion of near surface masses (topography) is used
to correct the “free-air” gravity measurements,
the result is a Bouguer-gravity map. However,
major mountain belts (with widths greater than
about 400 km) are “compensated”. Bouguer
gravity anomalies are caused by inhomogeneous
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lateral density distribution below the reference
level, such as the sealevel, and are particularly
useful in studying the internal mass distribu-
tions. Thus, the primary signal in Bouguer grav-
ity maps is the negative density and the negative
gravity anomalies of the crustal roots of moun-
tain belts.

Bouguer-Lambert law (Bouguer’s law)
See Beer’s law.

bounce motion = The back-and-forth motion
of an ion or electron trapped in the Earth’s mag-
netic field, between its mirror points. This mo-
tion is associated with the second periodicity of
trapped particle motion (“bounce period”) and
with the longitudinal adiabatic invariant.

boundary conditions Values or relations
among the values of physical quantities that
have to be specified at the boundary of a do-
main, in order to solve differential or difference
equations throughout the domain. For instance,
solving Laplace’s equation V¢ = 0 in a 3-
dimensional volume requires specifying a priori
known boundary values for ¢ or relations among
boundary values of ¢, such as specification of
the normal derivative.
boundary layer pumping Ekman pumping.
Boussinesq approximation  In the equation
of motion, the density variation is neglected ex-
cept in the gravity force.

Boussinesq assumption = The Boussinesq as-
sumption is employed in the study of open chan-
nel flow and shallow water waves. It involves
assumption of a linearly varying vertical veloc-
ity, zero at the channel bottom and maximum at
the free surface.

Boussinesq equation  The general flow equa-
tion for two-dimensional unconfined flow in an
aquifer is:

d doh a oh Sy oh

—\ =)+ == ) ===

dx \ ox ay \ dy K ot
where Sy is specific yield, K is the hydraulic

conductivity, & is the saturated thickness of the
aquifer, and 7 is the time interval. This equation
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is non-linear and difficult to solve analytically.
If the drawdown in an aquifer is very small com-
pared with the saturated thickness, then the sat-
urated thickness 4 can be replaced with the av-
erage thickness b that is assumed to be constant
over the aquifer, resulting in the linear equation

9%h
ax2

9*h Sy 0h
dy2 Kb at

Bowen’s ratio The ratio between rate of
heat loss/gain through the sea surface by con-
duction and rate of heat loss/gain by evapora-
tion/condensation.

Boyle’slaw  For a given temperature, the vol-
ume of a given amount of gas is inversely pro-
portional to the pressure of the gas. True for
an ideal gas. Named after Robert Boyle (1627-
1691).

Brackett series  The set of spectral lines in
the far infrared region of the hydrogen spectrum
with frequency obeying

v=cR (l/nic— l/nlz) ,

where c is the speed of light, R is the Rydberg
constant, and n y and n; are the final and initial
quantum numbers of the electron orbits, with
ny = 4 defining the frequencies of the spectral
lines in the Brackett series. This frequency is
associated with the energy differences of states
in the hydrogen atom with different quantum
numbers via v = AE/h, where h is Planck’s
constant and where the energy levels of the hy-
drogen atom are:

E, = hcR/n* .

Bragg angle  Angle 6 which relates the angle
of maximum X-ray scattering from a particular
set of parallel crystalline planes:

sinf = n\/(2d)

where 7 is a positive integer, A is the wavelength
of the radiation, and d is the normal separation
of the planes. 6 is measured from the plane (not
the normal).
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Bragg Crystal Spectrometer (BCS)  Bragg
Crystal Spectrometers have been flown on a
number of solar space missions including the
Solar Maximum Mission (1980-1989). Such a
spectrometer is currently one of the instruments
on the Yohkoh spacecraft. This instrument con-
sists of a number of bent crystals, each of which
enables a selected range of wavelengths to be
sampled simultaneously, thus providing spec-
troscopic temperature discrimination. Typical
wavelengths sampled by these detectors lie in
the soft X-ray range (1 to 10 A).

braided river A river that includes several
smaller, meandering channels within a broad
main channel. The smaller channels intersect,
yielding a braided appearance. Generally found
at sites with steeper slopes.

Brans-Dicke theory  Orscalar-tensortheory
of gravitation. A theory of gravitation (1961)
which satisfies the weak equivalence principle
but contains a gravitational coupling G y, which
behaves as (the inverse of) a scalar field ¢. This
¢ field satisfies a wave equation with source
given by the trace of the energy momentum ten-
sor of all the matter fields. Thus Gy is not gen-
erally constant in space nor in time. The corre-
sponding action for a space-time volume V can
be written as

_ 1
T 167

/ d*xy—g [¢R + wp ' 8,00" + LM]
\%4

where R is the scalar curvature associated to the
metric tensor whose determinant is g, w is a cou-
pling constant, and Ly is the matter Lagrangian
density.

In the limit @ — oo the scalar field de-
couples, and the theory tends to general rela-
tivity. For o finite, instead, it predicts signif-
icant differences with respect to general rela-
tivity. However, from tests of the solar system
dynamics, one deduces that @ > 500 and the
theory can lead to observable predictions only at
the level of cosmology. In the Brans—Dicke the-
ory the strong equivalence principle is violated,
in that objects with different fractional gravita-
tional binding energy typically fall at different
rates.
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A generalization of Brans—Dicke theory is
given by the dilaton gravity theories, in which
the scalar field ¢ is called the dilaton and cou-
ples directly to all matter fields, thus violating
even the weak equivalence principle. See dila-
ton gravity.

Brazil current A warm ocean current that
travels southwestward along the central coast of
South America.

breaker zone The nearshore zone containing
all breaking waves at a coast. Width of this zone
will depend on the range of wave periods and
heights in the wave train and on bathymetry.

breakwater A man-made structure, often of
rubble mound construction, intended to shelter
the area behind (landward of) it. May be used
for erosion control or to shelter a harbor entrance
channel or other facility.

breccias Composite rocks found on the
moon, consisting of heterogeneous particles
compacted and sintered together, typically of a
light gray color.

Bremsstrahlung  (German for braking radi-
ation.) Radiation emitted by a charged parti-
cle under acceleration; in particular, radiation
caused by decelerations when passing through
the field of atomic nuclei, as in X-ray tubes,
where electrons with energies of tens of kilovolts
are stopped in a metal anode. Bremsstrahlung
is the most common source of solar flare radi-
ation, where it is generated by deceleration of
electrons by the Coulomb fields of ions.

bremstrahlung [thermal]  The emission of
bremstrahlung radiation from an ionized gas at
local thermodynamic equilibrium. The elec-
trons are the primary radiators since the rela-
tive accelerations are inversely proportional to
masses, and the charges are roughly equal. Ap-
plying Maxwell’s velocity distribution to the
electrons, the amount of emitted radiation per
time per volume per frequency is obtained for a
given temperature and ionized gas density.

Brewster point  One of three points on the
sky in a vertical line through the sun at which
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the polarization of skylight vanishes. Usually
located at about 20° below the sun. See Arago
point, Babinet point.

brightness  The luminosity of a source [J/sec]
in the bandpass of interest. (For instance, if
referred to visual observations, there are cor-
rections for the spectral response of the eye.)
Apparent brightness of a stellar object depends
on its absolute luminosity and on its distance.
The flux of energy through a unit area of de-
tector (e.g., through a telescope objective) is
F = L/4mr? [J/sec/m?]. Stellar apparent mag-
nitude gives a logarithmic measure of bright-
ness: m = —2.5log(F) + K. The magnitude
scale is calibrated by fixing the constant K using
a number of fiducial stars. Absolute magnitude
is defined as the apparent magnitude a source
would have if seen at a distance of 10pc and is a
measure of the absolute brightness of the source.

brightness temperature  The temperature of
an equivalent black body with a given inten-
sity and long wavelengths where the Rayleigh—
Jeans approximation is valid. This temperature
is used in radio and submillimeter astronomy
and is given by

I,¢?
- 2kv?

Tp

where h and k are the Planck and Boltzmann
constants, respectively, v is the frequency in
Hertz, and I , is the monochromatic specific in-
tensity (i.e., the flux per frequency interval per
solid angle) in units of erg s ™' em™2 Hz~ ! sr~!.
To relate an object’s brightness temperature to
its flux density in Janskys, the size of the source
in stearadians (or the full width of the main beam
of the radiotelescope) is used:

S, = 2wkTp6*4In2 /2>
which reduces to
S, =7.35 x 10746%T5 /2>

where 6 is the width of the telescope’s full beam
at half maximum in arcseconds, T p is the bright-
ness temperature in Kelvins, A is the center
wavelength in centimeters, and S, is the flux
density in Janskys.
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bright point A transient H-alpha brightening
of flare intensity, less than 20 millionths of the
solar hemisphere in area. Such a brightening
when covering a larger area becomes classified
as a solar flare.

brittle behavior (brittle fracture) A phe-
nomenological term describing the nature of ma-
terial failure. According to the simplest or “clas-
sical” view, brittle behavior (brittle fracture) of
a solid material is a discrete event in which the
failure of the solid occurs, without significant
prior deformation and without warning, at a par-
ticular stress. In general, material is described
as “brittle” when fracture occurs with no preced-
ing appreciable permanent deformation. Some-
times brittle behavior refers to failure following
limited amounts of inelastic strain that are small
compared with the elastic strain.

brittle-ductile transition A temperature
range over which the principal failure mecha-
nism of a rock body (such as the continental
crust) under deviatoric stress changes from brit-
tle to ductile. Brittle failure takes place at low
temperatures by developing fractures or slip-
ping along pre-existing fractures. Ductile fail-
ure takes place at higher temperatures and, ob-
served at the macroscopic scale, by continuous
deformation. The transition occurs due to the
activation of diffusion or dislocation creep at el-
evated temperatures and is affected by the rate of
ductile deformation and the pore fluid pressure
in the brittle region. In the Earth’s continental
crust, this transition is marked by the absence
of earthquakes below a certain depth where the
temperature is higher than about 300 to 400°C.
In the oceanic crust and mantle, the transition
occurs at higher temperatures.

brittle-plastic transition  See brittle-ductile
transition.

broad line radio galaxies Radio galaxies
showing optical spectra very similar to, and
in several cases almost indistinguishable from,
those of Seyfert-1 galaxies. Broad line radio
galaxies are type 1, low-luminosity, radio-loud
active galactic nuclei; the radio-loud counter-
part of Seyfert-1 galaxies. Differences between
Seyfert-1 and Broad Line Radio galaxies en-
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compass the morphology of the host galaxy
(Seyfert-1 are mostly, albeit not exclusively, spi-
rals, while broad line radio galaxies are hosted
by ellipticals) and some features of the optical
spectrum, like weaker singly ionized iron emis-
sion and larger internal absorption due to dust in
broad line radio galaxies. See Seyfert galaxies.

broad line region The region where the
broad lines of active galactic nuclei are pro-
duced. The strongest lines observed in the op-
tical and UV spectrum are the Balmer lines of
hydrogen, the hydrogen Lyman « line, the line
from the three times ionized carbon at 154.9 nm,
and some recombination lines from singly ion-
ized and neutral helium. Since no forbidden
lines are observed, the broad line region is most
likely a relatively high density region with parti-
cle density in the range 10” to 10'3 ions per cubic
centimeter. The broad line region is believed to
be very close to the central source of radiating
energy of the active galactic nucleus. Observa-
tions of variation of broad line profiles and fluxes
suggest that the broad line regions line emitting
gas is confined within 1 pc in Seyfert-1 galaxies.
Models of the broad line regions invoke a large
number of dense emitting clouds, rapidly rotat-
ing around a central illuminating source. Alter-
natively, it has been suggested that at least part
of the emission of the broad line regions could
come from the middle and outer region of the
accretion disk suspected to be a universal con-
stituent of the central engine of active galactic
nuclei.

brown dwarf A sphere of gas with the com-
position of a star (that is, roughly % hydrogen,
% helium, and at most a few percent of heavier
elements) but with a mass low enough that the
center never, as the object contracts out of inter-
stellar gas, gets hot enough for hydrogen burning
to balance the energy being lost from the surface
of the sphere. Very young brown dwarfs can be
as bright as low-mass stars (107 to 1073 of the
solar luminosity), but they fade with time until
they are too cool and faint to see. The number
of brown dwarfs in our galaxy is not very well
known. They are probably not common enough
(at least in the galactic disk) to contribute much
to the dark matter, but small numbers have been
observed (a) in young clusters of stars, (b) as
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companions to somewhat more massive stars,
and (c) in isolation in space. See dark matter,
galactic disk, hydrogen burning, interstellar gas.

Brunt frequency  See buoyancy frequency.

Brunt-Viisili frequency  See buoyancy fre-
quency.

Bstar  Starof spectral type B. Rigel and Spica
are examples of B stars.

bulkhead A man-made wall, typically verti-
cal, which holds back or protects sediment from
the impact of water. May be held in place by
driven piles or with anchors placed in the sedi-
ment behind the wall. Bulkheads are commonly
made of treated wood or steel.

bulk modulus  For a density p and a pressure
P, the quantity pd P /dp is called the bulk mod-
ulus. The reciprocal of compressibility. Two
versions of this parameter are used. One has the
temperature constant during the pressure change
and is usually designated the isothermal bulk
modulus, Kt. The other has the entropy con-
stant during the pressure change and is called
the adiabatic bulk modulus.

bulk parameters (1.) Quantities derived
from spatial or temporal average values of other
quantities. For example, non-dimensional scal-
ing numbers, such as the Reynolds number or
the Froude number, are often defined in terms
of average values of velocity and length. These
average values are sometimes also referred to as
“characteristic scales” of the flow.

(2.) Quantities that are computed from spa-
tial or temporal averages of field data. The data
that constitute the bulk parameter are often sam-
pled with a number of different instruments. It
must be assumed that the data are statistically
homogeneous and isotropic in the sampling in-
terval.

buoyancy The upward force on a body equal
to the weight of the fluid displaced by the body.

Fouoy = pVg

where p is the density, V is the volume of the
fluid, and g is the acceleration of gravity.
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buoyancy flux  Turbulence in a stratified fluid
affects the stratification. The buoyancy flux
Jp [W kg~ ! quantifies (in differential form)
the rate of change of the potential energy of
the stratification. It is defined by J, = gp~!
< w'p’ >= gp~'F,, where g is the gravita-
tional acceleration, p density, o’ density fluc-
tuations, w’ vertical velocity fluctuations, and
F, the vertical density (mass) flux [kgm_zs_l].
Three principal cases can be distinguished:

(1) In a stable water column, the buoyancy
flux J, expresses the rate at which turbulent ki-
netic energy (source of Jp) is turned over to in-
crease the potential energy of the water column
by work against stratification: J, = —K,N 2,
where K, is the turbulent diapycnal diffusivity
and N? is stability. This process is accompa-
nied by dissipation of turbulent kinetic energy
(¢). For the relation between Jj, and €, see mix-
ing efficiency.

(2) In an unstable water column (see con-
vective turbulence), potential energy (source of
Jp) is released, which fuels kinetic energy into
turbulence. If the source of the density change
dp /0t is at the surface or bottom of the mixed
boundary layer, the boundary buoyancy flux is
defined by, J? = p~'hmixgdp/dt, where hmix
is the thickness of the mixed boundary layer.

(3) Under the conditional instability of dou-
ble diffusion, the water column releases poten-
tial energy (source of Jp,) from the water column
to turbulent kinetic energy at a rate Jp,, which is
given by the so-called double-diffusive flux laws
(Turner, 1974; McDougall and Taylor, 1984).

buoyancy frequency A measure of the de-
gree of stability in the water column, defined
by

N2 = g dp

p 02

where g is the constant of gravity, p is the den-
sity, and z is the vertical coordinate (positive
upwards). When N? is positive, the medium is
stable, and N represents the frequency of oscil-
lation of a water parcel in purely vertical motion.
When N? is negative, the medium is unstable.
In the large vertical gradient regions of the upper
ocean, N typically ranges from 3 to 7 cycles per
hour. In the deep ocean, N is between 0.5 and
1 cycles per hour. Also called the stability fre-
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quency, the Brunt—Viisila frequency, the Brunt
frequency, and Viisild frequency.

buoyancy Reynolds number The non-
dimensional ratio R,p = €/(VN 2) expresses the
intensity of turbulence, quantified by the dissi-
pation of turbulent kinetic energy e, relative to
the turbulence-suppressing effect of stability N2
and viscosity v. If R.p > 20 — 30, turbulence is
considered as actively mixing despite the strati-
fication (Rohr and Van Atta, 1987), but as long
as R.p < 200 turbulence is not expected to be
isotropic (Gargett et al.; 1984).

buoyancy scale  Largest overturning length
scale allowed by the ambient stratification. In
stratified turbulent flows away from boundaries,
the size of the largest overturns or eddies is lim-
ited by the work required to overcome buoyancy
forces. The buoyancy scale can be estimated

from

€ \1/2
where N is the buoyancy frequency and € is the
dissipation rate of turbulent kinetic energy.

buoyancy scaling  In the interior of stratified
natural water bodies, internal wave shear is usu-
ally the dominant source of turbulence. Because
turbulence is limited by the presence of stratifi-
cation, it depends on both the stability N2 of the
water column and the dissipation of turbulent ki-
netic energy €. Dimensional analysis provides
the relations for buoyancy scaling as a function
of N and €.

Length Lps ~ (eN~3H1/2
Time Tps ~ N -1
Velocity Wps ~ (e N~H1/2
Diffusivity Kps ~ e N2
Buoyancy flux Jps ~ €

buoyancy subrange Range of the energy
spectra, which is affected by buoyancy forces
and where subsequently turbulence is expected
to be anisotropic (see buoyancy Reynolds num-
ber). The relevant parameters to quantify turbu-
lence in the buoyancy subrange are dissipation
of turbulent kinetic energy € and stability N2.
See buoyancy scaling.
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Bureau International des Poids et Mesures
(BIPM) International bureau of weights and
measures in Sevres, France, charged mainly
with the production of International Atomic
Time.

Burgers vector (b)  The dislocation displace-
ment vector defined by the procedure first sug-
gested by Frank (1951). When a dislocation
line or loop is defined as the boundary between
a slipped area and an unslipped area on a slip
plane, it can be characterized by a unit vector ex-
pressing the amount and direction of slip caused
by its propagation on the slip plane. This unit
vector, which corresponds to unit motion of dis-
locations, is called Burgers Vector (b). Burgers
vector must correspond to one of the unit vectors
for a given crystal structure.

burst  In solar physics, a transient enhance-
ment of the solar radio emission, usually asso-
ciated with an active region or flare. In cosmic
ray physics, a sudden flux of cosmic rays with a
common origin.

bursty bulk flows  In the Earth’s magneto-
sphere, intervals of rapid ion flows observed in
the plasma sheet, lasting typically 10 min. Ex-
treme velocity peaks within these intervals reach
many hundreds of kilometers per second, last
for a fraction of a minute, and are termed flow
bursts. Flows closer to Earth than 25 Rg tend
to be directed earthward; more distant ones are
usually tailward.

Butcher-Oemler effect  The increase in the
fraction of blue galaxies in distant clusters of
galaxies. H. Butcher and A. Oemler, in papers
published in 1978 and 1984, discussed an excess
of galaxies with color index B-V significantly
bluer than that of normal elliptical and SO galax-
ies. This excess of blue galaxies was found in
clusters of galaxies at redshift near 0.4: Butcher
and Oemler discovered that 20% of galaxies in
clusters at redshift larger than 0.2 were blue
galaxies, while blue galaxies accounted for only
3% of all galaxies in nearby clusters. Blue color
suggests strong star formation. The detection
of a large number of blue galaxies indicates that
significant galactic evolution is still occurring at
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a very recent epoch, about .9 of the present age
of the universe.

butterfly diagram A diagram showing the
behavior of the observed latitude of a sunspot
with time during the course of several solar cy-
cles. The latitudinal drift of the sunspot emer-
gence as the cycle proceeds (from high lati-
tudes to the solar equator) resembles a butter-
fly’s wings. The physical cause of this behavior
is thought to be due to the generation of mag-
netic field by the solar dynamo.

Buys Ballots Law In the Northern hemi-
sphere, if one stands with one’s back to the wind,
the low pressure is to the left, and the high is to
the right. The rule is opposite in the Southern
hemisphere and arises because of the Coriolis
force from the Earth’s rotation. This is useful
because bad weather is typically associated with
low pressure regions.

b-value One of the coefficients of the
Guttenberg—Richter relation relating the fre-
quency of occurrence to the magnitude of earth-
quakes.
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Byerlee’slaw A laboratory experimental re-
sult of static rock friction obtained by U.S. geo-
physicistJ.D. Byerlee in 1978. The experiments
show that, statistically, regardless of rock type,
temperature, and confining pressure, the rela-
tion between normal stress o, and shear stress
7 on the flat frictional surface between two rock
specimens is:

0.850;,
T = 504 0.60,

T (0, <200 MPa)

(o > 200 MPa) .

Assuming that the top part of the Earth’s litho-
sphere is pervasively fractured by faults of ran-
dom orientations, Byerlee’s law is frequently
used to define the brittle strength of the litho-
sphere. Shear stresses along major geological
faults have been inferred to be much lower than
Byerlee’s law predictions.

bypass  As used in the study of coastal ge-
omorphology, the process by which sediment
moves from one side of a tidal inlet to the
other. Artificial bypassing schemes have also
been used to transport sediment across a stabi-
lized inlet or past a harbor entrance.
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cabbeling  Mixing mechanism resulting in
buoyancy effects due to the non-linear relation
between temperature, salinity, and density. If
mixing occurs between two water masses with
the same potential density but different salinities
S and temperatures ®, the resulting water will
be denser than the original water masses due to
variations of the thermal expansivity « and the
saline contraction coefficient 8 with ® and S. In
the figure the two initial water types are repre-
sented by the labels A and B. The water type that
results from mixing will have a density that lies
on the straight line between A and B and, there-
fore, will be denser. The effect is particularly
strong at low temperatures. Cabbeling leads to
a diapycnal density (mass) flux, although the
original mixing may be purely isopycnal.
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cable A horizontal unit of length used in
ocean navigation, equal to 100 fathoms, equal to
600 feet, equal to 182.88 meters; approximately
one tenth of a Nautical mile. See nautical mile.

CAI Calcium-, aluminum-rich inclusion
found in chondritic meteorites. Usually of mil-
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limeter or centimeter size and roughly spherical,
they are depleted in volatiles relative to solar
composition and display a melt rim, which ap-
parently formed in an episode of intense heating
followed by rapid quenching.

caldera  The central crater of a volcano. The
caldera is formed when magma from a cham-
ber in or under the volcanic structure is removed,
either by eruption onto the surface or by with-
drawal to another underground location. This
removal of the magma removes the method of
support for the overlaying crust, and the sur-
face collapses to create the caldera. Volcanos
often display multiple overlapping calderas, in-
dicating that several episodes of magma injec-
tion and withdrawal have occurred over the vol-
cano’s history.

calendar A system of reckoning time in days
and years enumerated according to cyclic pat-
terns. Examples are the Julian calendar and the
Gregorian calendar.

California current A cold ocean current
flowing southeastward down the west coast of
the United States and Baja California.

California nebula NGC1499: Very large
nebula in the constellation Perseus, approxi-
mately 3° in length; the site of substantial star
formation with strong hydrogen emission.

Callan-Rubakov effect Baryon violating
processes have a very low probability of oc-
curring at ordinary energies, since they require
the exchange of very massive (grand unification
scale) gauge particles. These particles are actu-
ally part of the structure of gauged monopoles,
which therefore can act as seeds for enhancing
processes such as baryogenesis.

For a monopole of mass m,,, the interac-
tion probability with a proton say, would be
proportional to m;f which, for a grand uni-
fied model, is far too small to be cosmologically
or astrophysically relevant. However, magnetic
monopoles eventually exert an attractive force
on all particles having a magnetic moment, and
this enhances the interaction probability, as was
discovered by C.G. Callan and V.A. Rubakov
in the early 1980s. As it turns out, the result-
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ing probability is as high as that characteris-
tic of strong interactions and could, therefore,
have a significant impact on cosmology. See
cosmic topological defect, monopole, t’Hooft—
Polyakov monopole.

Callisto Moon of Jupiter, also designated JIV.
Discovered by Galileo in 1610, it is one of the
four Galilean satellites. Its orbit has an eccen-
tricity of 0.007, an inclination of 0.51°, a pre-
cession of 0.643° yr~!, and a semimajor axis of
1.883 x 10° km. Its radius is 2400 km, its mass,
1.07 x 10?3 kg, and its density 1.85 g cm™3. It
has a geometric albedo of 0.20 and orbits Jupiter
once every 16.69 Earth days.

calorie The quantity of energy needed to
raise the temperature of 1 g of water by 1°C.
The exact equivalence to energy depends on the
temperature and pressure at which the measure-
ment is made. The preferred “thermochemi-
cal” or “defined” calorie is assigned a value of
4.1840 Joules.

Calypso Moon of Saturn, also designated
SXIV. Discovered by Pascu, Smith, and col-
leagues in 1980, it orbits Saturn in the same orbit
as Tethys but trailing it by 60°. This is one of the
two stable Lagrange points in the Saturn-Tethys
system. Telesto orbits at the other. Its orbit has
a semimajor axis of 2.95 x 10° km. Its size
is 17 x 11 x 11 km, but its mass has not been
measured. It has a geometric albedo of 0.6 and
orbits Saturn once every 1.888 Earth days.

Canary current A cool ocean current flow-
ing southward off the west coast of Portugal and
along the northwest coast of Africa.

candela SI unit of luminous intensity.
The luminous intensity of a source that emits
monochromatic radiation of frequency 540 x
10'2 Hz with a radiant intensity of 1/683 watt
per steradian.

canonical momentum  In classical mechan-
ics, a generalized momentum in principle ob-
tained from a Lagrangian, or if no Lagrangian
exists, postulated as one of the independent
phase space coordinates in a Hamiltonian sys-
tem. The Lagrangian definition of the canonical
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momentum p,, conjugate to the particular coor-
dinate x“ is:

oL 1N
Poa = ey a=1...
9 (Gr)
where ¢ is the parameter describing the motion
(typically the time).

If the Lagrangian is only a function of the pa-
rameter (time), the coordinates x*, and their pa-
rameter derivatives (time derivatives) dx? /dt,
the Lagrange equations are:

d 0L oL

T deN T noa

iy (L7) ~ e
which can be read:

dpgy oL

dt — x«’
Notice that if the Lagrangian is quadratic in
the velocities dx® /dt, then p, is linear in the
dxP /dt, and the relationship can be inverted to
express dxP /dt as a function of p,. Only if the
Lagrangian is homogeneous of degree one in the
velocities is such an inversion impossible. See
Lagrangian.

canonical transformation  In classical me-
chanics, transformation of variables and of the
Hamiltonian, which preserves the form of the
Hamilton equations. The Hamilton equations
can be written

g' = 9H/dpi
pj = —0H/dq!

where H = H(p; ,qi ,t) is the Hamiltonian.
A canonical transformation introduces new co-
ordinates (Q', Pj) on phase space and a new
Hamiltonian K (Q', P;, 1), such that the iden-
tical motion is described by

o =
P =

K /3P
—0K /00’ .

The standard method to obtain a canonical trans-
formation is to choose a generating function F,
which is a function of one class of “old” variable
({g?} or {px}), one class of new variable ({Q*}
or {P,}), and time:

F=F@LHJ»
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Here we mean that F is a function of all of the
q', all of the Py, and of time.

The equations connecting the old and new
descriptions are then

oF
pr = 8_ql
oF
Or = P
oF
K = H+—.

ot

Similar sets of equations can be derived by in-
troducing different functions F. For instance,
F(pi, Q' 1) gives

q" = —0F/op
oF
Py = ~30"
oF
K = H+—.
ot

For the remaining two possibilities, one has the
following rules: K = H + 0 F/dt always holds;
derivatives with respect to the variables always
come with fixed signs. Thatis, the other two sets
of equations involve one of d F /d¢' or —3 F /dpi
and one of dF/dP,, and —3F /9 Q' (note the
signs).

Solution of one of these sets or its equivalent
provides the coordinate transformation. The
solution proceeds as follows: If, for instance
F = F(¢*, P; 1), then 3F/dq' is generally a
function of ¢~ , P;j,and t. Hence P, = dF/dq"
can be inverted to solve for the new momenta
P; in terms of the old coordinates and momenta
q~, pj.andt. Similarly, 0 F'/9 Py is afunction of
g*, Py, and 1. Substituting in the expression for
P, in terms of ¢X | p; , t already found gives an
explicit expression for Q7 in terms of ql , Pk, L.
Finally, the new Hamiltonian K must be ex-
pressed entirely in terms of the new variables
Q% , P, , t using the relationships just found. See
Hamilton—Jacobi Theory.

Canopus -0.2 magnitude star, of spectral
type FO at RAO6" 23™ 57.1% dec —52°41°44”.

cap cloud An orographic stratocumulus

cloud mass that forms closely over the top of
a mountain, arising from the condensation of
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water in air as it rises to the peak; a particular
case of pileus.

CAPE (Convective Available Potential En-
ergy) Provides a measure of the maximum
possible kinetic energy that a statically unstable
parcel can acquire, assuming that the parcel as-
cends without mixing with the environment and
instantaneously adjusts to the local environmen-
tal pressure. See available potential energy.

Capella  0.08 magnitude binary star of spec-
tral types G8+ FO at RA05S"16™41.3%, dec
+45°51'53".

capillarity correction  Due to the fact that
mercury does not wet glass, in glass/mercury
barometers the top surface of the mercury is con-
vex. A correction for the curvature of the surface
must be made; the mercury height is slightly less
than the expected height for a given air pressure.
The corrections are slight, on the order of 2 mm
or less.

capillary fringe  The zone directly above the
water table that is saturated (soil wetness = 1)
and under tension (pressure < 0). The height
of the capillary fringe (4., ) is inversely propor-
tional to the radius of the soil grains (r) and
directly proportional to the surface tension (o)
and the cosine of the contact angle (6,):

20 cos b,
hcr e
pgr

where pg is the fluid weight density.

capillary wave A water wave in which the
primary restoring force is surface tension; waves
with wavelength <1.7 cm are considered capil-
lary waves.

carbon-14 dating A method to date a car-
bonaceous object by measuring the radioactivity
of its carbon-14 content; this will determine how
long ago the specimen was separated from equi-
librium with the atmosphere-plant-animal cycle
(“’died”). Carbon-14 is continuously produced
in the atmosphere by cosmic-ray bombardment
and decays with a half-life typically described
as 5568 years; dating is accomplished by com-
paring the carbon-14 activity per unit mass of
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the object with that in a contemporary sam-
ple. Estimates are fairly accurate, out to about
50,000 years.

carbonaceous chondrite A chondritic me-
teorite that contains carbon and organic com-
pounds in addition to the rocky minerals. They
also contain water-bearing minerals, taken to be
evidence of water moving slowly through their
interiors not long after formation, and evidence
of metamorphism of the meteorite by water and
of possible cometary origin. It is believed that
carbonaceous chondrites are the most primitive
meteorites and that minerals they contain were
the first minerals to crystallize during the for-
mation of the solar system.

carbon burning  The set of nuclear reactions
that convert carbon to oxygen, neon, and other
heavier elements. Carbon burning occurs in hy-
drostatic equilibrium in the evolution of stars of
more than about 10 solar masses (between he-
lium burning and neon burning). It can also be
ignited in degenerate matter, in which case the
burning is explosive. This may happen in the
cores of stars of about 8 solar masses. It def-
initely happens at the onset of a supernova of
type Ia. Oxygen burning can also be either hy-
drostatic or explosive.

carboncycle aseries of nuclear reactions that
occur in the interior of stars, and in which carbon
12 acts as a sort of catalyst, not being consumed
in the reaction. The chain is '>’C — BN —
40 - UN - B0 - BN - 2C 4+ “*He.
The two oxygen to nitrogen steps are beta de-
cays and emit neutrinos. The energy release is
26.7MeV, of which 1.7MeV is in neutrinos. This
cycle represents about 2% of the energy produc-
tion in the sun (which is mostly the p-p cycle);
however, its temperature dependence is approx-
imately 713, so it dominates in more massive
stars.

carbon dioxide Colorless, odorless trace
component gas of the Earth’s atmosphere (ap-
proximately 370 parts per million), C O,. Over
99% of the Earth’s carbon dioxide is found
in oceans. Carbon dioxide is evolved in vol-
canos, and is also perhaps carried to Earth in
cometary cores. Carbon dioxide is a major re-
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action product in combustion involving fossil fu-
els, all of which is hydrocarbon based. Coal, es-
sentially pure carbon, produces much more C O,
than does natural gas (C Hy) per unit of energy
evolved. Carbon dioxide concentrations have
been rising in the Earth’s atmosphere through-
out the last century. Carbon dioxide is a green-
house gas, transparent in the visible, opaque
in infrared. It is estimated to contribute more
than half the current greenhouse warming of the
Earth. Carbon dioxide is evolved by animals and
sequestered into complex organic compounds
by plants.

carbon monoxide Colorless, odorless, and
very toxic trace constituent of the air, CO.
Formed in the incomplete combustion of car-
bon; also apparently produced by near surface
ocean-biologic sources. A very tightly bound
molecule, as aresult of which it is the most com-
mon (apart from Hy) in the interstellar medium
and, in the atmospheres of cool stars, it generally
uses up all of the available C or O, whichever
is less abundant, leaving only the other one to
form additional detectable molecules.

carbon star  Cool, evolved star of relatively
low mass in which sufficient carbon has been
mixed to the surface for the carbon-oxygen ratio
to exceed unity. As a result, carbon monoxide
formation does not use up all the carbon, and
other molecules, including CH, CN, and C»,
will appear in the star’s spectrum. The stars are
generally on the asymptotic giant branch and are
seen at somewhat lower luminosity than might
be expected from standard theories of convec-
tion and mixing. Other chemical peculiarities
are common, and there are many subtypes. See
asymptotic giant branch star.

Caribbean current An extension of the
North Equatorial current that flows northwest-
ward into the Caribbean past the Yucatan penin-
sula and exits the Caribbean basin westward past
the southern tip of Florida.

Carme Moon of Jupiter, also designated JXI.
Discovered by S. Nicholson in 1938, its orbit has
an eccentricity of 0.207, an inclination of 164°,
and a semimajor axis of 2.26 x 107 km. Tts radius
is approximately 20 km, its mass 9.5 x 10'® kg,
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and its density 2.8 g cm 3. Its geometric albedo
is not well determined, and it orbits Jupiter (ret-
rograde) once every 692 Earth days.

Carnot cycle  An ideal thermodynamic re-
versible cycle over a substance which consists
of the following four processes: 1. isothermal
expansion, in which the substance does work
and there is inflow of heat Q; at a constant tem-
perature 73; 2. adiabatic expansion, in which
the substance is thermally insulated and does
work, there is no heat flow, and the temperature
of the substance decreases; 3. isothermal com-
pression, work is done on the system and there
is outflow of heat Q1 at a constant temperature
T1; 4. adiabatic compression, the substance is
thermally insulated, and work is done on the
substance, there is no heat flow, temperature of
the substance increases, and at the end of this
process the substance returns to its initial state.
By applying the second law of thermodynam-
ics to the Carnot cycle, one shows that the ratio
of heat inflow and heat outflow Q,/Q; for a
substance undergoing a Carnot cycle depends
only on the temperatures 7> and 77 and is inde-
pendent of the substance. Applying the Carnot
cycle to an ideal gas, one further shows that the
ratio of heat outflow and heat inflow is equal
to the ratio of the corresponding temperatures,
i.e., Q1/Q> = T1/T>. One can then represent
an arbitrary reversible cyclic process by a series
of Carnot cycles and show that 55r 0 d0/T =0
for any reversible process. This in turn leads
to the definition (up to an arbitrary constant) of
entropy S = frev dQ/T as a thermodynamic
function of state. Named after Nicolas Léonard
Sadi Carnot (1796-1832).

Carnot efficiency The ratio between the
work done and the amount of heat introduced
into a system going through a Carnot cycle. The
Carnot efficiency is equal to the difference be-
tween the two temperatures of the isothermal
steps of the cycle divided by the higher of the
two temperatures.

Carnot engine  An ideal heat engine whose
working substance goes through the Carnot cy-
cle. A heat engine receives heat at a given tem-
perature, does work, and gives out heat at alower
temperature. The efficiency of a Carnot engine
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or Carnot efficiency is the maximum efficiency
possible for a heat engine working between two
given temperatures.

Carrington longitude A fixed meridian on
the sun as measured from a specified standard
meridian. Measured from east to west (0° to
360°) along the sun’s equator. Carrington lon-
gitude rotates with the sun and is a particularly
useful coordinate when studying long-lived fea-
tures on the sun. When combined with a Car-
rington rotation number, the Carrington longi-
tude is commonly used as an alternative to spec-
ifying a time.

Carrington rotation  The period of time cov-
ering 360° of Carrington longitude. Used to
provide a temporal reference frame where the
time unit is a solar rotation period. For exam-
ple, Carrington rotation 1917 corresponds to the
time period 9 December 1996 to 5 January 1997,
while Carrington rotation 1642 relates to the ro-
tation between 28 May 1976 and 23 June 1976.

Carter—Peter model  The dynamics of a su-
perconducting cosmic string is macroscopically
describable by means of the duality formalism.
This formalism only requires the knowledge of a
Lagrangian function £ depending on a state pa-
rameter w, the latter being interpretable as the
squared gradient of a phase ¢, namely

w = koY, ,

with ko a normalization coefficient, y“b the in-
verse of the induced metric on the string surface,
and the superscripts a, b representing coordi-
nates on the worldsheet. In the Carter—Peter
(1995) model for describing a conducting cos-
mic string of the Witten kind, the Lagrangian
function involves two separate mass scales, m
and m, say, respectively describing the energy
scale of cosmic string formation and that of cur-
rent condensation; it takes the form

2
E:—m2—niln{1+i}.
2 m?2
This model implies the existence of a first order
pole in the current, as is the case in realistic con-
ducting string models taking into account the
microscopic field structure. The figure shows
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Energy per unit length U (upper curves) and tension
T (lower curves) as functions of the sign-preserving
square root of the state parameter: the full lines rep-
resent the actual values derived from the Witten mi-
croscopic model, the dashed line being the values ob-
tained with the Carter—Peter macroscopic model. The
fit is almost perfect up to the point where U and T
both increase for positive values of the state param-
eter. This is satisfying since the macroscopic model
there ceases to be valid because of instabilities.

the shape of the energy per unit length and ten-
sion as function of the state parameter /w to-
gether with a comparison with the same func-
tions in the Witten conducting string model. It
is clear from the figure that the fit is valid in most
of the parameter space except where the string
itself is unstable. The string equation of state is
different according to the timelike or spacelike
character of the current. For the former it is

U= T+m3 [exp(Z(mz—T)/mz) — 1] ,
while for positive w we have

T =U—m? [1 — exp (—2 (U - mz) /mf)] .

See conducting string, cosmic string, current
carrier (cosmic string), current generation (cos-
mic string), current instability (cosmic string),
phase frequency threshold, summation conven-
tion, Witten conducting string, worldsheet ge-
ometry.

Cartesian coordinates A coordinate system
in any number of spatial dimensions, where the
coordinates {x’} define orthogonal coordinate
lines. In such a system, Pythagoris’ theorem
holds in its simplest form:

ds* = Sijdxidxj ,
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where the summation convention is assumed for
i and j over their range.

Or, in nonflat spaces or spacetimes, a Sys-
tem in which the coordinates have many of
the properties of rectangular coordinates, but
Pythagoris’ theorem must be written as:

d52 = gij(xk)dxidxj s

where g;; (x¥) is the coordinate dependent met-
ric tensor. In this case the description is reserved
for coordinates that all have an infinite range,
and/or where the metric coefficients g;; (x*) are
“near” §;; everywhere.

Cartesian coordinates [in a plane] A re-
lationship between the points of the plane and
pairs of ordered numbers called coordinates.
The pair of numbers corresponding to each point
of the plane is determined by the projection of
the point on each of two straight lines or axes
which are perpendicular to each other. Carte-
sian coordinates thus establish a nonsingular re-
lationship between pairs of numbers and points
in a plane. The point in which the two axes in-
tersect is called the origin. The horizontal axis
is called the x-axis, and the vertical axis is called
the y-axis. Named after Rene Descartes (1596—
1650).

Cartesian coordinates [in space] A rela-
tionship that is established between the points of
space and trios of ordered numbers called coor-
dinates. Cartesian coordinates are a coordinate
system in which the trio of numbers correspond-
ing to each point of space is determined by the
projection of the point on each of three straight
lines or axes which are perpendicular to each
other and intersect in a single point. The positive
direction of the z-axis is generally set, such that
the vectorial product of a non-null vector along
the positive x-axis times a non-null vector along
the positive y-axis generates a vector along the
positive z-axis; this is called a right-handed co-
ordinate system. Named after Rene Descartes
(1596-1650).

Casagrande size classification A classifica-
tion of sediment by particle size (diameter). The
basis for the Unified Soils Classification com-
monly used by engineers.
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case 1 water = Water whose optical properties
are determined primarily by phytoplankton and
co-varying colored dissolved organic matter and
detritus; not a synonym for open ocean waters.

case 2 water  Water whose optical properties
are significantly influenced by colored dissolved
organic matter, detritus, mineral particles, bub-
bles, or other substances whose concentrations
do not co-vary with the phytoplankton concen-
tration; not a synonym for coastal waters.

Cassegrainian A type of reflecting telescope
invented by G. Cassegrain, with a small convex
secondary mirror mounted in front of the pri-
mary mirror, to reflect rays approaching a focus
back through a hole in the primary mirror, where
they are viewed using a magnifying lens (eye-
piece) from behind the telescope.

Cassini A spacecraft destined for Saturn that
was launched on October 15, 1997, and is ex-
pected to arrive in July 2004. At this time, it will
orbit Saturn for four years. It is a joint mission
of NASA, the European Space Agency (ESA),
and the Italian Space Agency. The spacecraft
consists of an orbiter and ESA’s Huygens Ti-
tan probe. The latter will be dropped through
the atmosphere to the surface of Saturn’s largest
moon, Titan.

In total the spacecraft weighs 5650 kg. In
order to get to Saturn in the nominal 6 years and
9 months, it was initially launched inward, not
outward, and aimed toward Venus rather than
Saturn, to provide a ‘“gravity-assisted” trajec-
tory. This consists of two Venus flybys, a flyby
of Earth, and a flyby of Jupiter.

The mission is named in honor of the
seventeenth-century, French-Italian astronomer
Jean Dominique Cassini, who discovered the
prominent gap in Saturn’s main rings, as well
as four icy moons. The Titan probe is named in
honor of the Dutch scientist Christiaan Huygens,
who discovered Titan in 1655, and realized that
the strange Saturn “moons” seen by Galileo in
1610 were a ring system surrounding the planet.

Cassini’s division A gap, detectable by small
telescope observation, between the A and B
rings of Saturn, discovered by Cassini.
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Cassiopeia A A discrete strong radio source
at RA 23"21™M10%, dec +58°32/05” emitting 21-
cm radiation. Cas A was apparently created in
a supernova explosion in 1667. The constel-
lation Cassiopeia is located almost directly op-
posite the Big Dipper across the north celestial
pole. Five bright stars in the constellation form
a rough W (or M) in the sky. (Tycho’s super-
nova also appeared in the constellation in 1572
and disappeared in 1574.)

Castor Double star (alpha Geminorum A,
B). Ais an Al type 1.94 magnitude star located
at RA 07M34.4™ dec +31°54’; B is a type A2,
2.92 magnitude star located at RA 07"34.5™,
dec +31°54.

Castor, John I.  Astrophysicist. In 1976, in
collaboration with David Abbott and Richard
Klein, developed the theory of winds in early
type stars (CAK theory). Through hydrody-
namic models and atomic data, they showed that
the total line-radiation pressure is the probable
mechanism that drives the wind in these sys-
tems, being able to account for the observed
wind speeds, wind mass-loss rates, and gen-
eral form of the ultraviolet P-Cygni line profiles
through which the wind was originally detected.

cataclysmic variable (cataclysmic binary)

A star that suddenly and unpredictably brightens
by several magnitudes, most likely by a trans-
fer of stellar material from one star to its close
companion. A few weeks or so after the erup-
tive event, the star returns to its original bright-
ness, indicating that a permanent transforma-
tion or evolution of the system has not taken
place. Stars exhibit some or all of the follow-
ing characteristics: flat or blue optical spec-
tral distribution, broad emission or absorption
lines of hydrogen and helium, rapid variability,
marked aperiodical changes in optical bright-
ness, and low X-ray luminosity. Binary star
in which one component is a white dwarf and
one is a main sequence star or red giant, where
the stars are close enough together that material
flows onto the white dwarf from its compan-
ion, either through Roche Lobe overflow or in
a stellar wind. Pairs without such transfer are
called V471 Tauri stars. Mass transfer at a rate
of 107778 solar masses per year is relatively sta-
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ble, leading to systems whose brightness varies
rather little. These are nova-like variables and
symbiotic stars. Another kind of cataclysmic
variable star is the flare star, whose prototype is
UV Ceti. Flare stars are intrinsically cool red
stars (of type M or less commonly K) on the
main sequence that will unpredictably brighten
by up to two magnitudes over the course of a
few seconds and then fade back to normal in 20
or 30 minutes. Most of these stars are known to
have close companions. Mass transfer at 10~°
solar masses per year is unstable, with an ac-
cretion disk building up for a while and then
dumping material onto the white dwarf rapidly.
These events are the outbursts of the dwarf no-
vae. In most cases, hydrogen gas builds up on
the surface of the white dwarf until it is some-
what degenerate, at which point it burns explo-
sively, producing a nova. If this happens fre-
quently enough to have been seen twice or more
in historic times, the system is called a recurrent
nova. Itis sometimes possible for similar accre-
tion (perhaps of helium or heavier elements) to
trigger degenerate ignition of the carbon-oxygen
core of the white dwarf. This leads to a super-
nova explosion of Type Ia.

cataclysmic variable [binary models of]
Thought to be binary systems composed of a
white dwarf (primary), a main sequence star
(secondary), and characterized by accreting
mass flowing from the secondary towards the
primary. Typically the accreting mass forms a
disk or accretion disk around the primary (with
the exception of magnetic variables).

cataclysmic variable [galactic distribution]
Due to interstellar absorption, cataclysmic vari-
ables (which have luminosities on the order
of solar luminosity) cannot be observed at a
distance greater than 1 kpc. In spite of this,
380 CVs had been detected by 1976. Thus, it
seems that CVs are relatively common astro-
physical objects.

cataclysmic variable [outbursts] Some
CVs present “outbursts” or periodical increases
in luminosity with respect to their usual quies-
cent state. Classical novae are cataclysmic vari-
ables that have been known to present only one
outburst; recurrent novae are cataclysmic vari-
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ables that present outbursts periodically every
10 years or more; dwarf novae are cataclysmic
variables that present outbursts every few weeks
or months.

cataclysmic variables [phenomenological
classification of]  Cataclysmic variables are
classified into five groups. Classical Novae:
cataclysmic variables that have been known to
present only one outburst. Recurrent Novae:
cataclysmic variables that present outbursts ev-
ery 10 years or more. Dwarf Novae: cata-
clysmic variables that present outbursts every
few weeks or months. Nova-like: cataclysmic
variables that have not been known to present
outbursts but have the same spectroscopic char-
acteristics as other cataclysmic variables when
they are quiescent. Magnetic Variables: cata-
clysmic variables that present relatively strong
magnetic fields.

cataclysmic variables [physical parameters]
The luminosities of cataclysmic variables vary
between 0.001 and 10 solar luminosities. Binary
orbital periods are typically between 0.7 hours
and 1 day. Mass accretion rates vary from 1010
to 107 solar masses per year. The primary star
(white dwarf) typically has a mass of ~ 0.6 so-
lar masses, varying between 0.4 and 0.9 solar
masses, and a radius of ~ 0.01 solar radii. The
secondary is a main sequence star with a mass
lower than its companion star since the primary
has evolved through the main sequence faster.

catastrophic formation of solar system A
theory attributing the formation of the solar sys-
tem to a collision of another massive object (pre-
sumably another star) with the sun, which threw
material out of the sun, or to a close encounter
with another star — a tidal encounter. Now out
of favor because it suggests solar systems are
rare, since such encounters are rare, while re-
cent observations provide evidence for planetary
systems around a number of local stars and even
around neutron stars.

Cauchy singularity Any region of space-
time where violations of causality can occur
because the deterministic evolution of physical
systems from initial data is not preserved. See
naked singularity, white hole.



celestial sphere

causal boundary  (Geroch, Kronheimer and
Penrose, 1972). A boundary construction using
only the causal properties of a space-time.

causal curve In relativity, a time-like or null
curve, i.e., one that can be the history of a parti-
cle moving no faster than the speed of light. See
null vector, time-like vector.

causal future/past The causal future/past
JE(S) of a set S is defined as the union of
all points that can be reached from S by a
future/past-directed causal curve. See causal
curve.

causality relations A trip from point x to
point y of a causal space is an oriented curve
with past endpoint x and future endpoint y con-
sisting of future-oriented time-like geodesic seg-
ments. A causal trip is similarly defined, with
the time-like geodesic segments replaced by
causal geodesic segments.

1. Point x chronologically precedes point y (i.e.,
x K y) if and only if there exists a trip from x
toy.

2. Point x causally precedes point y (i.e.,x < y)
if and only if there exists a causal trip from x to
y. For an arbitrary point x of a space-time, the
relation x < x holds, since a causal trip may
consist of a single point.

cavity, magnetic A region of weak magnetic
field created by a relatively dense plasma ex-
pelling its field lines. Produced in some distant
barium releases.

CCD Acronym of charge-coupled device,
presently the most widely used detector in opti-
cal astronomy. The CCD is a two-dimensional
detector, like a photographic film or plate. Each
picture element (pixel) of a CCD is a photo-
diode where electrons, freed by the incoming
radiation via photoelectric effect, are held in a
positive potential for an arbitrary time (i.e., the
exposure time). At readout time, an oscillating
potential transfers the stored charges from pixel
to pixel across each row of pixels to an output
electrode where the charges are measured. Un-
like photographic plates, CCD possess linearity
of response (i.e., the number of electrons freed is
proportional to the number of photons detected)
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and detection quantum efficiency (i.e., the ratio
between detected and incident photons) which
is very high, close to 100% for red light. The
pixel size can be as small as 15 um x 15 um; ar-
rays of 2048 x 2048 pixels are among the largest
available CCDs.

cD galaxies  Luminous, large-size elliptical
galaxies that are located at the center of dense
clusters of galaxies. The notation “cD” indi-
cates a cluster D galaxy in the Yerkes classi-
fication scheme. The photometric profile of a
cD galaxy is different from that of other ellip-
tical galaxies, since there is an excess of light
at large radii over the prediction of the de Vau-
couleurs law. cD galaxies possess a stellar halo
that may extend up to 1 Mpc, exceptional mass
and luminosity, and are thought to result from
multiple merging of galaxies and from cannibal-
ism of smaller galaxies belonging to the cluster.
An example of a cD galaxy is Messier 87, lo-
cated at the center of the Virgo cluster. See de
Vaucouleurs’ law, Yerkes classification scheme
of galaxies.

Celaeno  Magnitude 5.4 type B7 star at RA
03h44m, dec +24.17’; one of the “seven sisters”
of the Pleiades.

celerity = Phase speed; the speed of a wave
deduced from tracking individual wave crests.

celerity = The translational speed of a wave
crest. Given by C = L/ T, where C is celerity
in units of length per time, L is wavelength, and
T is period.

celestial equator  Extension to the celestial
sphere of the plane of the Earth’s equator; the
set of locations on the celestial sphere that can
appear directly overhead at the Earth’s equator.
See nutation, precession.

celestial poles The points on the celestial
sphere that are directly overhead the Earth’s
poles. See nutation, precession.

celestial sphere  The imaginary sphere rep-
resenting the appearance of the sky, in which
all celestial objects are visualized at the same
distance from the Earth and at different direc-



Celsius, Anders

tions from the Earth. The celestial sphere thus
surrounds the Earth, and locations on the sphere
are given by the two angles necessary to define
a given direction.

Celsius, Anders  Astronomer (1701-1744).
Proposed the Centigrade temperature scale.

Celsius scale  Also called Centigrade Scale,
scale for measuring temperature in which the
melting point of ice is 0°, and the boiling point
of water is 100°. This definition has been su-
perseded by the International Temperature Scale
1968, which is expressed both in Kelvin and
degrees Celsius. Named after Anders Celsius
(1701-1744).

Centaur  An “outer planet crosser.” A mi-
nor body whose heliocentric orbit is between
Jupiter and Neptune and typically crosses the
orbits of one of the other outer giant planets
(Saturn, Uranus, Neptune). The orbits of the
Centaurs are dynamically unstable due to in-
teractions with the giant planets, so they must
be transition objects from a larger reservoir of
small bodies to potentially active inner solar sys-
tem objects. The Kuiper belt is believed to be
this source reservoir.

Centaurus A (Cen A) Active galaxy at
RA13125Mm285 dec —43°01’11” in constellation
Centaurus. Also classified as NGC5128. Dis-
tance approximately 3.4Mpc. Large, elliptical
galaxy with strong dust lanes seen in the visible
and infrared, strong jets seen in radio (double
lobed) and in the X-ray (single lobed). Also
visible in the gamma ray range.

center of figure  To a first approximation the
earth is a sphere. However, the rotation of the
earth creates a flattening at the poles and an
equatorial bulge. The shape of the earth can be
represented as an oblate spheroid with equatorial
radius larger than the polar radius by about a fac-
tor of 1/300. The center of the best fit spheroid
to the actual shape of the earth is the center of
figure. There is an offset between the center of
figure and the center of mass of a few kilometers.

center of mass In Newtonian mechanics, the
“average” location X of the mass, given in com-
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where the sums indicated by X are over all the
masses, labeled (i). In relativistic mechanics
there are many inequivalent formulations which
all reproduce this nonrelativistic result in the
limit of small velocities.

7a=1’2737

Centigrade scale  See Celsius scale.
centimeter burst A transient solar emis-
sion of radiation at radio wavelengths ~1 to
10 cm. Centimeter bursts provide a power-
ful diagnostic of energetic electrons in the so-
lar atmosphere, especially during solar flares.
The production mechanisms include thermal
bremsstrahlung, gyrosynchrotron radiation, and
collective plasma processes.

central meridian passage  The passage of a
solar feature across the longitude meridian that
passes through the apparent center of the solar
disk. Useful for identifying a characteristic time
during the transit of a solar feature (e.g., an ac-
tive region) across the solar disk.

central peak A mound of deformed and frac-
tured rock found in the center of many impact
craters. This material originally existed under
the crater floor and was uplifted by the stresses
associated with the impact event. Central peaks
are believed to form by hydrodynamic flow dur-
ing crater collapse. The target material behaves
as a Bingham fluid, which displays properties
of viscous fluids yet has a definite plastic yield
stress. As the crater formed in this target ma-
terial collapses, shear stresses cause material to
be jetted up in the center of the crater. When the
shear stresses fall below the cohesion of the tar-
get material, the motion of this central jet ceases,
and the material freezes into a central peak.
Central peaks are common features of complex
craters but are associated with the smaller com-
plex craters. As crater size increases, central
peaks tend to be replaced first by craters with a
ring of central peaks (called a peak ring), then
by a combination of central peaks surrounded
by a peak ring, and finally a multiple-ring basin.
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central pit A depression found in the center
of many impact craters. Central pits are particu-
larly common on bodies where ice is (or believed
to be) a major component of the upper crust,
such as Jupiter’s icy moons of Ganymede and
Callisto and on Mars. The formation of central
pits is not well understood but is believed to be
related to the vaporization of crustal ice during
crater formation.

centrifugal force  The conservative force that
arises when Newton’s equations are applied in
a rotating frame; the apparent force acting on a
body of mass m that is rotating in a circle around
a central point when observed from a reference
system that is rotating with the body:

F=mwx (wxr)

where  is the angular velocity vector, and r is
the radius vector from the origin. The magnitude
of the force can also be expressed in terms of the
distance d from the axis and the velocity v in a
circle or orthogonal to the axis: F = mv? /d;
the direction of this force is perpendicularly
outward from the axis. These terms appear in
dynamical equations when they are expressed
in a rotating reference system or when they
are expressed in cylindrical or spherical coordi-
nates rather than Cartesian coordinates. These
terms are generally treated as if they were actual
forces.

centroid moment tensor (CMT) Inseismol-
ogy, a moment tensor obtained when a point
source is put at a centroid of a source region.
Dziewonski et al. began to determine CMT rou-
tinely in 1981 for earthquakes with Ms > 5.5.
Recently, CMT has been used to estimate seis-
mic moment and force systems on a source re-
gion of an earthquake, replacing a fault plane
solution determined from polarity of P- and S-
waves. Six independent components of the mo-
ment tensor and four point-source hypocentral
parameters can be determined simultaneously
through iterative inversion of a very long period
(T > 40 s) body wave train between the P-wave
arrival and the onset of the fundamental modes
and mantle waves (T > 135 s). Not assum-
ing a deviatoric source, some focal mechanisms
have been found to have large non-double cou-
ple components.
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Cepheid variable A giant or supergiant star
crossing the instability strip in the HR diagram
at spectral type F-G. The stars can be crossing
either from blue to red as they first leave the
main sequence or from red to blue in later evo-
lutionary phases. In either case, the stars are
unstable to radial pulsation because hydrogen
at their surfaces is partially ionized on average
and acts like a tap or faucet that turns the flow of
outward radiation up or down, depending on its
exact temperature. As a result, the stars change
their size, brightness, and color (temperature) in
very regular, periodic patterns 1 to 50 days, and
with a change of 0.5 to 1 magnitude. Because
the counterbalancing force is gravity, the pul-
sation period, P, is roughly equal to (Gp)~!/2,
where p is the star’s average density and G is
Newton’s constant of gravity. This, in turn,
means that there is a relationship between pe-
riod, luminosity, and color for whole popula-
tions of Cepheids. Thus, if you measure the
period and color of a Cepheid, you know its real
brightness and can, in turn, learn its distance
from its apparent brightness. Cepheids can be
singled out only in relatively nearby galaxies,
and with the Hubble Space Telescope, they have
been measured out to galaxies in the Virgo Clus-
ter. Classical Cepheids are population I stars
that are massive young objects. The W Virginis
Cepheids belong to the older population II stars.
The prototype star, § Cephei, was discovered
to vary in 1784. This period-luminosity rela-
tion was originally discovered for the Cepheids
in the Large Magellanic Cloud by Henrietta S.
Leavitt in the first decade of the 20th century.
Once an independent measure of the distance
to a few nearby Cepheids was accomplished
(through spectroscopy and other methods), a
period-luminosity relation was defined. The cal-
ibration of the period-luminosity relation is the
underpinning of our distance measurements to
the nearest galaxies (within 400 Mpc), which
then calibrates the Hubble constant, the propor-
tionality constant that relates red shift of distant
galaxies to the expansion of the universe.

Cerenkov radiation  The Cerenkov effect (in
Russia: Vavilov—Cerenkov effect™) was first ob-
served with the naked eye by P.A. Cerenkov in
1934 as a “feeble visible radiation” from fast
electrons (Vavilov’s interpretation, 1934) due to
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y-rays in pure water. In 1937 Cerenkov con-
firmed the theoretical prediction by Frank and
Tamm about the sharp angular dependence of
this radiation: Frank and Tamm earlier in the
same year had given a complete classical ex-
planation of the Cerenkov effect. Its quantum
theory was given by Ginsburg in 1940. In 1958
Cerenkov, Tamm, and Frank were awarded the
Nobel Prize.

Cerenkov radiation occurs when a charged
particle is moving in a transparent medium
with a velocity greater than that of light in this
medium. This radiation is emitted with a coni-
cal front, the direction of motion of the particle
being its axis making the angle 8 with the cone’s
generatrix, while cos & = v/u. Here v is the ve-
locity of light in the medium and u, the velocity
of the charged particle (« > v). This picture
is very similar to that of waves on the surface
of water when a boat is moving faster than the
waves propagate. In the theory of Cerenkov’s
radiation, an important role is played by the
medium’s dispersion (the frequency dependence
of the electric and magnetic properties of the
medium, hence of its refraction index).

In fact, the classical theory of what we now
call Cerenkov radiation, as well as of some sim-
ilar phenomena involving the superluminal (in
a vacuum or in refractive media), was devel-
oped as early as 1888 by Heaviside: the first
publication in the Electrician, with subsequent
publications in 1889 and 1892, and especially
in 1912 (comprising more than 200 pages of the
third volume of his Electromagnetic Theory).
In 1904 and 1905 Sommerfeld published four
papers on the same effect, though only in a vac-
uum; there he mentioned, at least once, the pre-
vious work of Heaviside, as did Th. des Coudres
in 1900. Subsequently this early development
was lost until 1979, when the references were
again cited.

The Cerenkov effect is the basis of Cerenkov
counters of ultrarelativistic charged particles
which essentially consist of a (usually Plexi-
glas) transparent dielectric cylinder and some

*Cerenkov then was a student of S.I. Vavilov, performing a
research in fluorescence as a part of his Ph.D. thesis under
Vavilov’s supervision.
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photomultipliers to detect the Cerenkov radia-
tion emitted in the dielectric by these particles.

Ceres The first observed asteroid, discovered
by Giuseppe Piazzi in 1801. It has a diameter
of 913 km. It orbits in the main asteroid belt.
Its average distance to the sun agrees with the
distance of the “missing planet” predicted by
Bode’s Law.

CGS (Centimeter-Gram-Second)  The sys-
tem of measurement that uses these units for
distance, mass, and time. This system incor-
porates the use of electrostatic units (esu) or
electromagnetic units (emu) in the description
of electromagnetic phenomena. The magnetic
permeability (w) and dielectric constant (€) are
dimensionless in the CGS system.

chalcophile Elements that display an affinity
for sulfur are called chalcophile elements. Such
elements are readily soluble in iron monosul-
fide melts and tend to be found concentrated in
sulfide ores.

Challenger Deep  Deepest part of the Mar-
ianas Trench, deepest ocean water. Located
at approximately 142°15'E, 11°20'N off the
coast of Guam. Bottom depth approximately
11,000 m (36,100 ft); various “deepest” mea-
surements range within 100 m of this value.

Chandler wobble  Although the Earth’s pole
of rotation (i.e., the axis about which the Earth
is spinning) lies close to the axis of the solid
Earth’s largest principle moment of inertia, they
are generally not quite coincident because the
solid Earth has a small amount of angular mo-
mentum AL oriented perpendicular to the axis
of the largest principle moment of inertia. There
is a small angle between the two axes, and the
action of AL as viewed by an observer on the
planet is to cause the axis of rotation to swivel
around the axis of the maximum moment of in-
ertia. This is the free precession of the planet,
as opposed to the forced precession associated
with tidal couples due to the moon and sun, and
is called the Chandler wobble. The theory of
the rotation of solid bodies suggests that the pe-
riod of the wobble should be approximately 300
days, but in fact the period is around 435 days.
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This discrepancy is thought to be due to the fact
that the Earth is deformable rather than rigid and
also due to core-mantle and mantle-ocean cou-
pling. The damping and excitation of the wobble
are not entirely understood.

Chandrasekhar limit (or Chandrasekhar
mass) The maximum mass of cold matter
that can be supported by degeneracy pressure,
especially of electrons. This sets the maximum
possible masses for white dwarfs and for the
cores of massive stars before they collapse (see
supernovae, type II). The first correct calcula-
tions were done by Chandrasekhar in 1930-33,
for which he eventually received a Nobel Prize.
The maximum possible mass for a white dwarf
is about 1.4 solar masses if it is made of he-
lium, carbon, and oxygen, rather less if it is
made of heavier elements. The corresponding
limit for a neutron star is sometimes called the
Oppenheimer—Volkoff limit.

chaos  Property of system described by a set
of nonlinear equations, such that for at least
some initial data the deterministic solutions di-
verge exponentially from each other in time.

chaotic cosmology The suggestion by
Charles Misner (1967) that the universe began
in a highly chaotic state but smoothed out into
the present ordered state in the course of time
via dissipative processes.

chaoticsystem A complex system exhibiting
chaos.

chaotic terrain  Part of the highland-lowland
boundary of Mars, located between longitudes
10° W and 50° W and latitudes 20° S and
10° N, in the old cratered terrain between Lunae
Planum and Chryse Planitia. It regularly con-
nects with the large outflow channels draining
northwards and merges with Valles Marineris to
the west. Crater counts indicate it formed be-
tween the early to late Hesperian.

By analogy with Earth, it has been proposed
to be terrain in which the ground has collapsed,
to produce jumbled arrays of blocks at lower
elevations than the surroundings. The depth
to which collapse occurred becomes less to the
east, away from Valles Marineris. Thus, its for-
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mation may in some way be related to the for-
mation of Valles Marineris.

Chapman layer  Simple formal description
for an atmospheric layer such as ionospheric lay-
ers. Assumptions are the atmosphere consists of
one atomic species only, and the incoming radi-
ation is monochromatic. According to the baro-
metric height formula, the atmospheric density
decreases with increasing height. The intensity
of the incoming ionizing electromagnic radia-
tion increases with increasing height: it is max-
imal at the top of the atmosphere and then is ab-
sorbed according to Bougert—Lambert—Beer’s
law. Both effects combined lead to a Chapman
profile: at a certain height, the ionization, and,
therefore, also the charge density, is highest. Be-
low, it decreases as the intensity of the ioniz-
ing radiation decreases. At higher altitudes, it
decreases too because the number of particles
available for ionization decreases.

z Density

ntensity of the

Tonization ionizing radiation

Chapman layer.

characteristic earthquake = Major faults in
active tectonic regions have large characteris-
tic earthquakes. The 1906 San Francisco earth-
quake was the last characteristic earthquake on
the northern section of the San Andreas fault.
The southern section of the San Andreas fault
had a characteristic earthquake in 1857.

characteristics, method of A mathematical
technique, where a problem represented by a set
of partial differential equations is converted to



charge exchange

an ordinary differential equation problem. The
solution may be obtained graphically or by nu-
merical techniques. Used in the study of open
channel flow and elsewhere.

charge exchange An atomic process that
may occur when a fast ion collides with a neutral
atom, in which an electron is transferred from
the atom to the ion. As a result, the atom be-
comes a slow ion, while the ion becomes an en-
ergetic neutral atom (ENA). It strongly depends
on energy (also on the type of ion) and is much
more pronounced around 5 keV than at 50 keV.
Charge exchange is believed to be the major
mechanism by which ions produced in a mag-
netic storm are lost, leading to the decay of the
enhanced ring current associated with the storm.
Tons of that ring current are magnetically trapped
by the Earth, but if they change into ENAs, the
magnetic field no longer affects them, and they
move in straight lines, making them a possible
means of remotely sensing the ring current.

Charles’ Law At constant pressure, the vol-
ume of an ideal gas is directly proportional to
the absolute temperature of that gas.

Charon  Moon of Pluto, although it is close
enough in size to Pluto to be considered a double
planet. It was discovered by Christy in 1978. Its
orbit has an eccentricity of 0.0001, an inclination
0f 98.3°, and a semimajor axis of 1.96 x 10 km.
Both Pluto and Charon rotate in such a way as to
always keep the same face towards each other.
Its radius is not well determined, with measure-
ments giving between 590 and 630 km. Its mass
and density are not well known. Its geometric
albedo is 0.36, and it orbits every 6.387 Earth
days.

chemically peculiar star A star whose sur-
face composition deviates from the standard set
by the sun (3/4 hydrogen, 1/4 helium, a few per-
cent of everything else in standard proportions:
See cosmic abundance). This happens for one of
three reasons: (1) products of nuclear reactions
in the star itself have been mixed to the surface
(as in carbon stars or R Coronae Borealis stars),
(2) products of nuclear reactions in a compan-
ion star have been transferred to the observed,
or (3) a combination of radiation pressure and
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a very steady atmosphere has separated out un-
usual atoms, often in regions of strong magnetic
fields. Europium and strontium are among the
elements sometimes greatly overabundant in the
third sort of star, called an Ap star (A for its spec-
tral type, p for peculiar).

chenier  Beach ridge.

Chezy coefficient, Chezy equation The
Chezy equation is used to relate flow speed to
flow geometry and other parameters. The equa-
tionis V = C,/RS¢, where V is flow speed,
C is the Chezy coefficient, R = A/P = hy-
draulic radius, and Sy is friction slope (head
loss per unit length). The Chezy coefficient is
determined primarily by channel roughness but
decreases with increasing roughness. An alter-
native to the Manning equation.

chlorinity  The concentration of chloride ions
by mass in seawater (g/kg). Typical ocean chlo-
rinity is of order 19 g/kg of seawater. There is
an observed constant ratio of chlorinity to salin-
ity: Salinity in parts per thousand = (1.80655)
(chlorinity in parts per thousand). See salinity.

chlorophyll Chemical compounds occurring
in plants that enable radiant energy to be con-
verted to chemical energy in the process of pho-
tosynthesis; there are several types (e.g., de-
noted as chl a, b, etc.) with chl a typically the
most abundant.

chondrite A relatively abundant stony me-
teorite characterized by the presence of small
(~ 1 mm) glassy spherical inclusions called
chondrules. Chondrites are further subdivided
into ordinary, carbonaceous, and enstatite chon-
drites, depending on details of composition and
thermal processing.

chondrite, carbonaceous A form of chon-
drite with high abundances of water, organic,
and other volatile materials. This, and the fact
that the heavier elements are present in roughly
solar proportions, indicates that these bodies
have been little processed. These meteorites
are further classified by their volatile content
into CI (or C1), which are most nearly solar in
composition, CII (CM) and CIII (CO or CV),
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which are successively poorer in volatile con-
tent. C1 chondrites do not contain chondrules
but are chemically very similar to other chon-
drites.

chondrite, ordinary The most common
form of meteorite. Composed mostly of olivine
with significant amounts of other metallic sili-
cates. Ordinary chondrites are further classified
according to their iron content into H (high iron),
L (low iron), and LL (very low iron) chondrites.
An additional subdivision, E (enstatite), is char-
acterized by lower Mg/Si ratios, which give rise
to a composition richer in enstatite and contain-
ing little olivine.

chondrule Small spheroidal (~ 1 mm)
glassy bead of silicates (olivine or enstatite)
found within stony meteorites, called chon-
drites. Chondrules generally have a composi-
tion very similar to the matrix material of the
chondrite in which they are embedded, but this
material has undergone an episode of melting
and rapid quenching early in the history of solar
system formation. The actual process causing
the melting is poorly understood.

Christoffel symbol See affine connection,
metricity of covariant derivative.

chromatic aberration A situation arising in
lens-based (refracting) optical instruments, in
which light of different colors cannot be brought
into focus at the same point, arising because
glass or other lens material is dispersive and so
produces different deviation of the path of light
of different colors.

chromosphere The layer in the sun or a cool
star between the photosphere and corona. The
layer is relatively thin and at a temperature of
about 10,000 K in the sun. During a total solar
eclipse, it is seen as a red ring (hence the name)
around the moon’s shadow. Outside eclipse, it
contributes emission lines to the spectrum of the
sun (or star). The intensity of the chromosphere
varies through the solar cycle.

chromospheric evaporation The upward

flow of hot plasma in a solar flare resulting
from the fast deposition of energy in the chro-
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mosphere. In the chromospheric evaporation
process, the energy released during a solar flare
rapidly dissipates in the chromosphere (typi-
cally assumed to involve non-thermal electron
beams or a thermal conduction front). The chro-
mosphere is suddenly heated to coronal temper-
atures and subsequently expands upward. Ev-
idence for these flows generally comes from
blueshifts measured in spectral lines, such as
those observed by a Bragg Crystal Spectrome-
ter.

chromospheric heating  The process behind
the enhanced temperature of the sun’s chromo-
sphere above that of the sun’s surface (photo-
sphere). Radiation is the bulk energy loss mech-
anism in the chromosphere, conductive losses
being negligible, and both the photosphere and
corona contribute to its heating. The amount of
heating required to balance radiative losses in
the chromosphere is about 4 x 103 Wm~2 for
quiet sun and coronal hole regions. This rises
to ~ 2 x 10* Wm™2 for the chromosphere in
active regions. The exact nature of the heating
mechanism is uncertain.

chronological future/past  The chronologi-
cal future/past IT(S) of a set S is defined as
the union of all points that can be reached from
S by a future/past-directed time-like curve. (A
time-like curve must be of non-zero extent, thus
isolated points are excluded.)

CHUMP (Charged Hypothetical Ultra
Massive Particle) In the framework of grand
unification models, hypothetical CHUMPs are
among the candidates to explain the missing
mass problem in the universe (the fact that the
observed luminous matter cannot account for the
dynamical properties observed on large scales).
As they carry an electric charge, they need to
be very massive, otherwise they would already
have been detected. An example of such a par-
ticle is the vorton, which would appear in theo-
ries having current-carrying cosmic strings. See
dark matter, vorton.

cigar distribution  In plasma physics, a pitch
angle distribution in which the highest intensi-
ties are field aligned, so that a contour of the flux
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density against polar angle 6 resembles a cigar.
See pancake distribution, conics.

circulation In fluid flow, the circulation of a
closed loop (a circuit) C, which is the boundary
of a topological disk S, is

/ v - dx
C=8S

that is fixed in the fluid, i.e., moves with the fluid
elements. According to Stokes’ theorem, this is

equal to
/ Vxv-ndS,
S

where V x v is the curl of v, also called the
circulation of v. Here n is the unit normal to
the surface S. If the circulation vanishes, then
v = V¢ for some scalar potential ¢.

cirrus  See cloud classification.

CISK (Convective Instability of the Second
Kind) Anatmosphericinstability responsible
for hurricane and other intense “warm core” dis-
turbances which form over the sea. In contrast
to baroclinic instability, which feeds upon pre-
existing horizontal temperature gradients, these
storms generate their own “warm core” by ab-
sorbing latent and sensible heat from the sea sur-
face and converting latent heat into sensible heat
in the rain areas near their centers.

civiltime The time in use by a nation’s civil-
ian population, as legislated by its government.
It approximates the standard time in its time
zone, aside from daylight savings adjustments.
civil twilight  See twilight.

Clapeyron—Clausius equation  An equation

that gives the relation between the vapor pres-
sure of a liquid and its temperature. It is
dpP _ Lip
dT ~— T (v2 — v1)
where L1, is the latent heat absorbed for trans-
ferring from phase 1 to phase 2, v; and v; are the
volumes of phase 1 and phase 2, respectively.
Applied to a water and water vapor system,
it is
dEsy L, Ly
dr T (vy — vy) - T - v,
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where Ej,, is saturated vapor pressure at the wa-
ter surface, L, is condensation latent heat, and
vy and vy, are the volumes of unit mass vapor
and water. Thus

E E(To) Ly Ly
e . eX f—
sw s 10 p Ry To R,T
where R, is the water vapor gas constant, and
Ty is reference temperature. If 7o = 273.15 K,
then Es(To) = 6.11 hPa.
Applied to an ice and water vapor system, it
is
dEsi _ Ls
aT T - vy

Esi = Es(Tp) Ls Ls

i — . eX —_—

o = B0 PARTy T RT

where Ej; is saturated vapor pressure at the ice
surface, L is sublimation latent heat. In general
273.15 K is the reference temperature, then

- L, [ | i
. . e —_— —_—
Pl \ 2315 T

. L [ 1 1
Al-exp|— | ———-—=| .
PR, 315 1

The unit of Es,, and E; is hPa.

Eyy =

E; =

clapotis A term used in the study of wa-
ter waves on a free surface, such as waves on
the surface of the ocean. Denotes a complete
standing wave — a wave which does not travel
horizontally but instead has distinct nodes and
antinodes. Results from complete reflection of
waves from a structure; may also arise in other
scenarios.

classical radius of electron
e?/me* =2.82 x 10713 em.

The quantity

clathrate When water freezes, it can trap
other, more volatile gases in “cages” formed by
the crystal structure. As long as the water ice
is solid, it will hold the trapped gas, even at
temperatures where that gas would ordinarily
sublimate. The ice-gas combination is called a
clathrate, and the vapor pressure above such a
clathrate generally has a value between that of
the water and that of the gas.

clay A fine-grained sediment, with particle
sizes less than 4 um (definitions vary). Inter-



coastal jet

particle forces due to electrical charges are sig-
nificant compared to particle weight.

clear air turbulence (CAT)  Vigorous small-
scale motions within the lowest kilometer of the
atmosphere. Most clear air turbulence is the re-
sult of small-scale wavelike undulations that de-
velop spontaneously when the vertical shear of
the horizontal flow exceeds some critical value.
cleft, polar  See cusp, polar.

climate regimes (Charney and DeVore,
1979). The equilibrium states in the extratropi-
cal circulation in the atmosphere.

climatic optimum Mid-Holocene event in
which summer temperatures in the Northern
hemisphere averaged 1 to 2°C above current
temperatures. Dated as the period approxi-
mately 8000 to 5000 years ago.

closed magnetosphere A model of a mag-
netosphere (usually the Earth’s), in which all
planetary magnetic field lines are confined in-
side some surface, usually identified with the
magnetopause. The Earth’s magnetosphere re-
sembles a closed magnetosphere, except for two
details: (1) on the night side, field lines extend
to great distances and no well-defined closure
surface has been observed there; (2) indications
exist that a small amount of interconnection usu-
ally exists. See open magnetosphere.

closed universe A model of the universe that
is finite in total volume and age. It evolves from
a “big bang” to a point of maximum expansion
before contracting back to a “big crunch” of high
density and temperature.

cloud classification A scheme of distinguish-
ing and grouping clouds based on their appear-
ance, elevation, and the physical processes gen-
erating them. The World Meteorological Or-
ganization classifies 10 genera in three major
groups — cumulus, stratus, and cirrus, by crite-
ria essentially according to the cloud formation
processes. The major cloud genera are, cirrus
(Cy), cirrocumulus (C.), cirrostratus (Cy), al-
tocumulus (A.), altostratus (Ay), nimbostratus
(Ny), stratocumulus (S;), stratus (S;), cumulus
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(Cy), and cumulonimbus (Cp). Clouds can also
be referred to, according to their composition,
as water clouds, ice clouds, or mixed clouds.

clump star A metal-rich star of a few solar
masses that has begun helium burning. Because
of the difference in opacity, such stars do not
reach the giant branch but instead spend a long
period of time in the red clump in the HR dia-
gram, B — V = lmag, and M = Omag.

CNO cycle (or tricycle) A set of nuclear
reactions in which hydrogen is fused to he-
lium, with the liberation of about 7 x 10'8 ergs
per gram, 5 to 10% of which is lost in neu-
trinos, depending on the precise temperature
at which the reactions occur, generally in the
range 15-25 x10°% K. These reactions, which
require the presence of carbon, nitrogen, or
oxygen as catalysts, are the primary source
of energy for stars larger than about 2 solar
masses during their main sequence lifetimes
and for all stars during the red giant phase.
They are the primary source of nitrogen in the
universe and contribute to the production of
B¢, By o, 180, and, through extensions
to heavier catalysts at higher temperatures, prob-
ably also to Op 2lne 22Ne 23Na, and per-
haps 20 Al.

The primary reaction sequence is (see nu-
clear reactions for explanation of the symbols):

2c(p, v)BNEtv)BC(p, ) Np, y)

thus the net effect is to convert four protons (hy-
drogen atoms) to one helium nucleus or alpha
particle, returning the '>C to its original form.
Other closures include

BN, )0, v)Fetv) " 0(p, y)
18F(e+ve)180(p’ a)ISN '

See nuclear reactions.

cnoidal wave A nonlinear theory for peri-
odic waves, attributed to Korteweg and Devries
(1895), in which the water surface profile is ex-
pressed in terms of a Jacobian elliptical integral,
cn(u).

coastal jet  a coastal current system that in-
tensifies toward the coast.



coastally trapped waves

coastally trapped waves = Waves generated
by wind blowing over a stratified ocean with a
shelf topography. These are hybrid waves with
characteristics of both Kelvin and continental
shelf waves. In the northern hemisphere, waves
propagate alongshore with the coast on the right.

coastal ocean  Shallow water generally sit-
uated over continental shelves; often, but not
always, case 2 waters. See case 2 water.

coastal upwelling or downwelling  The re-
sultant ocean volume transport in the Ekman
layer is at right angles to and to the right of the
wind direction in the northern hemisphere. If the
wind blows parallel to the coast and is directed
with the coast on the right/left in the north-
ern/southern hemisphere, water in the Ekman
layer will tend to move away from the coast and
will be replaced by water moving upward from
below the layer. This is called the coastal up-
welling. Regions particularly noted for coastal
upwelling are the coast of Peru, the U.S. West
Coast, and the coasts of Northwest and South-
west Africa. There is also upwelling off Somalia
and Arabia during the Southwest Monsoon.

Likewise, if the wind blows parallel to the
coast and is directed with the coast on the
left/right in the northern/southern hemisphere,
water in the Ekman layer will tend to move to-
ward the coast and will move downward to re-
place water below the layer. This is called the
coastal downwelling.

Coastal Zone Color Scanner (CZCS) A
multi-spectral line scanner operational from Oc-
tober 1978 to June 1986, which had four chan-
nels devoted to ocean color, each of 20 nm
bandwidth and centered at 443, 520, 550, and
670 nanometers.

cobble A sediment particle between 64 and
250 mm in diameter (definitions vary). Gener-
ally rounded due to abrasive action.

coble creep (grain-boundary diffusion creep)
A deformation mechanism for the diffusion
creep of a fine-grained polycrystal, in which the
creep rate is controlled by diffusion along the
grain boundary. It was first proposed by Coble
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in 1963. For a spherical grain Coble found

_ DgpéoQ2
T ad3kT

where (¢) is the creep rate, Dgp is the grain
boundary self-diffusion coefficient, § is the
thickness, o is the differential stress, d is the
grain size, €2 is the atomic volume, k is Boltz-
mann’s constant, « is a numerical coefficient de-
pending on the grain shape and the boundary
conditions for o, and T is the temperature. It is
a linear rheology (n = 1, n is stress sensitivity
of creep rate at steady-state stage) with a high
sensitivity to grain-size (strain rate depends on
the grain size as & oc 1/d?).

cobpoint  Short for “connection of observer
point”, describing the point on a shock to which
the observer is connected magnetically. See
connection longitude.

codawave A wave group following P- and S-
waves on a seismogram. For a near earthquake,
there are many cases in which the directions of
arrival of coda waves cannot be determined. The
coda waves are considered to consist mainly of
incoherent waves scattered in a small-scale het-
erogeneous structure in the Earth. The spectrum
of coda waves hardly depends on hypocentral
distances or ray paths of seismic waves. Coda Q
as ameasure of energy redistribution and magni-
tude of earthquakes can be determined from, re-
spectively, decreasing rate of amplitude of coda
waves and their duration time.

coefficient of thermal conductivity A mea-
sure of the ability of a material to transport
thermal energy. In solar physics the coefficient
of thermal conductivity, usually denoted «, is
used in the calculation of heat flux transfer in a
fully ionized medium. When a magnetic field
is present, the coefficient of thermal conduc-
tivity depends on whether one is considering
the heat transfer parallel (k) or perpendicular
(k1) to the field. In the solar corona, the ra-
tio of these two coefficients is k| /iy = 10713,
and so for most situations, x| is ignored and
we have k = k9 = 9 x 10712752 W m~!
K~ (the Spitzer conductivity). The T5/2 de-
pendence of xp makes energy transport by ther-
mal conduction negligible for low temperature
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plasmas, such as the lower chromosphere and
photosphere.

coesite A dense, heavy form of silica,
formed at extremely high pressures and temper-
atures (40 kb at 700°C to 1700°C). Coesite is
found naturally only in meteorite impact craters.
Stishovite, an even higher temperature, higher
pressure polymorph of quartz, is also found as-
sociated with impact craters.

cohesionless  Without cohesion; used to de-
scribe sediments, such as sand, that have little
tendency to cling together when completely dry
or wet (surface tension will hold moist particles
together if partially wet).

cohesive sediment  Sediment in which parti-
cles cling together due to electrical charges on
particle edges or sides. These forces are signif-
icant compared to particle weight. Clays repre-
sent the best example of cohesive sediments.
cold dark matter  See dark matter, cold.
cold front The front line along which a
wedge of cold sector air underruns and displaces
the warm sector mass. The gradient of the up-
per surface of the cold air is steep, about 1/25 to
1/100. Along the cold front there is a strong in-
stability that causes cumulonimbus clouds with
rain and thunder. When the cold front passes,
weather changes with significant temperature
decrease, increasing pressure, and wind veering
to northerly or north-westerly in the northern
hemisphere.

cold plasma  Formal description of a plasma
neglecting the thermal motion of the particles.
Such cold plasma is the basic assumption in
magnetohydrodynamics: it allows the descrip-
tion of a plasma as a fluid with all particles hav-
ing the same speed, the bulk speed, and is suffi-
cient to derive concepts, such as frozen-in fields,
magnetic pressure and tension, and reconnec-
tion.

Coleman-Weinberg potential  Spontaneous
symmetry breaking field-theory models predict
that topological defects (magnetic monopoles,
cosmic strings, domain walls) could survive
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from the early universe. However, they re-
quire that a scalar field ¢ evolves in a poten-
tial such that its minimum (which determines
the actual vacuum) is reached for non-vanishing
values of ¢. Ad hoc fixing of such an arbitrary
potential appears rather unnatural. However,
Coleman and Weinberg realized in 1973 that in
some cases, quantum radiative corrections to an
otherwise more natural potential could gener-
ate the required shape for symmetry breaking.
See Higgs mechanism, spontaneous symmetry
breaking.

collision boundary
ary.

See convergent bound-

collisionless shock The momentum trans-
port by collisions plays a crucial role in the
formation of gas-dynamic shocks. In the rar-
efied plasmas of space, too few collisions occur
between the constituents of the plasma to pro-
vide efficient momentum transport and allow for
shock formation. Nonetheless, shocks do exist
in space plasmas. These shocks are called colli-
sionless shocks; here the collective behavior of
the plasma is not guaranteed by collisions but by
the collective effects of the electrical and mag-
netic properties of the plasma, which allow for
frequent interactions between the particles and,
consequently, also for the formation of a shock
wave.

color-color diagram A plot of one color in-
dex vs. another color index of a collection of
stars. In the Johnson photometry system, the
commonly used color-color diagram plots the
U-B color vs. the B-V color. The placement
of a star on this diagram is a function of its in-
trinsic colors (which are a measure of the star’s
temperature) and the strength of the interstellar
reddening. The effect of reddening is to move
stars along a line of increasing U-B and B-V
values.

colored dissolved organic matter (CDOM)
High-molecular-weight organic compounds
(humic and fulvic acids) formed from the de-
composition of plant tissue; they strongly absorb
light at the blue end of the spectrum and can give
water a yellowish color at high concentrations.



color excess

color excess A measure of the reddening
of starlight due to small intervening interstellar
dust grains. It has been found for most inter-
stellar dust clouds that the extinction of light is
proportional to the amount of reddening that a
given interstellar cloud causes.

Ay
E

=32.

Ay is the visual extinction (obscuration) of light
in magnitudes, and E is the color excess of B and
V magnitudes, given by the intrinsic color index
subtracted from the measured color index

E=B-V)-(B-V)

where (B—V) and (B—V),, are the measured and
expected color indices, respectively, of a star of
a known temperature (see color index). Since
the ratio of extinction to reddening is known,
then the luminosity of the star can be derived
and hence the distance to the star.

color index  The difference between a star’s
apparent magnitude at some given wavelength to
that at another (longer) wavelength. A typical
color index used is B-V, where B and V are the
apparent blue and visible magnitudes measured
with standard filters at 4200 and 5400, respec-
tively. The color index is independent of dis-
tance and gives a measure of a star’s color tem-
perature, that temperature which approximates
the radiation distribution of the star as a black
body (see color temperature). For any given stel-
lar type, there is an expected color index, calcu-
lated by assuming a black body temperature for
the star. Any difference between the observed
color index and the measured color index of a
star is due to interstellar reddening. See color
excess.

color-magnitude diagram
sprung—Russell) diagram.

See HR (Hertz-

color temperature  The temperature that de-
scribes a black body radiation distribution based
on the intensity ratios at two or more wavelength
intervals (or “colors”). One reason that the radi-
ation distribution from stars deviates from that
of a black body is that atoms and molecules in
the stellar atmosphere deplete radiation from the
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continuum for spectral line formation. Then a
least squares fit of a Planck curve to the stellar
spectrum will underestimate the radiation tem-
perature of the star. However, since the shape
of a black body curve for any temperature is the
same, the ratio of the intensity at two wavelength
intervals judiciously chosen to avoid strong ab-
sorption features will give a temperature that
more closely describes the radiation distribution
that the star is actually putting out.

coma In a comet, the region of heated gas
and dust surrounding the nucleus of the comet,
distinct from the tails which are generated by
nuclear and coma material driven off by solar
wind and solar radiation pressure. The gas in
the coma may be ionized, and its composition
can vary with distance from the comet as the
different molecules undergo photo-dissociation
with time. The coma can reach many millions of
kilometers in radius. In optics, an image defect
in which the image of a point consists of an off-
center bright spot in a larger, fainter “coma”.

comet A small solar system object composed
substantially of volatile material, which is dis-
tinctive because of its rapid motion across the
sky and its long tail(s) of gas and dust emit-
ted from the body. An accurate description of
a comet is a “dirty snowball”, “dirty iceberg”
since comets contain some rocky material but
are primarily composed of ice. The rocky-icy
center of a comet is called the nucleus. Comets
usually orbit the sun in highly elliptical orbits.
As the comet nears the sun, the increased tem-
perature causes the ice in the nucleus to subli-
mate and form a gaseous halo around the nu-
cleus, called the coma. Comets often possess
two tails: a dust tail that lies in the orbit be-
hind the comet generated by surface activity,
and a brighter, ionized gas tail, that points away
from the sun, driven by solar wind. Long pe-
riod comets (periods greater than 200 years) are
thought to originate in the Oort cloud, a spherical
shell surrounding the Earth at distances exceed-
ing 50,000 AU. They are perturbed by the plan-
ets (especially Jupiter) to fall in toward the sun.
Their orbits typically have random inclinations
and very large eccentricities; some hyperbolic
orbits have been observed. Short period comets
apparently arise in the Kuiper Belt, in the zone



comet(s): missions to

from 20 to 50 AU. Their orbits typically have
small eccentricities. Both cometary reservoirs
are thought to represent primordial solar system
material. Comets are distinguished observation-
ally by the emission of gas. As aresult, a comet
with a dust coating on its surface that inhibits
gas production might be classified as an aster-
oid. Because of this ambiguity, objects such as
Chiron, a Centaur asteroid, have now been re-
classified as comets. Kuiper belt objects, which
are expected to be composed mostly of ice, are
classified as comets. Since Pluto and Charon are
also composed mainly of ice and are thought to
have originally been Kuiper belt objects, they
too may be thought of as comets. Triton, al-
though almost certainly a captured Kuiper belt
object, orbits a planet and is identified as an
icy satellite rather than a comet. Comet nuclei
have radii which are typically in the range of 1
to 100 km, although they may be considerably
larger. Each time the comet passes the sun, it
loses more ice and dirt (if the Earth later passes
through this debris, we see a meteor shower)
until eventually the comet no longer displays a
coma and/or tail. A comet discovered at this
point of its evolution is often identified as an
asteroid, so some asteroids are probably dead
comets. See Oort cloud, Kuiper belt.

comet(s): chemical composition of The
volatile material of comets is primarily amor-
phous water ice but also contains, with some
variation in quantity, other simple molecules
including a few percent (relative to water) of
carbon dioxide (C O3), carbon monoxide (CO),
formaldehyde (H>C O), methanol (CH3OH),
and methane (C H4). At a lower level many
other molecules have been detected including
NH3, HCN, HNC, CyHg, C2Hy, HyS, SO3,
and sometimes OCS (Hicks and Fink, 1997).
Larger molecules include: HC3N, NH,CH O,
HCOOH, CH3CN, HNCO, and possibly
HCOOCH3. The solid materials are prob-
ably amorphous silicates, minerals commonly
observed in meteorites, such as olivines and py-
roxines, and small grains of circumstellar or in-
terstellar origin seen in interplanetary dust par-
ticles, such as graphitic or diamond-like car-
bon grains and silicon carbide. Repeated evap-
oration of volatiles from successive passages
through the inner solar system may result in a
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surface layer of complex non-volatile organics
and rocky material.

comet(s): dirty iceball or snowball model
Comets are composed of a mixture of volatile
and rocky material, what Whipple described as a
dirty snowball. It has been estimated that comet
Shoemaker-Levy 9, which impacted Jupiter,
had a low density and little physical cohesion,
suggesting that comets are loosely packed light
snowballs with void spaces. Greenberg advo-
cates comets as aggregates of remnant micro-
scopic interstellar ice grains that have experi-
enced little heating and suggests that comets,
at least originally, were very homogeneous and
similar to one another. Abundances and deu-
terium enrichments of molecules in the coma
and tail of Hale-Bopp and Hyakutake are similar
to interstellar values, and the ortho to para ratio
(the quantum spin state of the hydrogen atoms
— a measure of the conditions the ice has ex-
perienced) of the water from comet Hale—Bopp
implies that it formed at and was never warmed
above ~ 25 K. Taken together these support the
contention that Hyakutake and Hale—Bopp (and
by extension other comets) have interstellar her-
itage and have not experienced much heating.
However, comets are notoriously unpredictable
in their behavior, which could imply heterogene-
ity. Weidenschilling has pointed out that comets
display complex variations (i.e., outbursts and
jetting), and believes that this points to compo-
sitional inhomogeneities on the order of tens of
meters, indicating that these comet nuclei either
formed heterogenously or later became differ-
entiated.

comet(s): missions to Deep Space 1
(http://nmp.jpl.nasa.gov/ds1/) launched in Oc-
tober 1998 and will fly by Comet West—
Kohoutek—Ikemura in June 2000, although that
is not its primary target. The Stardust mission
(http://stardust.jpl.nasa.gov), which launched in
early 1999, will use aerogel to collect dust from
Comet Wild 2 in 2004 and return the sample to
Earth in 2006. The Deep Space-4, Champol-
lion mission (http://nmp.jpl.nasa.gov/st4/) will
launch in 2003, meet and land on Comet Tem-
pel 1 in 2006, and return a sample in 2010.
The Rosetta Mission (http://www.esoc.esa.de/
external/mso/projects-index.html) will launch
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comet, artificial

in 2003, rendezvous with Comet Wirtanen in
2112-13, and RoLand (the lander) will make fur-
ther measurements on the surface of the comet.
comet, artificial  See barium release.

comminution The breaking up and fragmen-
tation of a rock or other solid. The Earth’s crust
is comminuted on a wide range of scales by tec-
tonic process. In California the crust has been
fragmented into blocks on scales of microns to
tens or hundreds of kilometers. Fault gouge is an
example of comminution on the smallest scale.

common envelope A binary star system en-
ters a common envelope phase when one, or
both, of the stars in the binary overfills its Roche-
lobe and the cores orbit within one combined
stellar envelope. Common envelope phases oc-
cur in close binaries where the Roche-lobe over-
flowing star expands too rapidly for the accret-
ing star to incorporate the accreting material.
Most common envelope phases occur when a
star moves off the main sequence and expands
toward its giant phase (either in Case B or Case
C mass transfer phases). The standard forma-
tion scenarios of many short-period binary sys-
tems (e.g., low-mass X-ray binaries, double neu-
tron stars) require a common envelope phase
which tightens the orbital separation and ejects
the common envelope.

common envelope binary  Binary stars that
are so close to one another that both fill their re-
spective Roche surfaces, resulting in a common
envelope that surrounds both stars.

comoving frame  In general relativity coor-
dinates are just labels for space-time points and
have no a priori physical meaning. It is, how-
ever, possible to associate those labels to part
of the matter present in the universe, in which
case one has a material realization of a refer-
ence frame. Since such coordinates follow the
matter in its motion, the corresponding frame is
said to be comoving. A fundamental requisite
is that the trajectories of the objects considered
do not cross at any point; otherwise the map
of coordinates would become singular in such
points. A useful, but not necessary, property
is that those objects interact only gravitation-
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ally, so as to track geodesics in the background
spacetime.

compact group of galaxies  Isolated group
of galaxies for which the separation between the
galaxies is comparable to the size of the galax-
ies themselves; groups of galaxies isolated by
Hickson from the Palomar Observatory Sky Sur-
vey according to three criteria: (1) there are at
least four members whose magnitudes differ by
less than three magnitudes from the magnitude
of the brightest member; (2) if Rg is the ra-
dius of the circle on the sky containing all group
members, then the distance to the nearest galaxy
outside the group must be larger than 3 R (in
other words, the group must be reasonably iso-
lated and not an obvious part of a larger struc-
ture); (3) the mean surface brightness within R
should be brighter than 26 mag per square sec-
ond of arc, i.e., the group must not contain vast
empty sky areas and hence should be “compact”.

compaction  As rocks are buried to a greater
depth in a sedimentary basin, the “lithostatic”
pressure increases. This causes the rock to com-
pact. The void space, or “porosity” of the rock,
decreases with increasing depth, and the density
increases.

compact steep spectrum radio sources

A class of radio sources which includes ra-
dio galaxies and quasars unresolved at resolu-
tion & 2 arcsecs. They are differentiated from
other core-dominated radio sources by showing
a steep radio spectrum. Observations at higher
resolution show that compact steep spectrum ra-
dio sources are either classical lobe dominated
sources whose lobe size is less than the size of
the galaxy or quasars with a core single-side jet
morphology. In both cases, the radio morphol-
ogy appears often to be disrupted and irregu-
lar. Compact steep spectrum radio sources are
thought to be young radiogalaxies which are ex-
panding or, alternatively, radio sources in which
the expansion of the radio plasma is hampered
by interstellar or intergalactic medium.

compensation In geophysics, the positive
mass of major mountain belts is compensated by
the negative mass of crustal mountain roots. The
crustal rocks are lighter than the mantle rocks be-



Compton scattering

neath. In a compensated mountain belt, the total
mass in a vertical column of rock is equal to the
total mass in the adjacent lowlands. A moun-
tain belt behaves like a block of wood floating
on water.

In cosmological scenarios where topological
defects are suddenly formed, both the geometry
of spacetime and ordinary matter and radiation
fluids are perturbed in such a way as to satisfy
theoretical conservation laws imposed by gen-
eral relativity theory. Matching conditions be-
tween times before and after the relevant phase
transition during which defects are generated re-
quire that cosmic fluid perturbations compen-
sate for the energy density inhomogeneity of
space in the presence of the defect. See cos-
mic phase transition, cosmic topological defect,
Kibble mechanism.

compensation depth  The depth of the Earth
at which the overlying rocks are assumed to exert
a constant pressure. Below this depth lateral
variations in density are assumed to be small.

composite volcanos Composite volcanos,
also called stratovolcanos, are steep-sided vol-
canic cones consisting of alternating layers of
lava flows and ash deposits. Eruptions from
composite volcanos are often very explosive and
deadly, as evidenced by the eruptions of vol-
canos such as Vesuvius in Italy, Mt. St. Helens
in the United States, and Mt. Pinatubo in the
Philippines. Composite volcanos are found near
subduction zones on Earth and are produced by
silica-rich magmas moving upwards from the
subducted plate. The high silica content of the
magmas allows them to be very viscous and re-
tain much gas, which leads to the explosive na-
ture of the eruptions.

compound channel A channel or river in
which the equation for flow area vs. depth ex-
hibits a discontinuity.

compressibility ~ The ratio of the fractional
change in volume dV/V (volumetric strain) in
response to a change in pressure dp, that is,

1dv _ 1dp

ﬂ_
pdp

_VE_
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where p is density. Isothermal or adiabatic
changes of V and p yield slightly different val-
ues of . B is a modulus of elasticity, and its
reciprocal is the bulk modulus.

Compton, Arthur H. Physicist (1892—
1962). His studies in X-rays led him to discover
the Compton effect, that is the change in wave-
length of a photon when it is scattered by a free
electron. The discovery of the Compton effect
confirmed that electromagnetic waves had both
wave and particle properties.

Compton cooling  The reduction of energy
of a free electron, due to its interaction with a
photon. If the kinetic energy of the electron
is sufficiently high compared to the incoming
photon, the energy of the incoming photon plus
part of the kinetic energy of the electron is redi-
rected as a photon of higher energy. Named after
Arthur H. Compton (1892-1962).

Comptonreflection = The Compton scattering
of hard X-ray radiation by a layer of dense and
thick matter, such as the surface of a star or of
an accretion disk. Hard X-ray radiation is scat-
tered off the surface of the layer after having lost
part of its energy. Compton reflection creates a
distinguishing spectral feature, an enhancement
in the spectral energy distribution between 10
and 50 keV. Such features have been detected in
the spectra of several Seyfert-1 galaxies and of a
galactic object, the black hole candidate Cyg X-
1. See Seyfert galaxies, Cygnus X1.

Compton scattering  The inelastic scatter-
ing of high energy photons by charged particles,
typically electrons, where energy is lost by the
photon because of the particle recoil. A photon
carries momentum, part of which is exchanged
between the photon and the particle. Conserva-
tion of energy and momentum yields an increase
in the photon wavelength (and hence a decrease
in photon energy) as measured in the initial rest
frame of the electron equal to

A—Ayg=Ac( —cosH),

where A is the wavelength of the incident pho-
ton, O is the angle between the initial and final
direction of propagation of the photon, and A¢ is
a constant, called the Compton wavelength, and
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defined by A¢ = h/mc, where h is the Planck
constant, m the particle mass, and ¢ the speed
of light. In the case of scattering by electrons,
Ac = 0.02426 A. If 1 > Ac, then the energy
exchange is irrelevant, and the scattering is elas-
tic (Thomson scattering). Compton scattering
by electrons occurs for photons in the X-ray do-
main. See inverse Compton effect, Thomson
scattering.

computational relativity = Numerical relativ-

ity.

conditional unstability =~ The atmosphere is
said to be conditionally unstable when the lapse
rate is between the adiabatic lapse rate and moist
lapse rate. In this case, parcels displaced down-
ward will be restored, whereas saturated parcels
displaced upward will continue to move upward.

conducting string  In cosmology, possible
topological defects include conducting cosmic
strings. In generic grand unified models, one
may have couplings between the cosmic string-
forming Higgs field and fermionic fields, and the
vanishing of Higgs-generated fermionic mass
terms in the core of the defect allows the exis-
tence of fermionic zero modes carrying currents
along the string. Alternately, bosonic conduc-
tivity arises when charged boson fields acquire
non-zero expectation values in the string cores.
These currents are persistent, and the vortex de-
fects containing them are called conducting cos-
mic strings. They are also often referred to as
superconducting strings, for it can be seen that
the electric (or other) current they carry is dissi-
pationless.

The production of equilibrium current-
carrying string loop configurations called vor-
tons may contribute to the dark-matter density
of the universe. Such loops might also serve as
seeds for the generation of primordial magnetic
fields. See current carrier (cosmic string), cur-
rent generation (cosmic string), fermionic zero
mode, vorton, Yukawa coupling, Witten con-
ducting string.

conduction (1.) Transport of electric current.
(2.) Transfer of heat without the flow of parti-
cles from one part of a medium to another by the
transfer of energy from one particle to the next
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and by lattice oscillations (phonons) in a solid.
This flow of heat is directed by temperature gra-
dients in the medium. In the solar corona, the
conductive flux, Fg,,4, is directly proportional
to the temperature gradient for classical Spitzer
conduction, via F.,,q = koVT, where kg is
the coefficient of thermal conductivity parallel
to the magnetic field.

conductive heat transfer = Transfer of heat
due purely to a temperature difference. Heat
conduction is a diffusive process, in which
molecules transmit kinetic energy to other
molecules by colliding with them. Fourier’s law
of heat conduction states

g=-A-VT

where ¢ is the heat flux vector, A is the thermal
conductivity (tensor), and VT is the temperature
gradient. The minus sign indicates that heat is
transferred by conduction from higher tempera-
ture to lower temperature regions.

conductivity of water The ionic content
of water enhances the electric conductivity of
water (strongly temperature-dependent). Since
most of the dissolved solids in natural waters are
present in the form of ions, the easy-to-measure
conductivity is a practical way to estimate salin-
ity. Instead of salinity, often conductivity nor-
malized to T = 20 or 25°C is used in lakes to ex-
press the concentration of ionic content. (Con-
ductivity in ocean and fresh water is in the range
of ~ 50 — 70 mS/cm and ~ 50 — 500 uS/cm,
respectively.)

conformal infinity  In relativity there exists
a conformal isometry of Minkowski spacetime
with a region of an Einstein universe. Confor-
mal infinity 7T is the boundary of this region. The
boundary 7 has the topology of a light cone,
with the vertex points i T (timelike future/past
infinity) missing. Future/past conformal infin-
ity Z* is the set of future/past endpoints of null
geodesics in Z. See null infinity.

conformal tensor  Weyl tensor.

congruence A family of curves at least in
some small region, such that one and only one
curve passes through each point in the region.



Conrad discontinuity

This implies that the tangent vectors to the con-
gruence form a vector field and, further, every
smooth vector field generates a congruence. See
vector field.

conical spacetime
string).

See deficit angle (cosmic

conics  Pitch angle distributions whose peak
intensity is neither along the field line (“cigar”)
nor perpendicular to it (“pancake”) but at some
intermediate angle. Ion conics (generally of O™
ions) are often observed on magnetic field lines
above the auroral zone, at altitudes of the order
of 5000 km, associated with the aurora. It is be-
lieved that they arise from wave-ion interactions
which energize the ions at an altitude below the
one where the conic is observed. Such an inter-
action preferentially increases the ion’s veloc-
ity components perpendicular to the magnetic
field, producing a pancake distribution. By the
conservation of magnetic moment, the pancake
transforms into a cone at higher altitudes.

conic section  Any of the plane figures ob-
tained by intersecting a circular cone with a
plane. If the plane is parallel to the base of the
cone, the figure is a circle. As the tilt angle g
of the plane increases, 0 < 8 < «, where « is
the apex half angle of the cone, the figure is an
ellipse. If B = « the figure is a parabola, and if
B > «a, the figure is a hyperbola.

In Newtonian physics, gravitational motion
is an orbit that is a conic section with the sun at
one focus.

conjugate depths  The two water depths that
appear on either side of a hydraulic jump in open
channel flow. Also referred to as sequent depths.
They differ from alternate depths in that the spe-
cific energy is not the same for conjugate depths
due to energy loss in the hydraulic jump.

conjunction  Orientation of planets so that the
angle planet-Earth-sun equals zero. For outer
planets, the planets are as far from Earth as pos-
sible in their orbits, because they are then on
opposite sides of the sun. For inner planets,
conjunction is either a closest approach to Earth
(both planets on the same side of the sun), or the
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most distant (the inner planet on the opposite
side of the sun from Earth).

connection  See affine connection.

connection longitude Heliographic longi-
tude to which a spacecraft is connected magneti-
cally. The connection longitude ¢conn can be de-
termined from the “offset” A¢ of the footpoint
of the archimedian magnetic field spiral through
the observer with respect to the observer’s heli-
olongitude ¢, according to

rwge

Pcom =¢o+Ap=0¢o+

Usowi

with r being the radial distance of the observer
from the sun, wg the sun’s angular speed, and
v sowi the solar wind speed. The connection lon-
gitude is important in the study of energetic par-
ticles because, in contrast to the electromagnetic
radiation, particles do not propagate radially but
along the magnetic field line. For average solar
wind conditions, the Earth, or an earth-bound
spacecraft, magnetically is connected to a posi-
tion around W 58 on the sun. Connection lon-
gitudes also can be established to shocks. See
cobpoint.

o
Heliolongitude and connection longitude.

Conrad discontinuity  Seismic discontinuity
at a depth of around 20 km between the upper
and the lower crusts beneath a continent and an
island arc. The Conrad discontinuity is not a
sharp discontinuity like Mohorovici¢’s discon-
tinuity. The Conrad discontinuity was originally
thought to represent a boundary between the
lower crust consisting of basaltic rocks and the
upper crust consisting of granitic rocks, deduc-
ing from velocity of Conrad head waves (P *).



conservation of angular momentum

But now it is thought to be a thermodynamical
interface or a rheological boundary.

conservation of angular momentum  In the
absence of external torques, the total angular
momentum L of a system is a constant:

L= Z L) = constant pseudovector.

a

Here a sums over the subsystems comprising the
system.

conservation of energy  The observation that
energy cannot be created or destroyed but can
only be changed in form.

Forms of energy include

1. potential energy (the ability to do work),
2. kinetic energy (the energy of motion),

3. and relativistically, the energy equivalent
2

of mass: E = mc~.
Since an understanding of special relativ-
ity implies that mass and energy are intercon-
vertable, the conservation law is often posed as
conservation of mass and energy. In normal
macroscopic laboratory physics, mass is very
closely conserved; the deviations are of order
p/pc?. In astrophysical settings, the intercon-
version of mass and energy via E = mc? is very
important, describing the internal energy source
of stars vianuclear fusion, which releases energy
because of an overall conversion of the mass of
the constituents to energy.

conservation of momentum In any isolated
system, the total momentum P is constant:

P= Z P., aconstant vector.

In situations where constituents are separated
“before” and “after” (in a collision, for instance),
Newton’s second law guarantees that each indi-
vidual p,;) will be constant except during the
collision. Conservation of momentum then pro-
vides (three) relations between the “before” and
“after” momenta.

conservative system In mechanics, a sys-
tem in which there is a potential energy function
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that depends only on position, and such that the
sum of the kinetic energy and the potential en-
ergy, for any particular particle motion, remains
constant. Simple examples are mass point mo-
tion in a fixed Newtonian gravity field, motion
of charged particles in electrostatic fields (ne-
glecting radiation reaction), and the exchange
between kinetic and potential energy in the mo-
tion of a mass-on-spring, harmonic oscillator or
in the motion of simple pendulum is a uniform
gravitational field. In all of these cases, the to-
tal energy E is unchanged during the motion,
and E = kinetic energy plus potential energy,
so computing one determines the other. In La-
grangian mechanics, a conservative system is
one in which the Lagrangian L = T — V, the
kinetic energy T is quadratic in velocities, the
potential V is a function only of coordinates,
and the Lagrangian has no explicit time depen-
dence. Such a Lagrangian is related through a
Legendre transformation to a Hamiltonian H,
which is a function of the momenta and the ve-
locities, is constant in time, and H = T + V.
The idea may be extended more generally to a
time independent Hamiltonian, even if H is not
simply T + V.

constellation An apparent association of
stars in the sky which are given symbolic or
mythic significance by associating figures to
their pattern on the sky. According to current
practice, the sky is divided into 88 such areas of
association.

constitutive law of frictional sliding See
fault constitutive law.

constraintequations In general relativity, an
ADM formulation separates the spacetime into
a 3 4+ 1 decomposition (3 space plus 1 time).
Einstein’s equation can then be written with the
3-metric g;; and the extrinsic curvature k;; (both
symmetric 3-dimensional 2-tensors) as the fun-
damental variables. K;; appears as amomentum
conjugate to g;;, and six of the ten 2-order Ein-
stein equations become a hyperbolic set of equa-
tions giving the time derivative of g;; and of K;;
(twelve first-order equations). However, there
are in addition four equations (the G4( and the
G,; components of the Einstein tensor), which
are equated to the corresponding component of
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the matter stress-energy tensor, or to zero for an
empty (vacuum) solution. Those four equations,
the constraint equations, contain no time deriva-
tive of either g;; or of K;;; hence, they must be
satisfied at the particular time in question. They
can be written as one equation, which is a non-
linear generalization of Newton’s gravitational
equation including the contribution of the grav-
itational field as a source; and three components
of a tensor equation which is a transversality
condition on the momentum. It is easy to show
that these four equations put real restrictions on
the g;; and the K;; that can be chosen for ini-
tial data (hence constraints). However, it can
further be shown that the evolution via the hy-
perbolic equations preserves the solution of the
constraint equations after their solution at the
initial time. These equations are elliptic, and a
standard procedure has been developed to solve
this. See ADM form of the Einstein—Hilbert ac-
tion.

contact binary A binary star in which the
two components are touching. Main-sequence
contact binaries are also called W Ursa Majoris
(abbreviated as W UMa) and $ Lyrae binaries,
depending on the mass of the primary.

continent  Regions of substantial area on the
surface of the Earth that rise above sea level.
The continents are made up of thick, light conti-
nental crust. The granitic continental crust has a
typical thickness of 35 km, whereas the basaltic
oceanic crust has a typical thickness of 6 km.
The continents do not participate in the plate tec-
tonic cycle but move and float on the surface of
the mantle so that the continents are much older
than the oceanic crust, about 2 billion years vs.
100 million years.

continental climate  The climatic type de-
scribing the climate character within a great
land. Comparing to the marine climate, the main
features of continental climate are strong annual
temperature variations, which cause colder win-
ters and hotter summers, and strong diurnal vari-
ations.

continental collision = When subduction in an

ocean basin dominates over sea-floor spreading,
the ocean closes and the continents on the two
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sides of the ocean collide. This is happening
today in the Himalayas where the Indian sub-
continent has collided with Eurasia.

continental drift  Refers to the movement of
continents with respect to each other. The re-
markable similarity between the east coast of
the Americas and the west coast of Europe and
Africa has been recognized for several centuries
and led to the hypothesis that these continents
were once attached into a single supercontinent,
which then broke apart and created the distribu-
tion of land masses we see today, called conti-
nental drift. The idea was popularized by Ger-
man meteorologist Alfred Wegener in 1922, al-
though many other people from 1620 onward
contributed to the idea. The remarkable simi-
larity extends beyond the similarity of continent
boundaries to the distribution of geologic fea-
tures, such as mountain ranges and glacial re-
mains and fossil types, and the divergence in
the evolution of flora and fauna after a certain
point in time. It was initially rejected by geo-
physicists who could not envision that the solid
mantle of the earth could flow.

All the continents were combined into a sin-
gle supercontinent called Pangea about 300 mil-
lion years ago. Pangea broke apart into a north-
ern continent (Laurasia, composed of North
America, Europe, Asia, and Greenland) and a
southern continent (Gondwana, composed of
South America, Africa, Australia, Antarctica,
and India) about 250 million years ago, and
those two continents subsequently broke apart
into the continents we see today. The original
idea of continental drift suggested the continents
moved over the ocean floors. In the 1960s, stud-
ies of the magnetic polarity of ocean crust re-
vealed that the seafloor was also moving. Com-
bining the ideas of continental drift and seafloor
spreading led to the development of the theory of
plate tectonics to explain the geologic activity on
the Earth’s surface. Direct ranging to geodetic
satellites accurately measures the rate of conti-
nental drift, with speeds of up to 15 cm/yr.

continental margin  The boundary between
the continents, including continental shelves,
and the ocean basins. There is no unique def-
inition of the margin, it is usually taken as an
arbitrary water depth, say 1 km. There are two
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types of continental margins, active and passive.
An active margin is also a plate boundary, usu-
ally a subduction zone. An example is the west
coast of South America. A passive margin is not
an active plate boundary. An example is the east
coast of the United States.

continental plate  In geophysics, the large
pieces of material comprising the outer surface
of the lithosphere. Plates are about 50 km
in thickness and support the continents, which
float on the denser viscous-fluid mantle below
them. Current knowledge defines 15 major
plates: Pacific, Philippine, Juan De Fuca, Co-
cos, Nazca, Antarctic, Scotia, South American,
North American, Caribbean, Arabian, Indian,
African, Eurasian, and Australian.

continental shelf  Shallow oceanic margins
underlain by continental crust. The water depth
is usually taken to be less than 1 km.

continental shelf waves = The waves that are
generated by the sloping continental shelf topog-
raphy. In the Northern Hemisphere, the conti-
nental shelf wave propagates along a constant
topography line with the coast on the right.

continuum  In mechanics, a description that
ignores the granular or quantum nature of mat-
ter. In spectroscopy, the part of a spectrum with-
out apparent lines, arising from solid, liquid, or
gaseous sources, in which atomic lifetimes are
too short to produce specific line emission or
absorption.

contravariant vector  See vector.

convection Large-scale flow of gases (or
other fluids) in stars (or elsewhere) that carries
heat energy from one place to another. In the
stellar context, hot currents rise, cool ones fall,
and the solar granulation is direct evidence for
the occurrence of convection near the surface of
the sun. Convection sets in whenever a stellar
temperature gradient is steeper than the adia-
batic one:

dT 1\ T dp
el (S T Wit
dr y ) pdr
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where y is the ratio of specific heats. This can
happen either when gas is quite opaque to ra-
diation (as it is near the surfaces of cool stars,
including the sun, where hydrogen is in the pro-
cess of being ionized) or when a nuclear reaction
depends on a very high power of temperature, as
does the CNO cycle at the cores of massive stars.
Stars are fully convective during early phases
of their formation (guaranteeing initial chemi-
cal homogeneity) and throughout their lives for
stars of less than 0.3 solar masses. Convection
is the primary way that material inside stars is
mixed from one zone to another. In relatively
dense regions of stars, convection will carry all
the available energy, and the temperature gradi-
ent will be very nearly adiabatic. At lower den-
sities, convection becomes inefficient, radiation
carries much of the energy, and the temperature
gradient can be much steeper.

In the absence of any adequate theory of con-
vection (or other turbulent processes in fluids),
convection is often treated in the Mixing Length
Approximation, in which gas is assumed to rise
or fall through a fixed fraction of the pressure
scale height (half is typical) and then come into
temperature equilibrium with its surroundings,
depositing its extra heat or soaking up its deficit.
The approximation is more than 50 years old,
and modern numerical computations of gas flow
processes are just beginning to replace it in stan-
dard computations of stellar structure and evo-
lution. The absence of an adequate theory of
convective energy transport is one of the major
remaining uncertainties in our understanding of
stellar physics. See CNO cycle, solar granula-
tion.

convection zone A layer in a star in which
convection currents provide the main energy
transport mechanism. In the sun, a convection
zone extends from just below the photosphere
down to about 0.7 R

convective adjustment  One way to parame-
terize the physical process of convection in cli-
mate modeling. For example, in a simple ver-
sion, one first examines the relative humidity
and lapse rate in each grid column at the end of
each time step of integration; if the lapse rate
is superadiabatic, the temperature profile is ad-
justed to dry static neutrality in a manner that
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conserves energy; if the column is condition-
ally unstable and the humidity exceeds a speci-
fied value, the column is adjusted to moist static
neutrality.

convective cloud A type of cloud that is
generated by convective activities in the atmo-
sphere. The main feature of it is its strongly
vertical development. Strong vertically devel-
oped clouds are also called heap clouds.

convective heat transfer Transfer of heat
by mass movement, due to free or forced con-
vection. The latter case is also referred to as
advective heat transfer.

convective instability  Stratification instabil-
ity caused by convective activities, i.e., the lower
layer has higher moisture and becomes satu-
rated first when being lifted, and hence cools
thereafter at a rate slower than does the upper,
drier portion, until the lapse rate of the whole
layer becomes equal to the saturation adiabatic
and any further lifting results in instability. In
general, use % < Qor 88925 < 0 as the cri-
terion of the convective instability, where Oy,
and 0, are pseudo-wet-bulb potential temper-
ature and pseudo-equivalent potential tempera-
ture, respectively.

convective scaling  In the boundary layer,
pure convective turbulence depends only on the
thickness Hcon of the convectively well-mixed
layer and the boundary buoyancy flux J) [Monin
and Obukhov, 1954]. Dimensional analysis pro-
vides the scaling relations as a function of H¢op
and Jp by:

Length Les ~ Heon

Time Tes ™~ Heon/Wes
Velocity Wes ~ (HeonJ)1/3
Diffusivity Kes ~ wesHeon
Dissipation of turbulent

. e o
kinetic energy ges ~ Jp

If convection is driven purely by heat fluxes (i.e.,
Jp = gaF/(cpp)), further scaling relations for
temperature are as shown in the table on page 86.

convective turbulence  If density increases
at the top of a fluid (i.e., cooling, evaporation
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of salty water at the surface, etc.) or if density
decreases at the bottom of a fluid (i.e., warm-
ing from below, etc.), convective plumes (ther-
mals for temperature) will set in and mix a pro-
gressively thicker boundary layer. Convective
scaling allows the quantification of the relevant
physical parameters of convection as a function
of the boundary buoyancy flux J¢ and the thick-
ness Heon of the convectively unstable layer. See
also penetrative convection.

convergent boundary  Plates are destroyed
or severely deformed at convergent boundaries.
Two types of convergent boundaries exist: sub-
duction and collision. A subduction convergent
boundary occurs when two plates composed of
oceanic crust (thin, basalt composition) or an
ocean plate and a continental plate (thick, more
silicic composition) meet. At the ocean-ocean
boundary, one of the oceanic plates dives down
under the other plate. At an ocean-continent
boundary, the oceanic plate is always subducted
under the continental plate. The location where
the first plate subducts under the second plate is
characterized by a deep trough, called a trench.
As the oceanic plate dives deeper into the Earth’s
interior, the temperature rises and sediments
which accumulated on the ocean floor begin to
melt. This magma rises towards the surface
and erupts on the overriding plate, creating the
very explosive volcanos called stratovolcanos
(or composite volcanos). Subduction bound-
aries are characterized by this explosive volcan-
ism and earthquakes from a variety of depths
(down to about 200 km). Japan is an example
of an ocean-ocean subduction boundary, while
the Cascade volcanos (including Mt. St. Helens)
in the northwestern U.S. are an example of the
ocean-continent subduction boundary. If both
plates are composed of continental crust, neither
plate is subducted. Instead the two plates crum-
ple to form high mountain ranges, such as the
Himalayas. This type of convergent boundary is
called a collision boundary and is characterized
by earthquakes but no volcanism. Convergent
boundaries are believed to occur over the de-
scending portions of convection cells within the
Earth’s asthenosphere.
convergent plate boundaries See conver-
gent boundary.
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Temperature (fluctuations)

Dissipation of temperature variance  xcs ~ TesZWes /Heon ~ (ga)_2 (Jg5 /H

Temperature gradient

Ocs ~ Fn/(cppWes) ~ (g) "1 (1% /Heon) /3

4 N1/3
con

3Ocs/0z ~ Fyn/(cppKes) ~ (g0) 7112 /Heon®) /3

conversion efficiency
efficiency.

See energy conversion

cooling flow In cosmology: Clusters of
galaxies may contain of order 1000 visible
galaxies, which contribute only 5 to 10% of the
cluster mass, some baryonic gas observable inits
X-ray emission, which constitutes ~ 30% of the
mass needed to bind the cluster; and an amount
~ 60% of the mass in currently unknown dark
matter. In the outer rarified portions of the clus-
ter, the baryon gas cools inefficiently, but toward
the center of the cluster, the higher density leads
to rapid cooling of this gas. The gas accordingly
loses pressure support and falls into the center
at a typical rate ~ 100M O/year. All clusters
observed with cooling flows have a giant ellipti-
cal at their center, suggesting that the inflow has
persisted for cosmological times (roughly one
Hubble time) to form this central galaxy, further
suggesting that cooling flows are generic in large
clusters. However, cooling flows do not exist in
interacting clusters (the result of cluster merg-
ers), and it is a current active topic of research to
understand the mechanism of disruption and the
timescale for re-establishment of cooling flows.

Coordinated Universal Time (UTC)
Starting in 1972, Greenwich Mean Solar
Time was split into Coordinated Universal
Time (UTC), the basis of civil timekeeping ever
since, and Universal Time (UT1), which is a
measure of Earth’s rotation. UTC advances
in step with International Atomic Time (TAI),
except that at leap seconds it is adjusted to
remain within 0.9 s of UT1. Therefore, to
compute the true elapsed seconds between
any two events defined in UTC since 1972, a
table of leap seconds is required. For example,
because the leap seconds totaled 24 during all
of 1989, and 29 during all of 1995 (five seconds
having been inserted during the interim), when
calculating the time interval between any date
and time in 1989 and 1995, it is necessary to
add 5 seconds to what would be calculated
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on the basis of equal 24 hour days, each hour
having 60 minutes comprised of 60 seconds. In
other words, on five distinct occasions between
January 1, 1989, and December 31, 1995, there
was an hour whose final minute had 61 seconds.

coordinate singularity A location in a space
(or spacetime, in relativity) where description of
physical fields is impossible because the coor-
dinates do not correctly map to (a region of)
a rectangular coordinate chart. An example is
the origin in spherical coordinates, where an-
gular directions have no meaning. In general
relativity, the situation is more difficult because
the metric itself can change, and recognizing a
coordinate singularity as such requires subtlety:
A coordinate singularity is a singularity which
is removable by (singular) transformation to a
frame in which all components of physical ob-
jects remain bounded. In general relativity, the
surface of a spherical black hole, the surface
r = 2M (where r is defined so that 4772 mea-
sures the area of a sphere) is a singularity in the
original coordinates used to describe it. (See
Schwarzschild black hole.) A transformation
found by Kruskal and Szekeres removes the co-
ordinate singularity and shows that all geomet-
rical measurable quantities are finite.

coordinate system A way of assigning a
set of labels to each point in a space (or, by
extension, to each event in spacetime). Since
common experience suggests that space is 3-
dimensional, one assigns three independent
functions, (e.g., x, y, z) to label points in space.
The x = 0 surface, for instance, consists of all
those points in space where the function x (as
a function of position) vanishes. For purposes
of physical description, the coordinate functions
are taken to be continuous functions of the space
points. In spacetime, one introduces a fourth
coordinate, time. In Newtonian physics, time is
a universal function, known and measurable by
any observer. In special and in general relativity,
time is a function of the motion of the observer
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(at least), and different observers use different
space and time coordinate functions. Although
the notation {x, y, z} suggests rectangular co-
ordinates, the constant x — surfaces can in fact
be curved, for instance, if x is really the radius
from the origin in a spherical coordinate system.
In general, the coordinate functions can lead to
curved constant-coordinate surfaces (curvilin-
ear coordinates). Then the four spacetime coor-
dinates form a set of functions, say ¢* (P) where
¢%, a =0, 1,2, 3correspond to the time and the
three spatial coordinate functions; P represents
a point in spacetime.

A coordinate system is closely related to a
reference frame. For instance, one can align
basis vectors (which constitute the frame) along
the intersection of constant-coordinate surfaces,
with some rule for assigning length or magni-
tude of the basis vectors.

coordinate time Time defined relative to
an inertial (in particular, nonrotating) refer-
ence frame, whose relationship with time mea-
sured on the surface of the Earth can be calcu-
lated using relativity (not to be confused with
“coordinated time” like Coordinated Universal
Time). General uses are “Geocentric Coordi-
nate Time” (TCG) and “Barycentric Coordinate
Time” (TCB), the latter referring to the solar
system barycenter.

coordinate transformation in special relativ-
ity  The transformation of space-time coor-
dinates between two reference systems that are
moving uniformly with respect to each other.
Classically, any physical system is composed of
particles, and a full description of the system
is obtained if all the positions of each particle
are known for any given time. The position of
each particle is represented by a trio of numbers
whose value depends on the location of the ref-
erence system. Thus if two observers used two
different systems of reference, then a coordinate
transformation is needed in order to compare the
observations. Classically time is considered to
be an absolute variable; that is its value is the
same regardless of the reference system. Thus,
classical coordinate transformations transform
an arbitrary trio of spatial coordinates at any
given time. Special relativity states that the ve-
locity of light is constant for two reference sys-
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tems that are moving at constant velocities with
respect to each other. In order for this to hold
time can no longer be an absolute variable, and
its value must depend on the reference system.
The universal character of the speed of light plus
the assumption that space is homogeneous and
isotropic leads to the Lorentz transformation of
space-time coordinates. The Lorentz transfor-
mations transform an arbitrary foursome of co-
ordinates (three spatial coordinates plus time)
from one system of reference to another that is
moving uniformly with respect to the first.

Copernicus, Nicholas Astronomer (1473—
1543). Proposed that the sun, rather than the
Earth, was the center of the solar system.

coplanarity theorem In magnetohydrody-
namics, the coplanarity theorem

n-BgxBy)=0

states that the shock normal n and the magnetic
fields B, and B in the upstream and downstream
medium all lie in the same plane. The copla-
narity theorem is a consequence of the jump
conditions for the electromagnetic field at the
shock as described by the Rankine—Hugoniot
equations. See Rankine—Hugoniot relations.

Cordelia  Moon of Uranus also designated
UV. Discovered by Voyager 2 in 1986, it is a
small, irregular, body, approximately 13 km in
radius. Its orbit has an eccentricity of 0, an incli-
nation of 0.1°, a precession of 550° yr_l, and a
semimajor axis of 4.98 x 10* km. It is the inner
shepherding satellite for Uranus’ epsilon ring.
Its surface is very dark, with a geometric albedo
of less than 0.1. Its mass has not been measured.
It orbits Uranus once every 0.335 Earth days.

cordillera An extensive chain of parallel
mountains or mountain ranges, especially the
principal mountain chain of a continent. The
term was originally used to describe the paral-
lel chains of mountains in South America (las
Cordilleras de los Andes).

core Differentiated central volume of the
Earth and (some) other planets. Cores vary in
composition, size, and physical state among the
different solar system bodies. In geophysics,
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the Earth has a core with a radius of 3480 km,
compared to the Earth’s radius of approximately
6370 km. The core is much denser than the man-
tle above and is composed primarily of iron with
some other alloying elements; most of the terres-
trial planets are believed to have cores composed
of iron, based on their high densities. Although
most of the terrestrial planets are believed to
have only one core of either solid or liquid iron,
the Earth (due to its large size) has two cores,
an inner solid iron core with a radius approxi-
mately 600 km and an outer liquid iron core. The
Earth’s core formed early in the evolution of the
Earth as a large fraction of heavy iron gravita-
tionally segregated from the silicic components.
Latent heat of fusion released in the freezing
of the Earth’s liquid core supplies the energy
to drive mantle convection and to support plate
tectonics. The cores of the lower-density Jo-
vian planets are believed to be composed of rock
and/or ice. The presence or absence of a core
is best determined from seismology, although
the moment of inertia of the planet also pro-
vides information on how centrally condensed
the body is. In astronomy, “core” is used to de-
scribe the central flat density region of some star
clusters and galaxies. It is also used to describe
the central homogeneous region of a chemically
differentiated star.

core collapse  The beginning of the end for
massive stars, which have built up cores of iron
from silicon burning, when the mass of the core
reaches the Chandrasekhar limit. The collapse
happens in a few seconds (after millions of years
of evolution of the star) and releases a total en-
ergy of about 10°3 ergs, the gravitational binding
energy of the neutron star left behind. Much of
this is radiated in neutrinos (and perhaps gravita-
tional radiation), about 1% appears as kinetic en-
ergy of the expanding supernova remnant, some
is radiated as visible light (so that we see a su-
pernova of type II), and some is stored in the
rotation and magnetic field of the neutron star or
pulsar left behind at the center. The total avail-
able is GM?/R where M and R are the mass
and radius of the neutron star. Core collapse
may sometimes continue on past the neutron star
stage and leave a black hole.

© 2001 by CRC Press LLC

core convection It is generally understood
that the Earth’s magnetic field arises predom-
inantly from electrical instabilities associated
with the flow of conducting fluid in the Earth’s
core. The common viewpoint is that the energy
source for the motions that generate the field is
convection in the Earth’s core associated with
heat loss from the core to the mantle. If there
is radioactive heating of the core from isotopes
such as potassium 40, then it is possible that
the temperature of the core might stay roughly
constant with time, but it is usually thought that
there is little radioactivity in the core and the heat
loss from the core is associated with the over-
all secular cooling of the planet as a whole and
increase in size of the solid inner core. Convec-
tion arises when density decreases with depth,
either because fluid cooled near the core-mantle
boundary becomes more dense than underlying
fluid, or because as the core cools, the inner
core freezes out, excluding light elements and
releasing latent heat and hence generating buoy-
ant fluid at the inner core boundary. This lat-
ter case may lead to “compositional convection”
related to the chemical makeup of the buoyant
fluid rather than its temperature (i.e., “thermal
convection”), which is energetically favorable
for maintaining magnetic field but can have the
seemingly perverse effect of transporting heat
against a thermal gradient.

core-dominated quasars  High luminosity,
radio-loud active nuclei whose radio morphol-
ogy is characterized by a luminous core which
dominates the source emission. Mapped at mil-
liarcsecond resolution, the core becomes partly
resolved into a one-sided jet. Many core-
dominated radio quasars exhibit radio knots with
superluminal motion, indicative of ejection of
plasma at a velocity very close to the speed of
light. The quasars 3C 273 and 3C 120 (whose
name means that they were identified as radio
sources 273 and 120 in the third Cambridge ra-
dio survey) are two of the brightest quasars in
the sky and prototypical core-dominated super-
luminal sources. In the framework of the unifi-
cation schemes of active galactic nuclei, core-
and lobe-dominated quasars are basically the
same objects: core-dominated objects are ob-
served with the radio axis oriented at a small
angle with respect to the line of sight, while the
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radio axis and the line of sight form a larger
angle in lobe-dominated objects. The jet one-
sidedness suggests that radiation is boosted by
relativistic beaming: If the emitting particles are
moving at a velocity close to the speed of light,
the detection of the jet on the approaching side
is strongly favored. In this case, a very large
dynamical range is needed to detect the radio-
lobes, which, seen pole-on, may appear as a faint
fuzz surrounding the core.

core flow  Magnetic field may be generated
in a conducting fluid by fluid flow, as described
by the induction equation of magnetohydrody-
namics. Such flow in the Earth’s core is thought
to be the generating mechanism for the bulk of
the Earth’s magnetic field. The motions and
field within the core cannot be directly calcu-
lated from observations of the magnetic field at
the Earth’s surface (although it may be possible
to indirectly infer certain parts of the internal
flow and field). However, observations of the
surface field can be used to calculate the field
at the core-mantle boundary by assuming that
the electrical currents in the mantle are negligi-
ble, in which case the flow at the surface of the
core is constrained using the radial component
of the induction equation of magnetohydrody-
namics in the frozen-flux limit (i.e., assuming
that magnetic diffusion within the core may be
neglected):

0B,
at

= Vg - (Byu)

where B, is the radial field and u the veloc-
ity vector. Since the flow does not penetrate
the core-mantle boundary, there are two compo-
nents of the velocity but only one constraining
equation, which means that although the above
equation can be used to invert time varying mod-
els of B, for possible flows, they will not be
uniquely determined. Extra constraints on the
flow have been used to alleviate the nonunique-
ness. See nonuniqueness.

core-mantle boundary At around 3480 km
from the center of the Earth, the material compo-
sition is thought to change from molten iron plus
dissolved impurities (the outer core) to crys-
talline silicate rock (the mantle). This core-
mantle boundary is in terms of absolute den-
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sity contrast the Earth’s major transition, with
a jump from 5.6 g/cm? at the base of the man-
tle to 9.9 g/cm? at the top of the core. There
is also a significant contrast in viscosity (al-
though the viscosities of both sides are poorly
constrained) and also, quite possibly, conduc-
tivity (although it has been proposed that the
conductivity of the base of the mantle is highly
elevated). The degree to which chemical ex-
change occurs across the core-mantle boundary
is a frequent topic of study. Analysis of seismic
data has indicated significant lateral variation in
seismic wave speeds at the base of the mantle
and also anisotropy, and there have also been
claims of seismic observations of topography of
the boundary itself. See core-mantle coupling.

core-mantle coupling  This term may be used
to refer either to the exchange of material across
the core-mantle boundary (e.g., via chemical
reaction), or the exchange of momentum be-
tween parts of the core and the mantle. The
mechanism for the latter type of coupling is dis-
puted, as is the degree to which the former type
of coupling occurs at all. Changes in the ro-
tation rate and direction of the Earth’s mantle
on timescales of decades are usually attributed
to momentum exchange between the core and
the mantle, and there have been claims that the
core is important on even shorter timescales,
even though on subannual timescales the at-
mosphere is the predominant driving force for
changes in Earth’s rotation. There are several
possibilities for how momentum exchange may
occur: viscous coupling, electromagnetic cou-
pling, topographic coupling, and gravitational
coupling. Viscous coupling is usually ruled out
as the cause of the observed changes in Earth ro-
tation because the viscosity of the core is usually
regarded as very small. Electromagnetic cou-
pling would occur via magnetic linkage between
the liquid metal of the core and conductivity in
the mantle, in which electrical currents would be
induced by changes in the magnetic field. Topo-
graphic coupling would occur through the resis-
tance of topography on the core-mantle bound-
ary to flow at the top of the core, while gravi-
tational coupling would happen if lateral varia-
tions in the density of the mantle and core are
arranged so as to yield a torque between the two.
See core-mantle boundary.
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Coriolis A term used to refer to the force or
acceleration that results due to the rotation of
a coordinate system, such as a system fixed to
the rotating Earth. Increases in importance as
angular velocity or length or time scale of the
problem increase.

Coriolis effect (Coriolis force) A nonconser-
vative effective inertial force contributing to the
deviation from simple trajectories when a me-
chanical system is described in a rotating coor-
dinate system. It affects the motion of bodies on
the Earth and in molecular spectroscopy leads to
an important interaction between the rotational
and vibrational motions. The effect is described
by an additional term in the equations of mo-
tion, called the Coriolis force, Fzor = 2me X v,
where w is the angular velocity, and v is the ve-
locity measured in the rotating frame. In meteo-
rology, it is an apparent force acting on a moving
mass of air that results from the Earth’s rotation.
Coriolis force causes atmospheric currents to be
deflected to the right in the northern hemisphere
and to the left in the southern hemisphere. It
is proportional to the speed and latitude of the
wind currents, and, therefore, varies from zero at
the equator to a maximum at the poles. Coriolis
force is very important to large-scale dynamics.
To a unit mass fluid, on Earth it is expressed as

f=-2Qx V=-2 [?(chosdD

—vQsind) —i—;’(uQsinCI)) + E(—uQcos@)]

where €2 is the angular velocity of Earth, ® is
latitude, and u, v, w are components of wind.
Coriolis force is always perpendicular to the mo-
tion direction. Thus it affects only the direction
of wind and never affects wind speed. (Gustave
Coriolis, 1835.) See centrifugal force.

Coriolis, Gaspard Gustave de Physicist
(1792-1843). Presented mathematical studies
on the effects of Earth’s rotations on atmospheric
motions.

Coriolis parameter  The local vertical (or
radial) component of twice the Earth’s angular

velocity, that is,

f =2Qsin(®)
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where © is the geographical latitude (equator:
® = 0; poles: ® = 7/2), and €2 is the Earth’s
angular frequency (Q = 27/86'00 s™!). It
expresses the Coriolis force by the momentum
equation dv/dt = —f, and du/dt = f,. The
current components u#, v are directed towards
east and north, respectively.

corner frequency On Fourier amplitude
spectrum for seismic displacement waveforms,
amplitudes are almost constant on the lower fre-
quency side of a frequency, whereas amplitudes
become small with increasing frequency on the
higher frequency side. The border frequency be-
tween them is called the corner frequency. The
larger an earthquake is and the slower the rup-
ture associated with an earthquake is, the lower
the corner frequency becomes. From a finite
line source model with unilateral rupture propa-
gation, it is expected that the corner frequency is
related to finiteness concerning apparent dura-
tion time of rupture in the direction of the length
of the fault plane and finiteness concerning rise
time of source time function, resulting in ampli-
tude decrease on the higher frequency side, in-
versely proportional to the square of frequency.
The flat amplitudes on the lower frequency side
represent a pulse area of displacement wave-
forms.

corona In astronomy, the tenuous outer at-
mosphere of the sun or other star, character-
ized by low densities and high temperatures
(> 10°K). Its structure is controlled by solar
magnetic fields, which form the corona into fea-
tures called coronal streamers. The solar corona
has a total visible brightness about equal to a full
moon. Hence, since it is near the sun (~ 2 to 4
solar radii), it is normally invisible, but can be
observed with a coronagraph or during a total
solar eclipse. This visible portion of the corona
consists of two components: the F-corona, the
portion which is caused by sunlight scattered or
reflected by solid particles (dust), and the K-
corona, which is caused by sunlight scattered
by electrons in the extended hot outer atmo-
sphere of the sun. Stellar coronae are sources
of X-rays and radio emission, and their inten-
sity varies with the period of the stellar activity
cycle, about 11 years for the sun.
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In planetary physics, a corona s a large struc-
ture of combined volcanic and tectonic origin.
Most coronae are found on Venus, although the
term is also used to describe tectonic features
on the Uranian moon of Miranda. The Venu-
sian coronae typically consist of an inner circu-
lar plateau surrounded first by a raised ridge and
then an annulus of troughs. Most of the inte-
rior features of the corona are typical volcanic
structures, including calderas, small shield vol-
canos, and lava flows. Coronae tend to be very
large structures, often 300 km or more in di-
ameter. Planetary scientists believe they form
when a large blob of hot magma from Venus’s
interior rises close to the surface, causing the
crust to bulge and crack. The magma then sinks
back into the interior, causing the dome to col-
lapse and leaving the ring. Rising and collapsing
diapirs of material have also been proposed to
explain the coronae on Miranda.

coronagraph A telescope designed to ob-
serve the outer portions of the solar atmosphere.
The bright emission of the solar disk is blocked
out in coronagraphs by means of an occulting
disk, bringing the faint outer corona into view.
Coronagraphs typically view the corona in white
light, though filters can be used to achieve spe-
cific wavelength observations. Because of the
need for an occulting disk, they only observe
the corona above the solar limb, projected onto
the plane of the sky. Modern coronagraphs, such
as the one on the SOHO spacecraft, can observe
the corona between 1.1 and 30 solar radii. Coro-
nagraphs can also be operated from the ground
as long as the air column above the coronagraph
is thin enough to reduce atmospheric scattering
sufficiently. The first coronagraph was operated
by B. Lyot from the Pic du Midi in the Pyrenees
at an altitude above 2900 m. Coronagraphs pro-
vide the most startling observations of coronal
mass ejections, helmet streamers, and promi-
nences.

Coronal Diagnostic Spectrometer (CDS) A
Wolter II grazing incidence telescope equipped
with both a normal incidence and a grazing in-
cidence spectrometer flown on board the SOHO
spacecraft. This instrument is designed to mea-
sure absolute and relative intensities of selected
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EUV lines (150 to 800 A) to determine tempera-
tures and densities of various coronal structures.

coronal dimming During an eruptive event
such as coronal mass ejection or a long dura-
tion flare, a large mass of plasma is ejected from
the solar corona. When observed in soft X-ray
wavelengths, the expulsion of million degree
plasma is called coronal dimming. This coro-
nal dimming relates the removal of hot material
from the low corona to the higher, cooler mate-
rial commonly associated with a coronal mass
ejection, as seen in white light.

coronal heating The temperature of the
solar atmosphere increases dramatically from
the photosphere, through the chromosphere and
transition region, to the corona with tempera-
tures in the corona varying from 2 to 3 mil-
lion degrees Kelvin in the quiet diffuse corona
to as much as 5 to 6 million degrees in active
regions. The reason why the corona is so hot re-
mains a mystery although it is now clear that the
sun’s magnetic field plays a crucial role in the
transport and dissipation of the energy required
to heat the corona. The total energy losses in
the corona by radiation, conduction, and ad-
vection are approximately 3 x 102! J or about
500 W m~2. Balancing these losses requires
only about 1 part in 100,000 of the sun’s total
energy output.

coronal hole A low density extended region
of the corona associated with unipolar magnetic
field regions in the photosphere, appearing dark
at X-ray and ultraviolet wavelengths. The mag-
netic field lines in a coronal hole extend high
into the corona, where they couple to the solar
wind and are advected into space. The corona,
the outermost gravitationally bound layer of the
solar atmosphere, is a very hot plasma (temper-
atures in the range of 1 to 2x 10° K). The large-
scale structure of the coronal gas consists of rel-
atively dense regions whose magnetic field lines
are “closed” (anchored at two points in the pho-
tosphere) and lower-density regions (the coronal
holes), whose magnetic field lines are “open”
(anchored at a single point in the photosphere
and extending outward indefinitely). The solar
wind emerges along these open field lines.
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Except possibly for the periods of highest so-
lar activity, the largest coronal holes are located
at relatively high heliographic latitude, often
with irregularly shaped extensions to lower lat-
itude, sometimes into the opposite hemisphere.
During maximum activity periods, equatorial
coronal holes can appear and last for several so-
lar rotations.

coronal lines  Forbidden spectral emission
lines emitted from highly ionized atomic spe-
cies, in a high temperature, dilute medium where
collision between ions and electrons dominates
excitation and ionization, as in the solar corona.
In such plasma the temperature (1 to 2 x 10% K in
the solar corona) and hence the kinetic energy
of ions and electrons is so high that collisions
have sufficient energy to ionize atoms. The first
coronal emission line was identified at 530.3 nm
during the total solar eclipse of 1869. Only in the
1940s were most of the coronal lines identified
as forbidden transitions from elements such as
iron, nickel, and calcium in very high ionization
stages. Ratios of coronal line fluxes, similarly
to ratios of nebular lines, are used as diagnostics
of temperature and density. See forbidden lines,
nebular lines.

coronalloops  The solar corona is comprised
primarily of magnetic loop-like structures which
are evident at all scales in the corona and are
thought to trace out the magnetic field. Loops
are seen at soft X-ray, EUV, and optical wave-
lengths. Typical configurations of loops occur
in active regions, where many bright compact
loop structures are associated with strong sur-
face magnetic fields, and in arcades spanning
a magnetic neutral line and often overlaying a
filament or filament channel. The interaction
and reconfiguration of these structures often ac-
company the dynamic eruptive phenomena on
small scales in solar flares and very large scales
in coronal mass ejections.

coronal mass ejection (CME) An ejec-
tion of material from the sun into interplan-
etary space, as a result of an eruption in the
lower corona. This material may sometimes
have higher speeds, densities, and magnetic field
strengths relative to the background solar wind
and may produce shocks in the plasma. The
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fastest CMEs can have speeds of 2000 km s~!
compared with normal solar wind speeds closer
to 400 km s~!. CMEs are more common at so-
lar maximum, when three per day can be seen,
than solar minimum, when one may be seen in
five days. If the material is directed towards the
earth, then the CME may cause a disturbance to
the Earth’s geomagnetic field and ionosphere.
See solar wind.

coronal rain Cool plasma flowing down
along curved paths at the solar free-fall speed
of 50 to 100 km s~ !; material condensing in the
corona and falling under gravity to the chromo-
sphere. Typically observed in Ho at the solar
limb above strong sunspots.

coronal transients A general term for short-
time-scale changes in the corona but princi-
pally used to describe outward-moving plasma
clouds. Erupting prominences are accompanied
by coronal transients, which represent outward
moving loops or clouds originating in the low
corona above the prominence. As many as one
coronal transient per day is observed to occur
during the declining phase of the solar cycle and
are most commonly associated with erupting fil-
aments.

coronal trap The region of the corona in
which charged particles are trapped between
two areas of converging magnetic field, i.e., a
magnetic bottle. The converging field causes
a strengthening of the field and consequently
a strengthening of the Lorentz force felt by a
charge particle of velocity v. The particle’s
pitch-angle, 6 = cos~!(v,/v) where z is the di-
rection parallel to the field direction, increases
as the particle moves into the region of increas-
ing field strength until all of the particle’s mo-
mentum is converted into transverse momentum
(0 = 90°). This location is known as the mirror-
ing point because the particles cannot pass into
a region of greater field strength and therefore
become trapped. When collisions and wave-
particle interactions are ignored, the conditions
for a particle to be trapped are defined by the
equation sinf/B = sin6y/By where 6 is the
particle’s initial pitch angle and By is the coro-
nal field. Note that for a prescribed field conver-
gence B/ By, particles with initial pitch angles
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6 < 6y will escape the trap, i.e., they thermalize
in the ambient plasma before they bounce.
corotating interaction region See helio-
spheric stream structure.

correlationlength Inphase transitions, topo-
logical defects may arise when growing spa-
tial domains with different orientations (phases)
of the correlated field fail to match smoothly.
Hence, fluctuations in the phase of the field (de-
termined by local physics only) will be uncor-
related on scales larger than a given correlation
length &, whose details depend on the transition
taking place.

The tendency of the field configuration after
the transition will be to homogenize, and thus
& will grow in time. Causality imposes an up-
per limit, as information cannot propagate faster
than light. Hence, in cosmology the correlation
length must be smaller than the distance signals
can have traveled since the Big Bang, which for
both radiation- and matter-dominated eras im-
plies & < ¢, with ¢ the cosmic time.

The correlation length is of utmost impor-
tance for the subsequent evolution of a cosmic
defect network. In fact, the initial length scale
of the network will be determined by the proba-
bility of defect formation out of the coalescence
of different domains.

coseismic deformation  Displacement such
as uplift and subsidence that occurs during an
earthquake. The term is used particularly to
describe static displacement and not vibration
associated with seismic wave propagation. De-
pending on the means of measurement, the term
may represent displacements that occur within a
fraction of a second to a period of several years.

cosine collector A radiant energy detector
whose effective light collection area is propor-
tional to the cosine of the angle between the inci-
dent light and the normal to the detector surface;
used to measure plane irradiances.

cosmic abundance  The relative abundance
of elements in the universe. Hydrogen provides
approximately 75% of the mass density of the
universe. *He provides about 24%. Lithium,
beryllium and boron are each at the 107'2 to

© 2001 by CRC Press LLC

10710 level. These elements are thought to have
been produced in the Big Bang.

Heavier elements were produced in stars or
supernovae. Carbon, nitrogen, oxygen, and
neon are present at parts greater than 10~4. Sil-
icon and iron are abundant at the 10~# level. El-
ements with atomic number exceeding approxi-
mately 30 are present at the 10710 to 10! level.
There is strong “odd-even” effect; even atomic
numbers (numbers of protons) or even numbers
of neutrons make the isotope much more abun-
dant than nearby isotopes.

cosmic censorship  The conjecture put for-
ward by R. Penrose that the formation of naked
singularities (singularities visible from infinitely
far away) is evaded in nature because singu-
larities in space-time are always surrounded by
an event horizon which prevents them from be-
ing observed and from influencing the outside
world. In this simple formulation the hypothesis
was proven false by counterexamples, i.e., mod-
els of spacetime whose metrics obey Einstein’s
equations, but in which naked singularities ex-
ist. According to proponents of cosmic censor-
ship, these examples are not generic. Some of
the spacetimes in question are highly symmet-
ric or require tuning of parameters. In others,
the gravitational fields in the neighborhood of
those singularities are, in a well-defined mathe-
matical sense, too weak (i.e., produce too weak
tidal forces) to be considered genuinely singu-
lar. There is as yet no well-formulated statement
of cosmic censorship or a proof of its holding in
general relativity.

cosmic microwave background Single
component of cosmic origin that dominates the
electromagnetic background at wavelengths in
the millimeters to centimeters range. It was
serendipitously discovered by Penzias and Wil-
sonin 1965. The cosmic microwave background
radiation has the spectrum of a black body at
temperature 7, = 2.728 £ 0.002 K. It can be
detected in any direction of the sky. Its high
degree of isotropy is an observational evidence
that on the largest scale, the universe is homo-
geneous and isotropic.

The Planckian spectrum of the cosmic mi-
crowave background is a strong vindication of
the Big Bang picture. Since the universe at
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present is transparent to radiation (radiogalax-
ies at redshifts z < 1 are observed at microwave
frequencies), a thermal spectrum could not have
been produced recently, i.e., at redshifts smaller
than unity as would be required by the steady
state cosmological model. In the Big Bang
model, the effect of the expansion is to decrease
the cosmic microwave background temperature,
so in the past the universe was hotter. At red-
shift z, the temperature wouldbe T = T,(1+2).
At z > 1000 matter and radiation would have
achieved thermal equilibrium. In the 1940s,
Gamow, Alpher, Herman, and Follin predicted
that, as the universe expands and temperature
drops, the interactions that kept matter and radi-
ation in thermal equilibrium cease to exist. The
radiation that would then propagate freely is the
one observed today.

On scales up to a few tens of Mpc, the
universe is not homogeneous.  The pres-
ence of inhomogeneities induces temperature
anisotropies on the background radiation. Ir-
regularities in the matter distribution at the mo-
ment of recombination, our peculiar motions
with respect to the Hubble flow, the effect of hot
plasma on clusters of galaxies (see Sunyaev—
Zel’dovich effect), and several other contribu-
tions, induced anisotropies at the level of one
part in 103 (dipole) and at 10° on smaller an-
gular scales. These effects convert the CBR
into an excellent probe of the history of structure
formation (galaxies, clusters of galaxies) in the
evolving universe. See cosmic microwave back-
ground, dipole; quadrupole; temperature fluctu-
ations; spectral distortions.

cosmic microwave background, dipole

component  Dipole variation in the thermo-
dynamic temperature as a function of direction.
It is the largest anisotropy present in the cos-
mic microwave background radiation. The mo-
tion of an observer with velocity v with re-
spect to a reference frame where a radiation
field (of temperature T,) is isotropic produces
a Doppler-shifted temperature 7 (0) = T,(1 +
(/)2 /(1 —(v/c) cos(8)) where 0 is the an-
gle between the direction of observation and the
direction of motion, and c is the speed of light.
Immediately after the discovery of the cosmic
microwave background, the search started for
the Doppler anisotropy described above, and
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the first results were obtained at the end of the
1960s. The best-fit of the dipole amplitude is
3.358 + 0.023 mK in the direction (I,b) =
(264°.31 + 0°.16,48°.05 £ 0.09) in galactic
coordinates. The current understanding is that
the largest contribution to the dipole anisotropy
comes from the motion of the Earth. All other
contributions are negligible. Under this assump-
tion, the data quoted above corresponds to a sun
velocity, with respect to the cosmic microwave
background, of vy = 369.0 £ 2.5 km/s towards
the constellation Leo, and the velocity of the lo-
cal group is v g = 627 &£ 22 km/s in the direc-
tion ([, b) = (276° &+ 3, 30° & 2). See peculiar
motion.

cosmic microwave background, quadrupole
component  Quadrupole variation of the tem-
perature pattern of the cosmic microwave back-
ground across the sky. It was first measured in
1992 by the Differential Microwave Radiometer
(DMR) experiment on board the COBE satel-
lite, launched by NASA in 1989. The cos-
mic microwave background temperature fluctu-
ations were measured at an angular resolution
of 7° at frequencies of 31.5, 53, and 90 GHz.
The r.m.s. quadrupole anisotropy amplitude is
defined through Q2, . /T? = Y, laam|? /47,
with T, the cosmic microwave background tem-
perature and ay,, the five (I = 2) multipoles of
the spherical harmonic expansion of the tem-
perature pattern (see cosmic microwave back-
ground temperature anisotropies, Sachs—Wolfe
effect). The observed cosmic microwave back-
ground quadrupole amplitude is Qs = 10.7%
3.6+7.1u K, where the quoted errors reflect the
68% confidence uncertainties from statistical er-
rors and systematic errors associated to the mod-
eling of the galactic contribution, respectively.

More interesting for cosmological purposes
is the quadrupole obtained from a power law
fit to the entire radiation power spectrum,
Orms—ps- The data indicates that the spec-
tral index of matter density perturbations is
n = 1.2 £ 0.3 and the quadrupole normaliza-
tion Qrms—ps = 1537384 K. For n = 1,
the best-fit normalization is Qrps—ps|n=1) =
18 £+ 1.6 K. The difference between the two
definitions reflects the statistical uncertainty as-
sociated with the large sampling variance of
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O, ms since it is obtained from only five inde-
pendent measurements.

cosmic microwave background, spectral
distortions The cosmic microwave back-
ground is well characterized by a 2.728 +
0.002 K black body spectrum over more than
three decades in frequency. Spectral distor-
tions could have been produced by energy re-
leased by decaying of unstable dark matter par-
ticles or other mechanisms. Free-free processes
(bremsstrahlung and free-free absorption) be-
come ineffective to thermalize the radiation be-
low redshift z 7 >~ 103(25h%)~5/3, where Qp
is the baryon fraction of the total density in units
of the critical density, and % is the dimension-
less Hubble constant. Any processes releasing
energy later than z sy will leave a distinctive im-
print on the spectrum of the cosmic microwave
background. After z rr, Compton scattering be-
tween the radiation and electron gas is the only
process than can redistribute the photon energy
density, but as it conserves photon number, it
does not lead to a Planckian spectrum. The lack
of any distortion on the cosmic microwave back-
ground spectrum sets a very strict upper limit on
the fractional energy released in the early uni-
verse: AE/Eenp < 2 x 10™* for redshifts be-
tween 5 x 10° and recombination. The only
distortion detected up to now is a temperature
deficit in the direction of clusters of galaxies
due to inverse Compton scattering of cosmic mi-
crowave background photons by hot electrons in
the cluster atmosphere. See Sunyaev—Zeldovich
effect.

cosmic microwave background, temperature
fluctuations Variation on the cosmic mi-
crowave background temperature across the sky.
Current observations show that the cosmic mi-
crowave background has a dipole anisotropy at
the 1073 level and smaller scale anisotropies at
the 107> level in agreement with the expecta-
tions of the most widely accepted models of
structure formation. It is customary to express
the cosmic microwave background temperature
anisotropies on the sky in a spherical harmonic
expansion,

AT
—(0.¢) = %}azmmmw,w.
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The dipole (/ = 1) is dominated by the Doppler
shift caused by the Earth’s motion relative to the
nearly isotropic blackbody field (see cosmic mi-
crowave background dipole component). The
lower order multipoles (2 < [ < 30), corre-
sponding to angular scales larger than the hori-
zon at recombination, are dominated by varia-
tions in the gravitational potential across the last
scattering surface (see Sachs—Wolfe effect). On
smaller angular scales, peculiar motions asso-
ciated with the oscillation in the baryon-photon
plasma dominate the contribution, giving rise
to variations in power between I ~ 100 and
[ ~ 1000 known as Doppler peaks. Together,
other physical processes can contribute to in-
crease the intrinsic anisotropies along the pho-
ton trajectory such as integrated Sachs—Wolfe,
Sunyaev—Zeldovich, Vishniac or Rees—Sciama
effects. The pattern of temperature anisotropies
and the location and relative amplitude of the
different Doppler peaks depend on several cos-
mological parameters: Hubble constant, baryon
fraction, dark matter and cosmological constant
contributions to the total energy density, geome-
try of the universe, spectral index of matter den-
sity perturbations at large scales, existence of a
background of gravitational waves, etc. In this
respect, the cosmic microwave background is an
excellent cosmological probe and a useful test of
models of galaxy and structure formation. The
character of the fluctuations is usually described
by the best fitting index n and Q,n,s—ps, the
mean r.m.s. temperature fluctuations expected
in the quadrupole component of the anisotropy
averaged over all cosmic observers.

A cosmological model does not predict the
exact cosmic microwave background tempera-
ture that would be observed in our sky, but rather
predicts a statistical distribution of anisotropy
parameters, such as spherical harmonic ampli-
tudes: C; =< |a1m|2 > where the average is
over all cosmic observers. In the context of these
models, the true cosmic microwave background
temperature observed in our sky is only a single
realization from a statistical distribution. If the
statistical distribution is Gaussian, and the spec-
tral index of matter density perturbation spec-
trum is n = 1, as favored by inflation, then
C; = 6C2/1(l+1). Thefigure displays the mean
temperature offset 87; = (I(I + 1)C;/27)'/?T,
of several experiments carried out to measure
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temperature anisotropies on all angular scales.
The data indicate a plateau at [ ~ 20, suggest-
ing a spectral index close to n = 1 and a rise
from [ = 30 to 200, as it would correspond to
the first Doppler peak if 2 = 1. Error bars in
the vertical direction give 68% confidence un-
certainty. In the horizontal direction indicate
the experiments angular sensitivity. We have
supersoped the predictions of three flat mod-
els: Qcam = 0.95 h = 0.65, Qegm = 0.95,
Qpr = 07and h = 0.7, and Qpgn = 0.95
h = 0.65 to show the agreement between data
and theory. In both cases the baryon fraction
was Qp = 0.05, in units of the critical den-
sity. Qcqm represents the fraction of cold dark
matter, Qpq, of hot dark matter, and Q25 the
contribution of the cosmological constant to the
total energy density.

100

60

T.((+1)C/2m)'" "/ 1K

1 10 100 1000
I

Experimental results as to January 1999. Measure-
ments of anisotropies have been converted into tem-
perature offsets. The predictions of two models are
superposed with: cold dark matter (2cpy = 0.95,
QBh2 = 0.02, h = 0.65) and cold dark matter with
cosmological constant (t, = 14 x 10° yr,Qp = 0.7,
Qcpm = 0.25, Qph? = 0.02).

cosmic nucleosynthesis
osynthesis.

Big Bang nucle-

cosmic phase transition  The idea that phase
transitions would occur in the early universe,
originally borrowed from condensed matter and
statistical physics. Examples of such cosmic
transitions are the quark to hadron (confine-
ment) phase transition, which quantum chro-
modynamics (QCD, the theory of strongly in-
teracting particles) predicts at an energy around
1 GeV, and the electroweak phase transition at
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about 250 GeV. Within grand unified theories,
aiming to describe the physics beyond the stan-
dard model, other phase transitions are predicted
to occur at energies of order 10! GeV.

In cosmic phase transitions, the system is the
expanding, cooling down universe, and the role
of the order parameter is commonly assigned
to the vacuum expectation value <|¢|) of hypo-
thetical scalar Higgs fields (denoted ¢ in what
follows), which characterize the ground state of
the theory. In the transition the expected value
of the field goes from zero (the high tempera-
ture symmetric phase) to a nonvanishing value
(in the low temperature broken symmetry phase,
which does not display all the symmetries of the
Hamiltonian).

The evolution of the order parameter (¢ in our
case) can be a continuous process (for second-
order transitions). It can also proceed by bubble
nucleation or by spinoidal decomposition (first-
order transition), in which case ¢ changes from
zero to its low temperature value abruptly. Typi-
cal effective potentials are shown on the figures.

V(o) v(g)

T=0

Effective potentials used to describe cosmic phase
transitions: (a) for a second-order phase transition
and (b) for a first-order phase transition. In both cases,
the potential has a minimum value for ¢ = O at high
temperatures (i.e., T > T, dotted lines), while its
shape is modified at low temperatures (solid lines).
First-order transitions are characterized by the fact that
there exist two qualitatively distinct types of minima at
low temperature, the symmetric phase (¢ = 0) be-
ing metastable instead of unstable as is the case for a
second-order transition.
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cosmic rays  High energy subatomic parti-
cles. Cosmic-ray primaries are mostly protons
and hydrogen nuclei, but they also contain heav-
ier nuclei. Their energies range from 1 to 2 bil-
lion electron volts to perhaps 10! eV, though
the higher energies are rare. On colliding with
atmospheric particles, they produce many dif-
ferent kinds of lower energy secondary cosmic
radiation. Many cosmic rays are produced in the
sun, but the highest-energy rays are produced
outside the solar system, perhaps in shocks as-
sociated with supernova explosions.

cosmic spring  Cosmic strings formed in the
early universe might have the ability to carry
currents. These currents were at some stage be-
lieved to have the capability to locally remove
the string tension: the energy carried by the cur-
rent indeed tends to balance the string tension,
so that the effective tension could be made to
vanish, or even become negative, hence turning
a string into a spring (i.e., a tensionless string).
Detailed numerical investigations revealed that
the maximum allowed current was, in the case
of spacelike currents, not enough for this mech-
anism to take place. The possibility that time-
like currents could make up springs is still open,
although quite unlikely, since reasonable equa-
tions of state show the phase space where it could
happen to be very small.

Another possibility is that of static electro-
magnetically supported string loops (some au-
thors adopt this as a definition of a spring). Here
itis not the current inertia that balances the string
tension, but the long-range electromagnetic field
generated by the current that would support the
whole configuration. In this particular case, the
string loop would be required to be unnaturally
large, due to the slow (logarithmic) growth of the
electromagnetic support around the string core.
Non-static but still stationary (rotating) config-
urations are now believed to have a much more
important role to play in cosmology. See Carter—
Peter model, current saturation (cosmic string),
magnetic regime (cosmic string), tension (cos-
mic string), vorton.

cosmic string A type of cosmic topologi-
cal defect that arises from symmetry breaking
schemes when the low temperature minimum of
the potential has a phase structure: ¢ = ¢pe'?,
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where the ¢ is an arbitrary real phase, all val-
ues of ¢ having the same (zero) energy. Then,
at large distances from the string, the phase can
continuously increase around the string, forcing
a high energy region along the line describing
the string.

Both local (which have an associated gauge
vector field that compensates much of the string
energy), and global (which have no such gauge
vector) strings may be formed depending on
whether the broken group is a gauge or a rigid
symmetry of the system before the transition, re-
spectively. See Abelian string, cosmic topolog-
ical defect, deficit angle (cosmic string), global
topological defect, homotopy group, local topo-
logical defect.

cosmic texture  Cosmic structures in which
multicomponent fields provide large scale mat-
ter sources. Their dynamics can generate local
energy concentrations which act to seed subse-
quent formation of structure (super cluster of
galaxies, etc.) in the universe. See cosmic topo-
logical defect.

cosmic topological defect Current under-
standing of the physics of the early universe
is based in part on the spontaneous breaking
of fundamental symmetries. These symmetry
breaking processes take place during phase tran-
sitions, and many of these transitions might have
occurred at grand unified energy scales. Atthese
scales spacetime gets “oriented” by the pres-
ence of a hypothetical field called generically the
“Higgs field”, pervading all the space. Different
models for the Higgs field lead to the formation
of a whole variety of topological defects with
very different characteristics and dimensions.

Some of the proposed theories have symme-
try breaking patterns leading to the formation of
“domain walls” (mirror reflection discrete sym-
metry): incredibly thin (thickness comparable
to a Compton wavelength associated with parti-
cle energy ~ 10! GeV) planar surfaces, trap-
ping enormous concentrations of mass-energy,
which separate domains of conflicting field ori-
entations, similar to two-dimensional sheet-like
structures found in ferromagnets.

In other theories, cosmological fields are dis-
tributed in such a way that the old (symmet-
ric) phase gets confined into a finite region
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of space surrounded completely by the new
(non-symmetric) phase. This situation leads to
the generation of defects with linear geometry
called “cosmic strings”. Theoretical reasons re-
quire that these strings (vortex lines) not have
any loose ends in order that the two phases stay
separated. This leaves infinite strings and closed
loops as the only possible alternatives for these
defects to manifest themselves in the early uni-
verse. Point-like defects known as (magnetic)
“monopoles” do arise in other particular sym-
metry breaking schemes. These are extremely
important configurations, since their formation
is predicted in virtually all grand unified theories
whose low energy limit matches the standard
model of particle interactions. See cosmic phase
transition, cosmic string, cosmic texture, do-
main wall, Kibble mechanism, monopole, spon-
taneous symmetry breaking, texture.

cosmochemistry The study of the chemi-
cal make-up of solar system bodies, how the
chemistry of these bodies has evolved (through
radioactive decay, cooling temperatures, etc.),
and the chemical reactions that occur between
different regions of a body (such as surface-
atmosphere interactions). Cosmochemistry de-
scribes which elements will condense from the
solar nebula at various temperatures and pres-
sures, which explains why the inner terrestrial
planets are composed of dense refractory ele-
ments while the outer Jovian planets and their
moons are composed of more volatile gases and
ices. Cosmochemical reactions tend to move
to a state of equilibrium, which explains why
certain molecules are found on planetary sur-
faces and others are found in the planetary at-
mospheres.

cosmogenic nuclides  Nuclides produced by
the interaction of cosmic rays with the atmo-
sphere. For instance, if thermal neutrons are
captured by atmospheric nitrogen N, a pro-
ton is emitted and the cosmogenic nuclide '*C
results. Formally, this reaction can be written
as "“N(n,p)'*C. The spallation of atmospheric
nitrogen or oxygen, due to the capture of fast
protons or neutrons, produces nuclides such as
19B¢ under emission of nucleons or smaller frag-
ments such as 2H or *He. Cosmogenic nuclides
are produced in the lower stratosphere and can
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be transported down to the troposphere. Some
cosmogenic nuclides, such as 10Be, are washed
out by rain, and their traces are stored in the polar
ice sheets; others, such as 4C, are assimilated
by living matter and stored, for instance in trees.
The production rate of cosmogenic nuclides de-
pends on the intensity of the galactic cosmic ra-
diation and thus varies during the solar cycle as
the galactic cosmic radiation is modulated. The
isotopes mentioned above frequently are used
in palaeoclimatology because their records pro-
vide an indirect measure for solar activity. On
longer time-scales, the intensity of the galactic
cosmic radiation in the atmosphere and, there-
fore, of the cosmogenic nuclides is also modu-
lated by the geomagnetic field. Thus, the long-
term trend (some thousand years) in the cosmo-
genic nuclides can be used as a measure for the
strength of the geomagnetic field. See modula-
tion of galactic cosmic rays.

cosmological constant A constant (usu-
ally denoted A) that measures the curvature of
an empty space devoid of gravitational fields.
In the real universe, where gravitational fields
exist throughout the whole space, this cur-
vature would provide a tiny background (ap-
prox. 1050 cm_z) to the total curvature, but
its effects on the evolution of the universe could
be profound. Depending on the sign of A, a
Friedmann-Lemaitre model with positive spa-
tial curvature could go on evolving forever, or
the one with negative spatial curvature could re-
collapse. In the first version of his relativity
theory, Einstein did not use A (i.e., effectively
he assumed that A = 0). Then it turned out
that, contrary to everybody’s expectations, the
theory implied that the universe cannot be static
(i.e., unchanging in time) if it is spatially ho-
mogeneous (see homogeneity). Consequently,
Einstein modified his theory to allow for A > 0,
and in the modified theory a model of a static
universe existed (see Einstein universe). Later,
E.P. Hubble discovered that the real universe
is nonstatic indeed (see expansion of the uni-
verse). When Einstein realized how close he
was to a prediction of this discovery (14 years
in advance), he called the introduction of the
cosmological constant “the biggest blunder of
my life”. Nevertheless, the constant is routinely
taken into account in solving Einstein’s equa-
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tions, and in some modern theories of the early
universe it must be nonzero. (See inflation.) A
positive cosmological constant implies a uni-
versal repulsive force acting on all objects in
the universe. The force is very weak at short
distances, but can outbalance the gravitational
force at large distances, hence the existence of
the static Einstein universe. The Einstein equa-
tions written with the cosmological constant are

1
Ry — EgWR — Agu =81 GTy,

where Ry, is the Ricci tensor, g, is the metric
tensor, R is the curvature scalar, and 7}, is the
stress-energy tensor.

cosmological constant problem  In quantum
field theory, all the fields contribute to the vac-
uum energy density, that is, to the cosmologi-
cal constant and, therefore, the theoretical value
for it is quite big. From dimensional analysis
one expects the density of the cosmological con-
stant in the universe to be of the order of (mass
of heaviest particle)*, and very heavy particles
have been detected, for instance the top-quark
with mass about 175 GeV. At the same time,
the observable value of cosmological constant
is zero, or at least it is very small. The astro-
nomical observations do not give any definite
lower bounds for the cosmological constant, but
instead put the upper bound for this density cor-
responding to a mass of about 10~+’ GeV. Thus,
there is an explicit discrepancy between the the-
oretically based matter field’s contributions to
the induced cosmological constant and obser-
vations. To eliminate this discrepancy one has
to introduce the vacuum cosmological constant,
which must cancel the induced one with tremen-
dous precision. The exactness of this cancella-
tion is the cosmological constant problem.
Suggestions for the solution of the cosmolog-
ical constant problem typically reduce the fine-
tuning of the vacuum cosmological constant to
the fine-tuning of some other quantities like the
potential for a cosmic scalar field. Other sug-
gestions are based on supersymmetry, which can
prevent the contributions of matter fields to the
induced cosmological constant via the cancel-
lation of the contributions between bosons and
fermions. However, supersymmetry, if it exists
in nature, is believed to be broken at the energies
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of the order M g, the Fermi scale, ~ (250)4 GeV.
Thus, there is no acceptable and reliable solution
of the cosmological constant problem at the mo-
ment. A solution has been postulated in terms
of an anthropic many-world hypothesis. Ac-
cording to this hypothesis our universe is just a
single one among many others, and we live in it
because the small cosmological constant lets us
do so. Most of the other universes are strongly
compactified because of the large cosmological
constant.

One can also mention that some cosmologi-
cal and astrophysical theories require small but
non-zero cosmological constant. The density
of the cosmological constant may, in such the-
ories, serve as a dark matter and, in particular,
provide a desirable age of the universe. Recent
observations of Ia supernovae in distant galaxies
suggest the existence of dark matter in the form
of a very small, repulsive cosmological constant.
This small cosmological constant has apparently
little to do with the cosmological constant prob-
lem because its possible existence can reduce the
necessary exactness of the cancellation between
the induced and vacuum cosmological constants
by at most one order of magnitude. See cosmo-
logical constant, induced gravity, spontaneous
symmetry breaking.

cosmological model A solution of Einstein’s
equations (see also metric) that can be used to
describe the geometry and large-scale evolution
of matter in the universe. The term is some-
times misused (for various reasons) to denote
such models of spacetime that do not apply to
the real universe. See Bianchi classification, ho-
mogeneity, inhomogeneous models, perturba-
tive solution.

cosmological principle  An assumption that
says that every observer in the universe would
see the same large-scale distribution of matter
around him (see homogeneity), and that for a
fixed observer, the large-scale distribution of
matter would be the same along every direc-
tion (see isotropy). Philosophically, the cos-
mological principle is the extreme opposite of
the pre-Copernican view that the Earth was the
center of the universe; according to the cosmo-
logical principle all positions in the universe are
equivalent. The cosmological principle clearly
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does not apply at small (e.g., galactic) scales,
and several explicit general relativistic models
of the universe exist in which the cosmological
principle does not apply (see inhomogeneous
models, microwave background radiation). A
strengthened version of the cosmological prin-
ciple called a “perfect cosmological principle”
gave rise to the steady-state models.

cosmology  The science that investigates the
whole universe as a single physical system. It
combines mathematics (heavily used to find cos-
mological models from Einstein’s equations or
other theories of gravity), physics (that guides
the theoretical research on observable effects in
cosmological models), and astronomy (that pro-
vides observational support or negation of vari-
ous theoretical results).

The universe is usually assumed to be a con-
tinuous medium (usually a perfect fluid or dust)
to which the laws of hydrodynamics and ther-
modynamics known from laboratory apply. In
the very early universe, seconds after the Big
Bang, the continuous medium is a mixture of
elementary particles, and then a plasma. The
medium resides in a spacetime, whose metric is
that of a cosmological model. This spacetime
is an arena in which geodesics (i.e., trajectories
of bodies moving under the influence of gravi-
tational fields) can be investigated. Among the
geodesics are light-rays that lie on light-cones;
they are trajectories along which astronomers re-
ceive their observational data from distant galax-
ies and quasars. In particular, the microwave
background radiation consists of photons that
travel along light-like geodesics; it brings infor-
mation from an era shortly after the Big Bang.
These notions provide the foundation on which
theoretical cosmology is built. Observational
cosmology deals mainly with the spectrum and
temperature of the microwave background radi-
ation, in particular the dependence of its tem-
perature on the direction of observation, with
the formation of the light elements in the early
universe, with spatial distribution of matter in
the large scale, with properties and evolution
of galaxies and quasars, also with gravitational
lenses. Cosmology seeks to explain, among
other things, the creation and evolution of the
large-scale matter distribution in the universe,
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formation of galaxies, and the sequence of phys-
ical processes following the Big Bang.

coude focus  An optical system that directs
the beam of light by bending the path at an “el-
bow”; (“coude” = “elbow”) from the primary
mirror of a reflecting telescope down the hollow
polar axis of the instrument to a remote fixed
focal position.

coulomb  Standard international unit of elec-
tric charge, equal to the charge that passes
through any cross-section of a conductorin 1 sec
during a constant current flow of 1 A. See am-
pere.

Coulomb collisions In a plasma, collisions
are mediated through long-range electrostatic
(Coulomb) forces between electrons and pro-
tons. The dynamics of a particle in the plasma
are governed by the electrostatic interactions
with all other particles in the plasma. The
Coulomb interaction serves to slow down the
incident particle, which releases energy in the
form of a photon of a given wavelength (e.g.,
via bremsstrahlung). X-ray production is domi-
nated by close encounters of electrons with pro-
tons, while long range Coulomb collisions are
primarily responsible for radio bremsstrahlung.

Coulter counter®  One of a class of instru-
ments that measures particle size distribution
from the change in electrical conductivity as par-
ticles flow through a small orifice; originally de-
veloped by Coulter Electronics.

Courant number A dimensionless number
used to assess the numerical stability of a nu-
merical solution scheme. Commonly used in
the study of computational fluid mechanics.

covariant derivative A differential opera-
tor defined on the tensors of an arbitrary rank;
the map V from tensor fields of type (j, k) to
tensor fields of type (j, k + 1) on a manifold;
i.e., it produces a tensor of one higher covari-
ant rank and the same contravariant rank. The
covariant derivative satisfies the properties of
derivative operators: (i) linearity, (ii) Leibnitz
rule for derivatives of products, and (iii) com-
muting with the operation of contraction. In
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the theory of general relativity, the covariant
derivative is required to be (iv) torsion-free,
(i.e., when acting on a differentiable function f
(a type-(0,0) tensor), the commutation property
holds: V[, Vpf = 0) and (v) metric preserv-
ing, Vg = 0. Then a covariant derivative acting
on a scalar is identical to partial derivative of the
same scalar. For vectors or tensors of a higher
rank, the covariant derivative is always a sum
of the partial derivative and some linear combi-
nation of the initial tensor (or vector) with the
coefficients of affine connection. In the general
case the commutator of two covariant deriva-
tives is given by the curvature tensor. See affine
connection, curvature tensor.

covariant vector  See one-form.

Cox number  For a given background scalar
gradient, the Cox number is a measure of the
amount of turbulent activity in a stratified water
column. For an arbitrary scalar 6, itis defined as
the ratio of mean square gradient to the square
of the mean gradient, i.e.,

where V denotes the gradient operator. In prac-
tical oceanic or atmospheric applications, tem-
perature is most easily measured, and so for a
one-dimensional vertical profile of temperature,
the one-dimensional Cox number is given by

. (9T"/92)*
L= 0T /02)2

where 7 is the fluctuating temperature and T is
the mean temperature. Under isotropic condi-
tions, this one-dimensional estimate is equal to
one-third of the total value of the Cox number.
The physical interpretation of the Cox num-
ber is that turbulent eddies tend to homogenize
a background temperature gradient by moving
fluid parcels against the ambient stratification.
This displacement of fluid parcels leads to a cer-
tain amount of variance in the observed vertical
gradient of the temperature fluctuations.

CP problem In quantum field theoreti-
cal descriptions of matter, the observation that
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strong (nuclear) interactions conserve the sym-
metries of parity and CP (simultaneous reversal
of charge and parity) in spite of the fact that weak
nuclear interactions violate those symmetries.
Thus far unobserved particles called axions are
postulated to accommodate the descrepancy.

Crab Nebula Nebula of visual brightness
8.4 (mag), apparent dimension 6 x 4 (arc min),
right ascension 05"34.5™ dec +22°01/, and a
distance of 2 kpc. The supernova remnant re-
sulting from the Type II supernova seen by Chi-
nese, Japanese, Korean, Native American, and
Arab astronomers in the year 1054. It was one
of the first sources of radio waves and X-rays
outside the solar system to be identified. It has
a pulsar at the center and is expanding about
2000 km/sec.

Crab Pulsar  Pulsar (neutron star) remnant of
a supernova explosion which was witnessed in
1054 AD by Chinese and Japanese astronomers
and apparently Native American observers at
right ascension 05"34.5™, dec +22°01’, and
a distance of 2 kpc. The pulsar has a repe-
tition period of 33ms, which is increasing at
4.2 x 10713 sec/sec. The Crab Pulsar radi-
ates two pulses per revolution: this double pulse
profile is similar at all radio frequencies from
30 MHz upwards, and in the optical, X-ray and
gamma ray parts of the spectrum. M1 in the
Messier classification.

CRAND (Cosmic Ray Albedo Neutron De-
cay) Source of radiation belt particles. Cos-
mic rays interacting with the Earth’s atmosphere
create neutrons, as well as other particles and
cosmogenic nuclides. Because neutrons are
neutrals, their motion is not influenced by the
geomagnetic field. If a neutron decays in the
radiation belt regions, a proton and an electron
are added to the radiation belt population.

crater A generic term used to describe any
approximately circular depression. The term
was first used in a geologic context by Galileo
to describe the circular depressions he saw on
the moon through his telescope. Craters can
be produced by several processes, including im-
pact, volcanism, and subsidence. Impact craters
are produced when debris from space collides
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with a surface. Small impact craters, called sim-
ple craters, are usually bowl-shaped in appear-
ance with little subsequent modification. Larger
craters, called complex craters, show a range
of features, including shallow depths, central
peaks or central pits, and wall terracing. Ex-
tremely large (generally 500 km in diameter)
impact craters are called basins. Craters on the
planets are generally attributed to the impacts
of planetary bodies, meteorites, and asteroids.
Craters are a primary surface feature on Mars,
Venus, Mercury, and the moon. Erosion has de-
stroyed evidence of older craters on the Earth,
but a significant number of younger craters have
been recognized. Volcanic craters, now pref-
erentially called calderas, are produced by the
withdrawal of magma from a volcanic region.
Removal of any underlying support, such as by
removal of groundwater or the dissolution of
rocks such as limestone, can create craters by
subsidence. Volcanic and subsidence craters are
not usually as circular as impact craters.

crater depth-diameter plots  Graphical rep-
resentation of a crater’s depth and width. Com-
parison of the plots from different planetary
bodies shows that gravity is the factor control-
ling crater depth. They illustrate that there is
an inverse relation between the depth of com-
plex craters and the acceleration due to gravity;
that shallower craters form for a given diame-
ter when the gravity field of a planet’s surface
is higher; and that there is a smaller transition
diameter from simple to complex craters in a
higher gravity field.

cratering rates  The number of impacts per
time unit on a planetary surface in the course
of its geological history. Cratering rates are
required to determine the absolute ages of plan-
etary bodies using crater counting studies. A
fairly accurate picture of the cratering rate on
the moon has been compiled from radiometric
dating of returned samples, but not for the other
planetary bodies, at this time. In the latter cases,
attempts have been made to determine it theo-
retically, first by analyzing the distribution of
objects within the solar system and predicting
how the cratering rates at the planetary body in
question may be related to those on the moon,
and second by comparing the crater statistics for
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the planetary body with those of the moon and
making assumptions about how the two are re-
lated. Both approaches cause large uncertainties
that will be best reduced through sample return
missions.

cratering record The retention of impact
craters by a planetary surface provides a record
of how the frequency and size of impact craters
have changed over time. The number of craters
on a surface is related to the age of the surface;
hence, older surfaces have greater crater fre-
quencies than younger surfaces. Analysis of the
number of craters in the ancient highlands of the
moon indicate that the cratering rate was much
higher early in solar system history. This pe-
riod of higher cratering rates is called the period
of heavy bombardment. The material responsi-
ble for cratering during the heavy bombardment
period was leftover material from the formation
of the planets. The formation of large impact
basins was common during this time since the
frequency of larger debris was greater. Analy-
sis of the lunar cratering record indicates that
the heavy bombardment period ceased about
3.8 x 10 years ago in the Earth-moon system.
The cratering rate since that time has been much
lower and is due to the impacts of asteroids and
comets. Study of the cratering record can pro-
vide important information on the sources of the
impacting material as well as the geologic evo-
lution of the different solid-surface bodies in the
solar system.

crater number: index of age  Older surfaces
accumulate more impact craters than young
ones. On planetary surfaces where erosion rates
are low (such as the moon and Mars), crater den-
sities depend on the age of the surface and the
cratering rate only, such that relative ages and
chronological relations can be defined fairly re-
liably. Determining absolute ages is more dif-
ficult in the absence of age-dated samples, etc.
Absolute age determination has been attempted
using impact-rate models (all assume that the
impact rate has remained unchanged over the
last 3 billion years) along with size-distribution
curves. See cumulative size-frequency curves.

crater production function The size fre-
quency of craters expected if there was no crater
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erosion or destruction. Itis determined by either
examining the size distribution of interplanetary
debris and calculating what size distribution of
craters would result, or by analyzing areas of a
planet that are sparsely cratered such that there
is no crater overlap, there are distinguishable
secondary craters, and there is little to no crater
degradation.

crater saturation When equilibrium is
reached between the number of new craters that
form on a planetary surface and the number of
old craters that are destroyed. In this case, de-
struction of old craters is by the formation of
new craters only. In other words, for a specific
crater size range, a time will be reached when no
more craters of that size range can be accommo-
dated on the fresh surface without obliterating
pre-existing craters. At this point the number of
craters at that specific size range will no longer
increase with time. A saturated surface has pro-
portionately fewer small craters than a produc-
tion surface because small craters are preferen-
tially destroyed.

craton  Very old stable part of the continental
crust; a major structural unit of the Earth’s crust
that is no longer affected by orogenic activity.
Cratons are generally of igneous or metamor-
phic origin sometimes covered with a thin layer
of sedimenary rocks or shallow water. They
are comparatively rigid and stable areas of the
Earth’s crust, with relatively subdued seismic
activity in their interior. Cratons are composed
of shields and any adjacent platforms. Shields
are the oldest regions, usually marked by ex-
posed crystalline rocks. Platforms are thinly-
mantled bordering areas.

creep  Continental drift and mantle convec-
tion require that the solid Earth’s mantle behaves
like a fluid on geological time scales. This be-
havior is known as creep. The fact that a crys-
talline solid can behave as a fluid is easily doc-
umented by the creeping flow of glaciers.

Cressida  Moon of Uranus also designated
UIX. Discovered by Voyager 2 in 1986, it is
a small, irregular body, approximately 33 km
in radius. Its orbit has an eccentricity of 0, an
inclination of 0°, a precession of 257° yr’] ,and
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a semimajor axis of 6.18 x 10* km. Its surface is
very dark, with a geometric albedo of less than
0.1. Its mass has not been measured. It orbits
Uranus once every 0.464 Earth days.

critical current (cosmic string)  See current
saturation (cosmic string).

critical density The cosmological density
which is just sufficient to eventually halt the uni-
versal expansion, through its gravitation attrac-
tion:

3H)

8n G

where Hy is the current Hubble parameter and
G is the Newtonian gravitational constant.

Pcritical =

critical depth  In hydraulics, depth of flow
in an open channel, such as a river or canal,
corresponding to a Froude number, V//gD, of
unity, where V is the flow speed, g is the accel-
eration of gravity, and D is the hydraulic depth.
In oceanography, the depth in seawater below
which respiratory carbon loss by phytoplankton
exceeds photosynthetic carbon gain; no net phy-
toplankton production occurs.

critical flow  Flow in an open channel at crit-
ical depth.

critical frequency  If an ionospheric layer
posseses a distinct maximum in ionization, a
radio frequency capable of just penetrating to
this height is called the critical frequency of
the layer. It is the greatest frequency that can
be reflected vertically from the layer. Strictly
speaking, this frequency is not reflected by the
layer but is infinitely retarded and absorbed;
the radio wave slows down (retardation) as it
approaches the critical frequency and absorp-
tion is increasingly effective as the pathlength
changes (hence, deviative absorption). It is also
identified as the frequency to which the vir-
tual height vs. frequency curve becomes asymp-
totic. The ordinary ray critical frequency for a
givenionospheric layer is denoted by the symbol
“fo” plus the name of the layer (e.g., foE, foF1,
foF2). Similarly the extraordinary ray critical
frequency is denoted by fx. While these param-
eters refer to the layer electron density, normally
they are recorded in units of megahertz since
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they are recorded from ionograms with a fre-
quency, rather than electron density, scale. See
ionogram, plasma frequency.

critical level A level at which the mean flow
speed is equal to the wave speed.

critical phenomena in gravitational collapse
Discrete scaled-similar, or continuous scaled-
similar behavior in the gravitational collapse of
physical fields, near the threshold of black hole
formation. Discovered by Choptuik in 1993.

critical point  In an expanding flow, the loca-
tion of a transition from subsonic to supersonic
flow. The concept of the critical point plays a
central role in theories of the expansion of the so-
lar wind. The term is frequently generalized to
refer to a point of transition through the Alfvén
speed or the fast or slow magnetoacoustic wave
speed.

critical temperature In thermodynamics,
the upper limiting temperature at which a gas can
be forced to condense (to a liquid or a solid) by
compression at constant temperature. For wa-
ter, the critical temperature is 374°C. The cor-
responding pressure is 221 bar. In superconduc-
tors, it is the temperature above which the super-
conducting behavior disappears. In a permanent
magnet, it is the temperature above which the
magnetism disappears. Also called Curie point.
In symmetry breaking particle theories relevant
to early universe cosmology, the critical temper-
ature T for a particular model separates temper-
ature zones in which the effective potential has
very different qualitative features. For temper-
atures above T, simple potentials will have the
form of a generalized paraboloid, with its min-
imum attained for a vanishing field. However,
at temperatures below T, a degenerate space of
minima develops (e.g., as in the “Mexican-hat”
potential) and the field, in trying to minimize its
potential energy, will select one of these min-
ima, hence breaking the symmetry previously
possessed by the system. See cosmic phase tran-
sition, Kibble mechanism, spontaneous symme-
try breaking.
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critical velocity = The velocity of the flow in an
open channel corresponding to a Froude number
of unity. See critical depth.

cross helicity ~ One of the quadratic invariants
occurring in the theory of hydromagnetic turbu-
lence. The cross helicity within a volume V is
defined as

He = f V-Bd’x ,

where V is the velocity, B is the magnetic field,
and the integral is taken over V. In an in-
compressible dissipation-free fluid, for suitable
boundary conditions, Hc is conserved. In fully
developed three-dimensional dissipative hydro-
magnetic turbulence, the cross helicity, as well
as the energy, cascades from large eddies down
to smaller eddies where dissipation can occur.
See helicity, hydromagnetic turbulence, mag-
netic helicity.

cross-section  Any of several quantities with
units of area, which describe the interaction of
an object with an incident flux of particles or of
radiation.

cross-shore Perpendicular to the general
trend of a coastline. A beach profile represents
a slice through a beach in the cross-shore direc-
tion.

cross slip  Refers to the manner of disloca-
tion motion. With Burgers vector parallel to the
dislocation line, screw dislocations are not tied
to specific slip planes, and they can move from
one plane to another intersecting plane which
contains the same Burgers vector. This is called
cross slip. Cross slip is an important mecha-
nism of deformation at high temperature, and it
is involved in the way recovery takes places.

cross waves  Waves in an open channel which
propagate across the channel, normal or nearly
normal to the direction of flow.

crust The outermost layer of a differentiated
solid-surfaced body; on Earth, the outer layer of
the solid earth, above the Mohorovicic discon-
tinuity. Its thickness on Earth averages about
35 km on the continents and about 7 km be-
low the ocean floor. The crust is composed
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of the low-density, low-melting-point materials
which floated to the top during differentiation
of the body. The crusts of the terrestrial planets
are composed primarily of silicate-rich rocks,
such as granite (Earth’s continental crust), basalt
(Earth’s oceanic crust; and volcanic plains on the
moon, Mars, and Venus), and anorthosite (lunar
highlands).

crustal deformation  Crustal movement.
crustal movement In geophysics, crustal
movement refers to present-day crustal displace-
ments and deformation identified by geode-
tic measurement. Changes in components
such as vertical movement, horizontal move-
ment, tilt, extension, and contraction can be ob-
tained from repeated measurement and contin-
uous observations of leveling and trilateration
surveys, electro-optical distance measurement,
GPS (Global Positioning System), VLBI (Very
Long Baseline Interferometry), SLR (Satel-
lite Laser Ranging), SAR (Synthetic Aper-
ture Radar), tiltmeter, extensometer, volume-
strainmeter, and tide gage. Periodic changes due
to the Earth’s tide and seasonal factors, deforma-
tion accompanied by plate motion, and deforma-
tion associated with large earthquakes and vol-
canic eruptions are considered causes of crustal
movement.

crystal A solid formed by the systematic
arrangement or packing of atoms, ions, or
molecules. The repetitive nature of this packing
may cause smooth surfaces called crystal faces
to develop on the crystal during the course of
its unobstructed growth. A crystal is called an-
hedral, subhedral, or euhedral if it, respectively,
lacks such faces, is only partly bounded by them,
or is completely bounded.

crystallization age  The crystallization age
of a rock tells when it solidified from its parent
magma. It is usually obtained from the radioac-
tive decay of elements within the rock’s miner-
als. The concentrations of the parent and daugh-
ter elements are obtained from several miner-
als within the rock and plotted on an isochron
diagram. The slope of the line, together with
knowledge of the half-life of the radioisotope,
allow the crystallization age to be determined.

© 2001 by CRC Press LLC

CTD A standard oceanographic or limnic in-
strument (profiler) to cast profiles of conductiv-
ity (C) and temperature (T) as a function of depth
(D). Most instruments carry additional sensors
such as O, transmissivity, pH, etc.

CTRS  “Conventional Terrestrial Reference
System,” a geographic reference frame, fixed
in the mean crust of the Earth, and de-
fined by international agreement under super-
vision of the IUGG (The International Union
of Geodesy and Geophysics). The defini-
tion is based on agreed coordinates and ve-
locities (due to continental drift) of numer-
ous observing stations and accepted meth-
ods for interpolating between them.  See
http://hpiers.obspm.fr/webiers/general/syfra-
mes/convent/UGGI91.html

cumulative size-frequency curves  Distribu-
tion curves in which the logarithm of the cumu-
lative number of impact craters (above a certain
diameter) is plotted against the logarithm of the
diameter. It shows the number of craters on a
planetary surface generally increases with de-
creasing crater size. Size-frequency slopes may
be affected if secondary craters have been in-
cluded in the counts; by slopes on the planetary
surface (surface craters are preserved more read-
ily on level terrain); and if crater saturation has
been reached.

Incremental plots are also used, for which the
number of craters within a specific size incre-
ment is plotted against the diameter. See crater
saturation.

cumulus A sharply outlined cloud with ver-
tical development. The summit of the cloud,
in general dome-shaped, shows rounded bulges,
and its base is usually horizontal. The mean
lower level of the cumulus is 600 to 2000 m.
Cumulus clouds consist of water droplets and
are the product of water vapor condensation in
convective activity. Labeled with four subtypes,
based on the shape of the cloud: (1) cumulus
fractus — Cu fra; (2) cumulus humilis — Cu
hum; (3) cumulus congestus — Cu con; (4) an
intermediate type between Cu hum and Cu con
— Cu med.
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Curie (Ci)

Curie (Ci)  The special unit of radioactivity
equal to 2.2 x 10'? disintegrations per minute.

Curie point  The temperature above which
magnetization is eliminated in a material that is
ferromagnetic at low temperatures.

Curie point survey A method to estimate
depth distribution of temperature at which spon-
taneous magnetism of ferromagnet is lost (Curie
point, about 840 K) from measurement of the ge-
omagnetic field by magnetic exploration in the
air. Assuming that the average geothermal gra-
dient is 30 K/km, the depth of Curie point in the
crust is about 20 km. Curie point surveys are
used for geothermal prospecting.

curl  An antisymmetric derivative of a vector,
defined as a (pseudo)vector: (curlV), = Vy ,—
V.,y» where V is a vector, and the notation
means partial derivative with respect to y. This
expression gives the x —component of the curl,
and the other components are given by cyclic
permutation of the component indices.

current carrier (cosmic string) A parti-
cle physics model for a topological defect in
general, and that of a cosmic string in particu-
lar, may contain various couplings between the
Higgs field and other particle fields. Whenever
these particles are charged and have the pos-
sibility to move along the defect, they will in-
duce a current, and are, therefore, called current
carriers. See cosmic topological defect, Witten
conducting string.

current, curvature In a guiding center
plasma, the part of the electric current due to
the curvature drift.

current generation (cosmic string) A cos-
mic string is a topological defect of the vacuum
where a Higgs field is responsible for the ex-
istence of a large energy density confined in a
linelike configuration. In grand unified models,
this Higgs field is often coupled to many other
fields whose dynamics will be different depend-
ing on whether the background space is the core
of the string or the outside space. In particular,
they might condense, i.e., acquire a net nonzero
value inside the core.
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For complex fields, the core condensate will
have a well-defined phase. At the time of con-
densation, this phase will take random values
along the string; any mismatch between those
values will generate a gradient: itis precisely the
gradient in the phase of one of these (charged)
fields that powers the currents. See conduct-
ing string, current carrier (cosmic string), Witten
conducting string.

current, gradient In a guiding center
plasma, the part of the electric current due to
the gradient drift.

current instability (cosmic string)  In many
grand unified models, cosmic strings have the
ability to carry persistent currents. These cur-
rents could have drastic effects on the evolution
of a network of strings as they could, for in-
stance, imply the existence of vortons. How-
ever, not all such currents are completely sta-
ble for at least two reasons: other phase transi-
tions subsequent to that leading to the formation
of strings and currents, and classical and quan-
tum perturbations could in fact destabilize the
currents, leaving just an ordinary, nonconduct-
ing string. See conducting string, cosmic string,
current carrier (cosmic string), vorton.

current, magnetization In a guiding center
plasma, the part of the electric current due to
V x M, with M being the magnetization term.
Intuitively, this is the current associated with
variations in density across the plasma, e.g., the
current at the edge of a finite body of plasma.

current, polarization In a guiding center
plasma, the current associated with the change
of the electric field, dE/dt. If the electric field
E changes, the energy associated with the elec-
tric drift E x B/ B? changes, and the polarization
current transmits that energy.

current quenching See current saturation
(cosmic string).

current saturation (cosmic string) The
mechanism of current saturation (or quenching)
in cosmic strings takes place when the magni-
tude of the current flowing along the core be-
comes comparable (in appropriate units) with
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the mass measured outside the string of the par-
ticle which is the current carrier. Then the fields
acquire a nonvanishing probability to jump off
the string and into a free particle state. There ex-
ists then a maximum current, which in the case
of fermionic carriers of mass and charge gm is
given by Jyax = gm /2w, beyond which the cur-
rent will fall drastically, showing saturation. See
Carter—Peter model, phase frequency threshold,
Witten conducting string.

current screening (cosmic string)  Conduct-
ing cosmic strings moving at a supersonic veloc-
ity v in a plasma of density p induce a magnetic
shock since the charged particles in the plasma
cannot penetrate in regions too close to the string
core. The distance r; from the string core to the
shock is given by

_J
N

with ¢ the velocity of light and J the current
flowing along the string. Atdistances larger than
rs, the plasma therefore does not see the current
on the string, so that it is said to be screened.
See conducting string.

current sheet A non-propagating boundary
between two plasmas with the magnetic field
tangential to the boundary, i.e., a tangential dis-
continuity without any flow. Current sheets are
thought to exist in the solar corona with thick-
nesses much smaller than typical coronal length
scales. Current sheets are required to separate
magnetic fields of opposite polarity. Examples
are the heliospheric current sheet separating the
two hemispheres of opposing polarity in the in-
terplanetary magnetic field, the tail current sepa-
rating the northern and southern part of the mag-
netosphere’s tail, or the tips of helmet streamers.
The large current densities inherent to current
sheets may have an important role in heating the
corona, producing solar flares and prominence
formation. Current sheets are topological re-
gions which are most suitable for reconnection
to occur. See reconnection.

curvature A geometrical tensor describing
how much a given space differs from the flat
space of the same number of dimensions. Calcu-
lationally the components of the curvature ten-
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sor (the Riemann tensor) involve the connection
coefficients and their first derivatives, and the
structure coefficients describing the behavior of
the basis used (simple example: spherical coor-
dinates, where the structure coefficients vanish
vs. unit vectors parallel to the spherical coordi-
nate lines, structure constants nonzero). In Ein-
stein’s theory of gravity (general relativity), the
curvature is an expression of the gravitational
field. Flat space (zero curvature) is described
by special relativity. The components of the
curvature can be measured by repeated exper-
iments involving the acceleration of separation
of geodesics moving in various planes. That this
involves relative acceleration shows that the ef-
fects of the curvature-tensor are a second-order
derivation from flatness. See connection, struc-
ture coefficients.

curvature invariant  Invariant functions of
the curvature tensor. There exist two types:

1. Polynomial invariants. In general rela-
tivity, the Ricci scalar R is pointwise de-
termined by the matter distribution. Two
quadratic and two cubic invariants exist.
An example of these is the Kretschmann
scalar I = Rypog R4

2. Ratios of various tensor functions of the
curvature tensor of like type.

See Riemann tensor.

curvature tensor  See Riemann tensor.
curve A 1 — 1 mapping from the real num-
bers to a space; for instance, the mapping from
the real numbers Z to the four-space given
in Minkowski coordinates: {Z} {(Zz —
X(Z),a = 0,1,2,3,}. It is expedient
to consider continuous and differentiable map-
pings (hence curves) of this type.

curved space-time A general term for the
pseudo-Riemannian manifold with a non-zero
curvature metric. This is a concept that proves
very useful for the construction of quantum field
theory in curved space-time and especially in the
models of induced gravity. Any theory of grav-
ity should have two basic components: equa-
tions for the matter fields and particles and equa-
tions for the gravity itself. In quantum (and



curve of growth

classical) field theory, it is sometimes useful to
formulate the fields and their interactions on the
background of an arbitrary metric which is not a
priori a solution of the concrete field equations.
First, one can achieve many results working on
general curved space-time without specifying
the equations for the metric itself. These re-
sults include, in particular, the covariant formu-
lation of matter fields and their renormalization,
calculation of the leading terms in the quantum
corrections to the (undefined) classical action of
gravity, and some applications of these. Sec-
ond, the originally unspecified geometry of the
space-time may be defined by the quantum ef-
fects of matter fields (or string). In this case, the
action of gravity does not have a classical part,
and gravitational interaction is induced by quan-
tum effects of other fields. See general relativity
(which defines a curved spacetime as a solution
to Einstein’s equations). See induced gravity,
nonminimal coupling, quantum field theory in
curved spacetime, quantum gravity.

curve of growth A curve giving the optical
density of a spectral line as a function of the
atomic column density. Thus, densities can be
estimated from the strength of emission or ab-
sorption lines.

curvilinear coordinates A coordinate sys-
tem in which the coordinate lines are not
straight, and in which the metric tensor express-
ing Pythagorean theorem

ds* = 8ij (xk)dxidxj

has significantly nonconstant metric tensor com-
ponents g;; (x5).

curvilinear coordinates [in a plane] A coor-
dinate system is a relationship that is established
between the points of the plane and pairs of or-
dered numbers called coordinates. Curvilinear
coordinates are a coordinate system that is not
Cartesian (see Cartesian coordinates). While
Cartesian coordinates may be visualized as the
determination of points in a plane by the inter-
section of two straight lines perpendicular to
each other (each line corresponding to one of
the pair of numbers or coordinates), curvilinear
coordinates may be visualized as the determina-
tion of points by the intersection of two curves
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in general (each curve corresponding to one of
the coordinates). The two curves are not neces-
sarily perpendicular to each other. In curvilinear
coordinates, the relationship between points in
a plane and pairs of numbers is not necessar-
ily nonsingular at all points. A frequently used
curvilinear coordinate is the polar coordinates
(r,0) defined by the expressions: x = r cos(6)
and y = rsin(0). Polar coordinates can be vi-
sualized as the determination of points by the
intersection of circles of radius r with rays start-
ing at the origin of the coordinate system and
extending outward at an angle 6 with respect to
the x-axis. They are, however singular atr = 0,
and in principle, a different coordinate system
has to be used at this point.

curvilinear coordinates [in space] A co-
ordinate system is a relationship that is estab-
lished between the points in space and trios of
ordered numbers called coordinates. Curvilin-
ear coordinates are a coordinate system that is
not Cartesian (see Cartesian coordinates), while
Cartesian coordinates may be visualized as the
determination of points in space by the intersec-
tion of three planes perpendicular to each other
(each plane corresponding to one of the trio of
numbers or coordinates). Curvilinear coordi-
nates may be visualized as the determination of
points by the intersection of three surfaces in
general (each surface would correspond to one
of the coordinates). Although the relation be-
tween curvilinear and rectangular coordinates
is required to be nonsingular, in typical cases
there are isolated points (e.g., at ¥ = 0) where
the relation is singular. In this case, in principle,
a different coordinatization should be used.

cusp (cosmic string)  Small localized regions
on cosmic strings which attain velocities close to
that of light. These regions are highly energetic
with enormous string curvature that may favor
the emission of Higgs constituent particles (i.e.,
the scalar field making up the string) away from
the string core as well as gravitational radiation.
See cosmic string.

cusp, polar  One of two points or regions in
the magnetosphere where, in the noon-midnight
meridional surface, field lines swept back into
the tail part company with the ones closing near



cyclone

Generic shape of a string segment at the location of a
cusp.

the sunward boundary. In simple idealized mod-
els, the cusps contain neutral points, located on
the magnetopause. The models predict that at
those points field lines intersect, and the field
intensity drops to zero. In the actual magne-
tosphere, the cusps are observed as regions of
weak varying field.

The term polar cusp is also applied to the
funnel-shaped regions extending from the above
weak-field regions near the magnetopause to
their footprints on the ionosphere (those regions
are also sometimes referred to as the cusps). The
polar cleft is the name applied to the same re-
gion by researchers who propose its shape to be
slit-like rather than funnel-like.

cutoff energy Of cosmic ray protons at a
given point P on Earth, the energy below which
such protons can no longer reach P. For heavier
particles, the cutoff energy can be derived from
that of protons.

Proton orbits arriving at P can be trapped in
the Earth’s magnetic field (as those of radiation
belt protons are), or they can extend beyond the
Earth’s magnetic field. All low energy proton
orbits at P are trapped, while at sufficiently high
energy, none are. The cutoff energy at P may be
viewed as the energy below which all orbits at
P are trapped.

Actually at any point P, the transition be-
tween trapped and non-trapped orbits is some-
what irregular and depends on direction. At
high energy E, protons can arrive from any di-
rection. At lower energies, some orbits arriv-
ing from the east are trapped and, therefore,
empty of cosmic ray protons. As E decreases,
the trapped/free boundary (its structure is com-
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plex) expands across zenith until it reaches the
western horizon, at the value of E below which
all access is cut off.

cut-off rigidity = Cosmic rays below the cut-
off rigidity cannot penetrate down to the Earth’s
surface but are reflected back towards space (see
Stormer orbits). Since this shielding is due to the
geomagnetic field, the cut-off rigidity depends
on the geomagnetic latitude and the altitude of
the observer: for normally incident protons the
cut-off rigidity at the geomagnetic equator is
about 15 GeV, that is all particles below 15 GeV
are unable to reach the Earth, while the cut-off
rigidity is only about 1.4 GeV at 58° geomag-
netic latitude at sea level. In general, the cut-off
rigidity Peycofr 1s related to the geomagnetic lat-
itude @ . by

Peuoff = 149 GeVeos* .. (1)

Thus, the magnetosphere acts as a giant mass
spectrometer.

Historically, the term cut-off rigidity refers
to the rigidity at which the lower part of the
spectrum of galactic cosmic rays is cut off. The
cut-off rigidity is also used to characterize the
energy threshold of a neutron monitor.

cyclic coordinate  In classical mechanics, a
coordinate that does not explicitly appear in the
Lagrangian (or in the Hamiltonian) for a sys-
tem, though its velocity may be present. Via
Lagrange equations, if p, = 9L /9g“ (where the
coordinate ¢ does not appear in the Lagrangian
though ¢“ does), then

d oL
—pa=-—=0

dt aq?
Hence, momenta conjugate to cyclic coordi-
nates are constants and provide first integrals
for the system. See first integral.

cyclone In meteorology, a 3-dimensional de-
pression vortex system with closed cells and low
central pressure. Its horizontal scale is from
200 to 3000 km. A cyclone has a character-
istic pattern of wind circulation (counterclock-
wise in the northern hemisphere, clockwise in
the southern). Mid-latitude cyclones are associ-
ated with the convergence of polar and tropical



cyclongenesis

air masses along fronts. According to the struc-
ture of temperature and pressure, a cyclone can
be classified as a barotropic cyclone (cold cy-
clone and warm cyclone), a baroclinic cyclone,
or a neutral cyclone. Based on the distribution
of geography, it can be classified as an extra-
tropical cyclone, subtropic cyclone, or tropical
cyclone. Since its lower level convergence can
cause ascending air motion, cyclones are often
accompanied by clouds and rain.

cyclongenesis A development of synoptic-
scale weather disturbances.

cyclotron damping and instability  In a col-
lisionless plasma, damping or instability associ-
ated with the n = %1 resonance, of importance
in space physics and astrophysics as a mecha-
nism of pitch-angle scattering of charged parti-
cles. See resonant damping and instability.

cyclotron frequency  See Larmor frequency.

cyclotron radius  See Larmor radius.

Cygnus A Nearby (z = .056, about 200Mpc
distant) active galaxy (3C 405) at RA19"59 4™
dec+40°43' which is a strong radio source, with
radio jets that extend for about 50kpc in either
direction. The closest and second strongest ra-
dio galaxy. Recently detected to have a small
quasar-like core.
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Cygnus Loop  Supernova remnant at RA20M
49m00% dec+30°30’, 230" x 160’ in extent. In
the optical, a large filamentary loop, also strong
in radio, visible in X-ray. Age of remnant is
estimated at 20,000 years.

Cygnus X1 (Cyg-X1) A binary system at
RA 19"56™225.0, dec +35°03/36”, at distance
2.5 kpc, consisting of the 09.7 supergiant HDE
226868 (Gies and Bolton 1986) and a compact
object with an orbital period of 5.6 days. The
mass of the unseen companion is significantly
larger than 5M,, probably as large as 12M,.
Cygnus X1 is the second brightest X-ray source
in the sky, with X-ray emission exhibiting strong
variability at time scales from milliseconds to
years. It also radiates in y-radiation. Because
no theoretical models exist of compact degen-
erate (neutron) stars of mass exceeding SMp,
the system is taken as the prototype of a black
hole binary. In this model, the compact object
of mass &~ 12M, is the putative black hole, ac-
creting mass from the hot supergiant compan-
ion star which has overflowed its Roche lobe
through an accretion disk which thermally emits
X-radiation. Cygnus X1 is also a radio source,
with radio flux correlated to X-ray output. Also
called 4U 1956+35.

cynthion  Of or pertaining to the moon.
Cytherean  Venusian, referring to the planet
Venus.



dark matter

D

D” layer  The bottom layer of the Earth’s
mantle, approximately 150 km thick. The name
derives from K.E. Bullen’s assignment of letters
to various layers in the Earth and the subdivision
of these layers. D” has a distinct seismic sig-
nature that distinguishes it from the overlying
mantle. Since the mantle convects, and at least
enough heat is extracted from the core to power
the geodynamo, it seems reasonable to suppose
that D” is a thermal boundary layer between the
bulk of the mantle and the core. However, it is
also possible that it is chemically distinct from
the bulk mantle, either through differentiation
allowed by the elevated temperatures and per-
haps partial melting at the bottom of the layer,
chemical core-mantle coupling, or perhaps be-
cause all or part of D” is composed of the dregs
of dense plate that was once subducted from the
Earth’s surface. Thereis seismic evidence of lat-
eral variations in the properties of D”, and con-
sequently there has been speculation that it is a
significantly heterogeneous layer perhaps com-
posed of “crypto-continents” involved in some
inverted form of tectonics at the base of the man-
tle. It is often suggested as the place of origin
for some or all of the plumes which rise to the
Earth’s surface and are manifested as hot spots
such as Hawaii.

Dalton’s Law  The additivity of partial pres-
sures. Accurate for ideal gases, approximate
law for mixtures of real gases. The total pres-
sure is Xp;, where p; = kN;T/V and N; is
the number of molecules of type i, k is Boltz-
mann’s constant, 7 is the temperature, and V
is the volume of the container of gas mixtures.
Discovered by John Dalton, 1766—1844.

Darcy’s law  An empirical law that governs
the macroscopic behavior of fluid flow in porous
media. Itis credited to H. Darcy, who conducted
experiments on the flow of water through sands
in 1856. The law ignores the details of tortuous
paths of individual fluid particles and defines
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average flow rate per unit area (Darcy velocity)
q as being related to fluid pressure p in the form
of mass diffusion,

K
qg=——"Vp
n

where k is the permeability (tensor) of the
porous medium, and p is the viscosity of the
fluid. In application to groundwater hydrology,
Darcy’s law is modified as follows to include
the effect of Earth’s gravity:

K
q=——-(Vp—pg)
"

where g is the gravitational acceleration vector,
and p is fluid density. Darcy’s law applies only
when flow is laminar within a porous medium
and flow velocities are low enough that inertial
forces are negligible and breaks down at very
high flow velocities and possibly very low per-
meabilities. See Darcy velocity.

Darcy velocity (or specific discharge)  The
volume of fluid flow per unit time through a
unit area of a porous medium. Darcy veloc-
ity g equals the average flow velocity v of fluid
particles times porosity n. See Darcy’s law.

Darcy—Weisbach friction factor A dimen-
sionless friction factor intended primarily for
determination of head loss (energy loss per unit
weight) of a flow in a full conduit, such as a pipe.
The friction factor is a function of the Reynolds
number for the flow and the relative roughness
of the conduit.

dark cloud A part of the interstellar medium
that emits little or no light at visible wavelengths
and is composed of dust and gas that strongly
absorb the light of stars. Most of the gas is in
molecular form and the densities are of the order
of 10° to 10* particles cm ™~ with masses of 102
to 10* solar masses and sizes of a few parsecs.
Dark cloud temperatures range from 10 to 20 K.
See interstellar medium.

dark matter Matter component that does
not radiate in the electromagnetic spectrum and,
therefore, is not detected by means of telescopes.
The first evidence of existence of large frac-
tions of non-luminous matter came from the



dark matter, cold

study of clusters of galaxies by Zwicky in the
early 1930s. If clusters of galaxies form bound
systems, the velocities of the member galaxies
within the clusters are characteristic of cluster
mass. This turns out to be about an order of
magnitude larger than the sum of the luminous
masses observed within the galaxies themselves.
Since the 1970s it was known that there is a sim-
ilar situation in the outer parts of spiral galaxies
and in some elliptical galaxies. At that time it
was assumed that the dark mass was ordinary
(baryonic) matter in some not readily detectable
form such as gas, low mass stars, planets, or
stellar remnants (white dwarfs, neutron stars,
and black holes). However, the nucleosynthesis
bound limits Q25 < 0.1, while dynamical mea-
surements suggest Q2,q47¢r < 0.3. To explain
the discrepancy, the existence of a more exotic
and yet undetected form of matter has been pos-
tulated. A wide class of dark matter candidates
fall into two categories depending on their mean
kinetic energy at high redshifts: cold and hot.
The main difference lays in the behavior of the
post-recombination power spectrum at galactic
scales. See matter density perturbations, dark
matter, cold and dark matter, hot.

dark matter, cold  Dark matter made of par-
ticles with negligible random velocities. The
standard cold dark matter model of structure
formation assumes the dark matter particle con-
tribution makes the universe flat. The primor-
dial Gaussian density field is characterized by
a power spectrum with a spectral index n = 1.
Density perturbations that come within the hori-
zon before matter-radiation equality (see ther-
mal history of the universe) are frozen. As a
result, the post-recombination power spectrum
is modified and bends gently from n = —3 on
subgalactic scales to the initial n = 1. The
model had severe observational difficulties and
several variants have been proposed: spectral in-
dex n < 1, spectral index n > 1, a 20% fraction
of hot dark matter, and a 70% contribution of a
cosmological constant, etc. Figure on page 113.

dark matter, hot = Dark matter made of par-
ticles that are highly relativistic at early times.
As the universe cools, their momentum is red-
shifted away and becomes non-relativistic. The
standard example would be massive neutrinos.
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Several extensions of the standard model of par-
ticle interactions suggest the existence of neu-
trinos with masses up to m, ~ 90 eV, enough to
equate the mean density to the critical density.
The standard hot dark matter model, like its cold
counterpart, assumes the primordial Gaussian
density field is characterized by a power spec-
trum with a spectral index n = 1. The post-
recombination spectrum is rather different. Per-
turbations that came within the horizon while
the neutrinos were relativistic (of wavelength
30h~! Mpc and smaller) are erased. Due to
their large velocity, neutrinos diffuse out of the
perturbation in a Hubble time. The final result is
that while on large scales the power spectrum re-
tains its original n = 1 spectral index, on galaxy
and cluster scales it is exponentially damped.

The standard hot dark matter model is ruled
out by observations. However, neutrinos could
still have a smaller mass and give a contribu-
tion of 20 to 30%, the rest being made of cold
dark matter and baryons. This model, termed
mixed dark matter, seems to fit observations of
large scale structure acceptably well. Figure on
page 113.

dark nebula A nebula that can be seen be-
cause the dust within it obscures the light coming
from stars or bright nebulae behind it.

dart leader In a lightning flash, a second
flow of current from the cloud along the channel
already opened by the stepped leader and the
return stroke. The dart leader does not step; it
rapidly and smoothly flows along the channel
about 50 ms after the first flash.

data assimulation A process in which the
observational data are modified in a dynamically
consistent fashion in order to obtain a suitable
data set for numerical model initialization in the
weather predication and climate modeling.

Davidson current  An ocean countercurrent
flowing northward during the winter months be-
tween the California Current and the coasts of
northern California, Oregon, and Washington.

day  An interval of 86,400 seconds approxi-
mating one rotation of the Earth relative to the
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Theoretical power spectra for three models with crit-
ical density.  Thick solid line: cold dark matter
(Qeam=0.95,Q25h%*=0.02,h=0.65); thin solid line: hot
dark matter (4, =0.95,25h%2=0.02,h=0.65) and dash
dotted line: cold dark matter with cosmological con-
stant (1,=14x10%yr, Qp=0.7, Qh%*=0.02). All mod-
els are normalized to produce the same quadrupole
anisotropy on the Cosmic Microwave Background.

sun (apparent or mean solar time), the fixed stars
(sidereal time), or an atomic clock (atomic time).

daylight savings time  An adjustment fre-
quently adopted by nations to their civil time,
specifically a subtraction of 1 hour from stan-
dard time during a regular period approximat-
ing summer in their hemisphere. In the U.S.,
the changeover currently occurs at 2:00 AMm, be-
ginning the first Sunday in April and ending the
last Sunday in October.

DDO classification scheme A variant of
the Hubble classification scheme for galaxies,
named after the David Dunlop Observatory
(DDO) where it was developed. The empha-
sis is on the prominence and length of the spiral
arms: The DDO scheme identifies a new class
of spirals, the anemic spirals (indicated by the
letter A), which are intermediate in terms of arm
prominence between the SO galaxies and the
grand-design, or gas-rich, spirals. Other labels
are as in Hubble’s scheme. The original DDO
scheme has undergone a major revision. The
revised DDO type includes a luminosity class in
addition to the morphological description. The
luminosity class is indicated with a Roman nu-
meral and ranges from I to V, in order of de-
creasing luminosity. For example, Messier 31
is of type Sb I-II according to the revised DDO
scheme. The luminosity class subdivision re-
fines the separation into the three classes SO, A,
and S, since a good correlation is found between
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the degree of spiral arm development and lumi-
nosity class, and it is therefore possible to assign
aluminosity class on the basis of the appearance
of spiral arms.

dead zone An area within a flow field that
has very low velocities and thus will trap any
contaminant that enters it.

Debye length In a plasma, the maximum
length scale for which substantial deviation from
charge neutrality can occur. This length scale
is of order vy, /w), wWhere vy, is the electron
thermal speed, and w),, is the plasma frequency.
The Debye length can be interpreted as the
maximal radius of a sphere which in a two-
component plasma might be depleted of elec-
trons due to their thermal motion. On spatial
scales small compared to the Debye length, the
quasi-neutrality of a plasma is likely to be vio-
lated, while on larger scales the plasma is quasi-
neutral: the kinetic energy contained in the ther-
mal motion is not large enough to disturb the par-
ticle distribution over a range wider than the De-
bye length. For instance, if an unbalanced (but
insulated) electric charge is placed in a plasma or
electrolyte, ions and electrons near it will shift
their average positions in response to its elec-
tric field. That creates a secondary field which
cancels the charge’s field further away than the
Debye length.

With kg as Boltzmann constant, T as temper-
ature, 7 as electron density, and  pe as electron
plasma frequency, the Debye length can be writ-

ten as
\/ cokpT \/ kT 1
AD = = . .
2e2n ¢ Mme ®pe

In a plasma of absolute temperature 7" and
density n cm 3, D =743 cm (T /n)'/%. The De-
bye length is also important in measuring plasma
parameters: within the Debye length the elec-
trons are influenced by the presence of a test
charge, such as a satellite in a space plasma,
while at larger distances the test charge goes
unnoticed. Thus, in order not to influence the

measurement, plasma instruments have to be
mounted on sufficiently long booms.

dece!leration parameter qo = —R /
(R(R)?), where R(7) is the length scale of the



decibel

universe and - indicates the time derivative. This
definition assumes an approximately isotropic
universal expansion (as is observed). The quan-
tity R is related to the Hubble parameter: Hy =
R/R.

decibel A dimensionless measure of the ra-
tio of two powers, P1 and P2, that is equal to 10
times the logarithm to the base 10 of the ratio
of two powers (P1/P2). The units expressed this
way are one-tenth of a bel and are referred to as
decibels. The power P2 may be some reference
power. For instance, in electricity, the reference
power is sometimes taken as 1 milliwatt (abbre-
viated to dBm).

declination  In terrestrial magnetism, at any
given location, the angle between the geograph-
ical meridian and the magnetic meridian; that is,
the angle between true north and magnetic north
is the declination. Declination is measured ei-
ther east or west as the compass needle points
to the east or west of the geographical meridian.
East is taken as the positive direction. Lines of
constant declination are called isogonic lines,
and the one of zero declination is called the ag-
onic line. See dip, magnetic. In astronomy, an
angle coordinate on the celestial sphere corre-
sponding to latitude, measured in degrees north
or south of the celestial equator.

decollement A near horizontal detachment
zone between distinct bodies of rocks.

deep(-focus) earthquake Earthquakes at
depths ranging from about 300 to 700 km that
occur along the Wadati—Benioff zone, which is
inclined from a trench toward a continental side
beneath the subduction zone of an oceanic plate.
Fault plane solutions with down-dip compres-
sion are dominant. Since a deep(-focus) earth-
quake takes place under high-pressure condi-
tions, where friction is large, it is difficult to
explain its generation mechanism by frictional
sliding processes such as those for a shallow
earthquake. Recent laboratory experiments in-
dicate that shear melting, a self-feedback sys-
tem of phase transformations of olivine and
fault growth, and brittle fracturing due to pore
pressure are possible generation mechanisms of
deep(-focus) earthquakes.
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Deep Space 1 (DS1) A New Millennium
spacecraft launched October 24, 1998. It is the
first mission under NASA’s New Millennium
Program to test new technologies for use on fu-
ture science missions. Its objective is to test
12 advanced technologies in deep space to lower
the cost and risk to future science-driven mis-
sions that use them for the first time. Among
these technologies are a xenon ion propulsion
system (performing beyond expectations), au-
tonomous navigation, a high-efficiency solar ar-
ray, and a miniature camera/spectrometer. By
December 1, 1998, DS1 had accomplished
enough testing to satisfy the technology vali-
dation aspects of the minimum mission success
criteria and is well on its way toward meeting
maximum criteria.

It carried out a flyby of the near-Earth aster-
oid 1992 KD on July 28, 1998 at an altitude of
10 km. The primary mission ended on Septem-
ber 18, 1999. It is now on a new trajectory to
encounter Comets Wilson—Harrington and Bor-
relly.

Deep Space 2 Two microprobes that were
onboard the Mars Polar Lander spacecraft
launched on January 3, 1999 and lost in the
landing on Mars on December 3, 1999. The pri-
mary purpose of the Mars Microprobe Mission
was to demonstrate key technologies for future
planetary exploration while collecting meaning-
ful science data (thus, it was named Deep Space
2). In this case, the scientific objectives were
to determine if ice is present below the Martian
surface; to characterize the thermal properties
of the Martian subsurface soil; to characterize
the atmospheric density profile; to characterize
the hardness of the soil and the presence of any
layering at a depth of 10 cm to 1 m. See Mars
Microprobe, Deep Space 1.

Deep Space Network (DSN) The NASA
Deep Space Network is a world-wide network
of large antennas with the principal function
of maintaining communications with spacecraft
beyond the moon’s orbit. The three main
tracking complexes are in Goldstone, California
(U.S.), near Canberra (Australia), and Madrid
(Spain).



degree (temperature)

deep water wave A wave in water that has a
depth at least half of one wavelength. Then ¢ =
v gL/(2m), where c is the wave speed, g is the
acceleration of gravity, and L is the wavelength.
See shallow water wave.

defect  See cosmic topological defect.
deferent Inthe Ptolemaic theory of the Earth-
centered universe, the large orbital circle around
a point between the Earth and the equant, fol-

lowed by the center of a planet’s circular epicy-
cle.

deficit angle (cosmic string)  Cosmic strings
are inhomogeneities in the energy density field
that form during cosmic phase transitions. In
the limit of energy below the Planck energy
(10'° GeV), strings can be well described in the
weak gravity and thin string limit. The first con-
dition allows simplification of the relevant equa-
tions, while the second assumes that dimensions
transversal to the string are effectively negligible
compared to the length of the string. In this limit,
the Einstein equations predict a metric with the
usual Minkowski aspect in cylindrical coordi-
nates

ds* = di* —dz* —dr* — r’do’

but where the azimuthal angle 6 varies between
0and 27 (1 —4GU), with G and U being New-
ton’s constant and the energy per unit length of
the string, respectively. While space-time looks
locally flat around the string, globally, however,
it is non-Euclidean due to the existence of this
missing angle 0 = 8w GU (called the deficit
angle) which, in usual simple models, is small,
of order 107> radian. This peculiar feature im-
plies that constant-time surfaces perpendicular
to different segments of a string will have the
shape of a cone. See Abelian string, cosmic
string, cosmic topological defect.

deflation A term used to denote the reduction
in elevation of a beach or other area subject to
sediment transport, due to transport of sediments
by wind.

deformation radius
deformation.

See Rossby radius of
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degeneracy The condition in which some
fermion (a particle with angular momentum =
1/2h and subject to the Pauli exclusion princi-
ple) is packed as tightly as quantum mechanical
considerations permit. Electrons are degenerate
in white dwarfs and neutrons in neutron stars
and pulsars. Neutrinos, if they have nonzero
rest mass and contribute to hot dark matter, may
be degenerate in dwarf galaxies. The ignition of
a nuclear reaction in degenerate matter leads to
an explosion because the reaction heats the gas.
The gas does not expand (because the pressure
in degenerate matter depends only on the den-
sity, not on the temperature), and so it cannot
cool. The reaction goes faster at the higher tem-
perature and releases more energy. The gas gets
hotter, and so forth, until finally it is no longer
degenerate, and it expands explosively.

degree (temperature)  On the Celsius ther-
mometer scale, under standard atmosphere pres-
sure, the freezing point of water is 0 degrees, and
the boiling point of water is 100 degrees. The
space between these two temperature points is
separated into 100 parts. Each part represents 1
degree, i.e., 1° C. On the Fahrenheit thermome-
ter scale, under standard atmosphere pressure,
the freezing point of water is 32 degrees, and
the boiling point is 212 degrees. Thus,

9
degree’ F = 3 degree®C + 32

or
o 5 o
degree°C = 5 (degree®F — 32) .

The thermodynamic temperature scale, also
called Kelvin temperature scale or absolute tem-
perature scale, is an ideal temperature scale
based on Carnot cycle theory. It was chosen
as the basic temperature scale in 1927. Addi-
tionally, the international practical temperature
scale has been established, based on the thermo-
dynamic temperature scale. Currently the stan-
dard international practical temperature scale in
use is the International Practical Temperature
Scale 1968, IPTS-68. Symbol is Tgg and unit is
K. The relation between international practical
Celsius temperature scale (g3, unit is °C) and
international practical temperature scale is

tes = Teg — 273.15
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de Hoffman-Teller frame  Frame of refer-
ence in which a magnetohydrodynamic shock
is at rest. In contrast to the normal incidence
frame, the shock rest frame most commonly
used. Inthe de Hoffman—Teller frame the plasma
flow is parallel to the magnetic field on both
sides of the shock and the v x B induction field in
the shock front vanishes. Compared to the nor-
mal incidence frame, this frame moves parallel
to the shock front with the de Hoffman-Teller
speed vyt x B = —E.

SHOCK FRONT
upstream downstream

SHOCK FRONT
upstream downstream

de Hoffman—Teller frame (right) and normal incidence
frame (left).

Deimos  Moon of Mars, also designated MII.
It was discovered by A. Hall in 1877. Its orbit
has an eccentricity of 0.0005, an inclination of
0.9 — 2.7°, a precession of 6.614° yr_l, and
a semimajor axis of 2.35 x 10* km. Its size is
7.5x6.1 x5.5km, its mass is 1.8 x 1013 kg, and
its density is 1.7 g cm™3. Its geometric albedo
is 0.07, and its surface is similar in reflectivity
to C-type asteroids. It may be a member of that
group that was captured in the past. Deimos
orbits Mars once every 1.262 Earth days.

delta  An alluvial deposit where a river meets
a larger body of water or near the mouth of a
tidal inlet. A flood delta is deposited inshore of
an inlet by flood tidal currents; an ebb delta is
located seaward of the inlet throat and deposited
by ebb tidal currents.

DeltaScutistars Main sequence stars, gener-
ally of spectral type A, located within the insta-
bility strip on the HR diagram. They are subject
to pulsational instabilities driven by hydrogen
ionization, but these are generally quite subtle,
amounting to brightness changes of 10% or less
and with a number of modes (with periods of
hours) excited simultaneously. Both the ampli-

© 2001 by CRC Press LLC

tudes and frequencies of the modes can change
over a period of years.

Delta surface approximation  (Yang, 1987)
The effects of the Earth’s sphericity are retained
by a quadratic function of y, the meridinal co-
ordinate measured positive northward from the
reference latitude.

density  Mass per unit volume.

density current A flow thatis driven by den-
sity variations within a fluid. Typically a re-
sult of temperature or salinity gradients within
a body of water.

density inversion Situation in which fluid
density decreases with depth. The ocean is nor-
mally stably stratified, and the water density in-
creases monotonically with depth. Turbulence
created by surface wind stress, internal waves,
or tidal flow can disrupt this density profile by
mechanical displacement of water parcels. This
can lead to situations in which density locally
decreases with depth. Density inversions can
also be created by the local loss of buoyancy of
water at the surface caused by loss, e.g., night-
time cooling of the ocean surface, or by intrusive
flows, such as the outflow of saline Mediter-
ranean water into the Atlantic at the Strait of
Gibraltar.

Since the density of sea water is a (non-linear)
function of temperature and salinity, density in-
version is usually accompanied by inversions of
the temperature and salinity profiles. Normally,
temperature decreases with depth, and salinity
increases with depth. However, the existence of
either a temperature or salinity inversion alone
does not necessarily create a density inversion.

depleted mantle Mantle that has been
depleted of its lightest basaltic components
through processes such as partial melting. The
residue after extraction of crust.

depletionlayer A regionadjacentto the mag-
netopause but outside it, where plasma density
has become abnormally low. Usually found dur-
ing times of northward IMF, it is caused by the
compression of magnetic flux tubes as they are
pushed against the magnetopause, squeezing out
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their plasma and replacing its pressure by that
of the magnetic field.

depth of compensation The depth over
which the density of the Earth varies in order to
“compensate” the excess mass of topography.

Derrick theorem Let ¢ be a scalar field sub-
ject to the generalized Klein—-Gordon equation

(A=9)o =3V,

with V(¢) the potential. The theorem states
that there is no stable, time-independent and lo-
calized (i.e., with finite energy) solution of this
equation in more than one dimension. The the-
orem seems to imply the non-existence of topo-
logical defects; however, this is not the case, as
one usually assumes some gauge fields which
render the energy finite. On the other hand, if
no gauge field is present, as for the global cos-
mic string in three space dimensions, we find
that the energy is indeed (mildly) divergent, in
agreement with the theorem. Notice that gravi-
tational fields can stabilize such structures, even
on a small scale. Thus, boson stars can be stable
objects. See boson star, cosmic string, cosmic
texture, global topological defect.

Descartesray  The ray traveling through wa-
ter droplets producing a rainbow, which yields
the limiting (minimum) deflection. Hence, there
is a concentration of light near the Descartes
ray, the colors of the rainbow are due to differ-
ent refraction of different colors in the droplets,
giving slightly different return angles for the
Descartes rays corresponding to the different
colors.

Desdemona  Moon of Uranus also designated
UX. Discovered by Voyager 2 in 1986, it is a
small, irregular body, approximately 29 km in
radius. Its orbit has an eccentricity of 0, an in-
clination of 0.2°, a precession of 245° yr’] ,and
a semimajor axis of 6.27 x 10* km. Its surface is
very dark, with a geometric albedo of less than
0.1. Its mass has not been measured. It orbits
Uranus once every 0.474 Earth days.

deSitter Universe A solution of Einstein’s
equations that describes a spacetime devoid of
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any matter and gravitational fields in the pres-
ence of the cosmological constant. When Ein-
stein introduced the cosmological constant, he
hoped that it would have a second consequence
(in addition to providing a static model of the
universe; see Einstein Universe): that a solution
of Finstein’s equations corresponding to such a
completely empty space would not exist. This
expectation resulted from his belief in Mach’s
principle that said, in effect, that gravitation is
induced by matter and would not exist in the
absence of matter. Einstein expected that his
theory of relativity would automatically obey
Mach’s principle. It turned out not to be so, and
the deSitter Universe was the first counterexam-
ple. The word “universe” applied to this partic-
ular solution of Einstein’s equations is justified
by tradition only; according to today’s criteria,
deSitter’s metric is not a model of the actual uni-
verse.

Despina  Moon of Neptune also designated
NV. Discovered by Voyager 2 in 1989, it is
a small, roughly spherical body approximately
74 km in radius. It is very dark, with a geo-
metric albedo of 0.059. Its orbit has an eccen-
tricity of 0.00014, an inclination of 0.066°, a
precession of 466° yr~!, and a semimajor axis
of 5.25 x 10* km. Its mass has not been mea-
sured. It orbits Neptune once every 0.335 Earth
days.

Dessler-Parker-Sckopke (DPS) theorem
An approximate theorem in magnetospheric
physics, by which the change AB in the sur-
face magnetic field at the magnetic equator (in a
magnetic storm) is proportional to the energy E
of the additional ring current due to the storm.
If B, is the field of the Earth’s dipole at 1 Rg
and U, = B.>Rg>/3 is the magnetic energy of
the dipole field above 1 R, by the DPS theo-
rem AB/B, = (2/3)E/U,. The theorem was
derived for a specific simple model by Dessler
and Parker in 1959 and was extended by Sck-
opke in 1966: further work suggested that the
actual dependence was nonlinear, and that for
large magnetic storms it overestimated E by a
factor 1.5 to 3. Still, the theorem helps estimate
the energy deposited in the inner magnetosphere
by magnetic storms. The magnitude of AB may
be obtained from the Dst index.



detritus

detritus The particulate decomposition or
disintegration products of plankton, including
dead cells, cell fragments, fecal pellets, shells,
and skeletons, and sometimes mineral particles
in coastal waters.

deuterium 2H; the isotope of hydrogen
whose nucleus consists of 1 proton and 1 neu-
tron. The nucleus is called a deuteron.

deuterium burning  The capture of a pro-
ton by a deuteron to produce > He (which then
easily burns through to * He; see proton-proton
chain). Deuterium burning occurs at the lowest
temperature of any important nuclear reaction,
about 10°K. Thus, its onset marks the end of the
protostellar collapse stage of star formation (see
proto-star). It is the only reaction that occurs in
the lowest mass stars, near 0.08 solar masses (see
brown dwarf), and it has long ago destroyed all
the deuterium in the sun and other normal stars.
Thus, the presence of deuterium in the Earth and
other planets means they are made of material
that was never inside the sun. Deuterium is pro-
duced only in the early universe (see Big Bang
nucleosynthesis).

de Vaucouleurs’ classification scheme A
classification scheme that refines and extends
the Hubble scheme of classification for galax-
ies, introduced by G. de Vaucouleurs in 1959.
de Vaucouleurs’ scheme attempts to account for
the variety of morphologies observed for each
Hubble type. His scheme employs three main
parameters: (1) a refined Hubble type, where
several intermediate stages are added to the Hub-
ble sequence, notably E*, SO~ , SO*, which
account for some lenticular features in ellipti-
cals or weak arms in SO galaxies, and Sd, Sm,
and Im, which more closely detail the transition
from Sc to Magellanic irregulars; (2) a parame-
ter describing the spiral design, as ring shaped (r)
or s-shaped (s), or intermediate (rs); and (3) a pa-
rameter designating barred galaxies (SB), non-
barred (SA), and intermediate (SAB), for galax-
ies where the bar is less developed than in clas-
sical Hubble’s barred galaxies. In addition, the
presence of an outer ring or of a ring-like feature
formed by joining spiral arms is indicated with
an uppercase R preceding all other labels. The
de Vaucouleurs classification scheme has been
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extensively used in the three editions of the Ref-
erence Catalogue of Galaxies, where de Vau-
couleurs’ types are given for several thousand
galaxies. For example, Messier 31, the spiral
galaxy nearest to the Galaxy, and the nearby
spiral Messier 101 are classified as Sb and as
Sc according to Hubble, and as SA(s)b and as
SAB(rs)cd according to de Vaucouleurs.

de Vaucouleurs’ law  Empirical law describ-
ing the brightness profile of an elliptical galaxy.
The surface brightness X of typical giant ellip-
tical galaxies, apart from constants, decreases
with radius as

log S(r) o (r/re) V4,

where 7, denotes a scaling parameter, the ef-
fective radius, within which half the light of
the galaxy is emitted. de Vaucouleurs’ law ap-
plies more frequently to giant elliptical galaxies;
dwarf elliptical galaxies are often better fitted by
other laws. See elliptical galaxies.

deviative absorption  Deviative absorption
of aradio wave occurs near the point of reflection
in the ionosphere. See critical frequency.

deviatoric strain A state of strain defined
by subtracting one-third of the volumetric strain
from the total strain. If &;; is the total strain
tensor, the deviatoric strain tensoris &’; i =&ij—
06;j/3, where 0 = g;; = 11 + €22 + £33, and
d;j is the Kronecker delta.

deviatoric stress A state of stress with pres-
sure subtracted. If o;; is the total stress tensor,
the deviatoric stress tensoris o’;; = 0;j — pdij,
where p = 0y;/3 = (011 + 022 + 033)/3, and
d;; is the Kronecker delta.

dew  During night or early morning, due to
radiational cooling, water condensed onto ob-
jects near the ground whose temperature has
fallen below the dew point of adjacent air but
still above freezing. Dew often appears in warm
seasons with clear weather and light winds. Al-
though the amount of water is small, in dry sea-
son and regions it amounts to a significant con-
tribution to plant growth requirements.
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dew point  The temperature at which liquid
water reaches saturation with respect to a plane
water surface as the temperature of a gas mixture
is lowered at constant pressure in the presence of
nucleation centers so supercooling is excluded.
In meteorology, it is the temperature at which
moisture begins to condense on a surface in con-
tact with the air.

dex Decimal exponent.

dextral fault  An alternative term for a right-
lateral, strike-slip fault.

diapir A body of light material, for example
salt, that moves upwards in the Earth’s crust due
to buoyant forces; originally meant a form of
dome or anticline folding structure produced by
intrusion of fluid-like material such as rock salt
and mudstone. A diapir is thought to be formed
by the processes that low density rock relative
to the ambient country rock flows viscously due
to its buoyancy and ascends with a mushroom
shape, deforming the upper layer with higher
density. Recently, the mechanism of ascent of
diapir due to inversion of density has been ap-
plied to material circulation of igneous rocks and
to the whole mantle.

diapycnal Motion or transport directed
across surfaces of constant density (isopycnals).

diapycnal flux In hydrology, flux occur-
ring in the direction perpendicular to surfaces
of equal density. Every diapycnal exchange al-
ters the density structure and thereby affects the
potential energy of the water column (sink or
source of energy). In lakes, vertical and diapy-
cnal can usually be used synonymously. In po-
lar regions of the ocean, diapycnal and vertical
deviate substantially. See also buoyancy flux,
cabbeling.

dichotomy of Mars The surface division
of Mars into a lightly cratered third of the
planet in the middle to upper latitudes of the
northern hemisphere, and a remaining heavily
cratered two-thirds. The lightly cratered third
stands approximately 3 km lower than the heav-
ily cratered surface.

© 2001 by CRC Press LLC

diel Pertains to occurrences on a 24-hour cy-
cle; any periodic diurnal or nocturnal (i.e., day
or night) cycle.

dielectric strength  For an insulating mate-
rial, the maximum electric field strength (volts
per meter) that it can withstand intrinsically
without breaking down. For a given config-
uration of dielectric material and electrodes,
the minimum potential difference that produces
breakdown.

differential charging  One cause for space-
craft damage in space by substorms and mag-
netic storms. Since electrons are much lighter
than positive ions, in a plasma with equal densi-
ties and comparable particle energies, the elec-
tron flux is larger. This causes the spacecraft to
be hit each second by many more electrons than
ions, so that it becomes negatively charged. The
charging of an entire spacecraft is hard to prevent
and need not cause any damage (except for dis-
torting particle observations); but when differ-
ent parts charge up differently, damage-causing
discharges are possible. Electrically conducting
paint is one way of dealing with the problem.

differential diffusion Ifturbulentdiffusionis
almost negligible (such as in an extremely stable
water column and weak turbulence), molecular
diffusion becomes the dominant flux. Since the
molecular diffusivities of ions, which are present
in natural waters, have slightly different values,
the fluxes will be slightly different even for equal
gradients. Over a long time period, the ionic
composition of the water column will change
(Sanderson et al., 1986).

differential emission measure A measure of
the emitting power of a volume of plasma over
a given range of temperatures T — T + dT.
The differential emission measure is often em-
ployed to draw conclusions from spectral obser-
vations made of a number of distinct emission
lines at a variety of temperatures. The differ-
ential emission measure, Q(T), is defined as
[ O(T)dT = [ n2dV, where n, is the electron
density, and V is the plasma volume being con-
sidered.
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differential heating/cooling  Due to differ-
ent exposure (to the atmosphere; solar radiation,
wind, etc.), changing water transmissivity (al-
gae, kelp forests, etc.), or varying depth, neigh-
boring water bodies may experience different
rates of cooling or heating. Differential heat-
ing/cooling leads subsequently to lateral density
gradient and may drive lateral convection.

differential rotation = Change of the rotation
speed with distance from the rotation axis.

1. Change of the solar rotation speed with helio-
graphic longitude: the sun rotates faster close to
the equator and slower towards the poles. Typi-
cal values for the sidereal rotation period of the
photosphere at different latitudes are given in
the table.

Sidereal Rotation
Periods of the Sun

Latitude Period [days]
equator 26.8

30° 28.2

60° 30.8

75° 31.8

In addition, there is also a differential rotation
in radius in the convection zone. In particular
at latitudes above about 30°, the rotation speed
of the sun increases towards the bottom of the
convection zone. At lower latitudes there is a
rather small decrease in rotation speed while at
latitudes around 30° there is no differential ro-
tation in radius. Observed in the photosphere,
low latitudes rotate at a faster angular rate (ap-
proximately 14° per day) than do high latitudes
(approximately 12° per day). This pronounced
latitude dependence appears to be the result of
convective flows driven radially by the buoyancy
force and deflected horizontally by the Coriolis
force due to solar rotation. Differential rotation
plays a crucial role in the understanding of solar
activity and the solar dynamo.

2. Differential rotation can also be observed in

systems of stars when the rotation speed varies
with distance from the center of rotation.
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differentiation = In geophysics, the process
of separation of different materials, in geologi-
cal or astrophysical settings, via different phys-
ical properties. For instance, the atmosphere
of the Earth is differentiated in that hydrogen
is very rare, having escaped from the upper at-
mosphere, while oxygen and nitrogen have not.
Their larger molecular weight gives them lower
speeds at comparable temperatures, so they do
not achieve escape velocity at the top of the at-
mosphere.

Similarly, internal heating (caused by ac-
cretion, radioactive decay, tidal heating, etc.)
causes the interior of a solid body to become
partially or completely molten. Materials mak-
ing up the body’s interior separate, depending
primarily on their densities — denser material
(such as iron) sinks to the center while less
dense materials (such as silicates) float to the
surface. This differentiation thus creates the lay-
ered structure of the crust, mantle, and core sus-
pected in most of the larger solar system bodies
(those with diameters > 1000 km).

In mathematics, the linear operation (/) obey-
ing Leibnitz’ law: (ab)’ = a’b + b’a which re-
trieves the slope of a function if it exists, in some
suitable generalization, if not.

diffraction A term relating to the spread of
wave energy in a direction lateral to the domi-
nant direction of wave propagation. Used in the
description of light and water waves. Results in
interference patterns (constructive and destruc-
tive) and accounts for the spreading of energy
into areas that would otherwise be shadowed.

diffraction grating A light analyzer, used to
disperse different chromatic elements in a light
beam, based on the principle of light diffrac-
tion and interference by a series of parallel slits.
A typical diffraction grating consists of a large
number of equally spaced, tilted grooves (~ 100
to 1000 grooves per millimeter). The spectral
resolving power increases with the number of
grooves per millimeter for a fixed incident band-
pass. A diffraction grating can either reflect or
transmit light. To avoid loss of light because of a
maximum of the diffraction pattern at zero order,
the grooves are tilted to shift the maximum of
the diffraction pattern toward the first or, occa-
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sionally, toward the second or higher diffraction
orders. In this case, a grating is said to be blazed.

diffuse absorption coefficient For down-
welling (upwelling) irradiance: the ratio of the
absorption coefficient to the mean cosine of the
downward (upward) radiance. See absorption
coefficient.

diffuse attenuation coefficient = For down-
welling (upwelling) irradiance: the ratio of the
sum of the absorption coefficient and the scatter-
ing coefficient to the mean cosine of the down-
ward (upward) radiance.

diffuse aurora A weak diffuse glow of the
upper atmosphere in the auroral zone, caused
by collisions with the upper atmosphere of elec-
trons with energies around 1 keV. It is believed
that these electrons leak out from the plasma
sheet of the magnetosphere, where they are
trapped magnetically. The diffuse aurora is not
conspicuous to the eye, butimagers aboard satel-
lites in space see it as a “ring of fire” around the
magnetic pole. Discovered by ISIS-1 in 1972,
its size, intensity, and variations — in particular,
its intensifications and motions in substorms —
are important clues to the state of the magneto-
sphere.

diffuse galactic light  The diffuse glow ob-
served across the Milky Way. A large part of
the brightness of the Milky Way, which is the
disk of our galaxy seen from the inside, can be
resolved into stellar sources. The diffuse galac-
tic light is a truly diffuse glow which accounts
for the remaining 25% of the luminosity and, by
definition, is unresolved even if observed with
large telescopes. The diffuse galactic light is
due to light emitted within our galaxy and scat-
tered by dust grains, and it is not to be confused
with light coming from extended sources like
reflection or emission nebulae. The brightness
close to the galactic equator due to diffuse galac-
tic light is equivalent to 50 stars of 10th magni-
tude per square degree; for comparison, the total
star background is 170 10th magnitude stars per
square degree, and the zodiacal light 80.

diffuse interstellar bands (DIBs) A series
of interstellar absorption features recorded on
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photographic plates in the early 1900s. They
were labeled “diffuse” because they arise from
electronic transitions in molecules, so they are
broad in comparison to atomic lines. There are
now well over 100 such bands known in the UV,
visible, and near IR regions of the spectrum aris-
ing in interstellar clouds. DIBs must be molecu-
lar, given the complexity of the absorption lines.
DIBs are easily seen when observing spectra
of hot, fast rotating stars whose spectrum has a
strong continuum. Even with very high resolu-
tion spectroscopy, the diffuse interstellar bands
continue to show blended structures. DIBs
show considerable scatter in strength vs. the
amount of stellar reddening suggesting inhomo-
geneous variation of chemistry and dust-to-gas
ratio. This may arise because the molecule(s) in
the volume may be able to add hydrogen to the
molecular structure in certain circumstances, as
is known for some carbon compounds. Identi-
fying the carriers of these absorptions has be-
come perhaps the classic astrophysical spectro-
scopic problem of the 20th century, and nu-
merous molecules have been put forth as the
source of these features. Recently most atten-
tion has focused on carbon rich molecules such
as fullerenes and polycyclic aromatic hydrocar-
bons.

diffuse scattering coefficient for downwelling
(upwelling) irradiance  The ratio of the scat-
tering coefficient to the mean cosine of the
downward (upward) radiance.

diffusion = The gradual mixing of a quantity
(commonly a pollutant) into a fluid by random
molecular motions and turbulence.

diffusion-convection equation Transport
equation for energetic charged particles in inter-
planetary space considering the effects of spatial
diffusion and convection of particles with the so-
lar wind. The transport equation can be derived
from the equation of continuity by supplement-
ing the streaming with the convective streaming
v f, yielding

af

§+V~(Vsowif)—v'(DVf) =0
with f being the phase space density, D the (spa-
tial) diffusion coefficient, and v sowi the solar
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wind speed. The terms then give the convec-
tion with the solar wind and spatial scattering.
The diffusion-convection equation can be used
to model the transport of galactic cosmic rays or
the transport of solar energetic particles beyond
the orbit of Earth.

If v and D are independent of the spa-
tial coordinate, the solution of the diffusion-
convection equation for a §-injection in the
radial-symmetric case, such as the explosive re-
lease of energetic particles in a solar flare, reads

_ 2
f(r’t): _u} .

No {
——=¢Xp
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This latter equation is a handy tool to esti-
mate the particle mean free path from intensity-
time profiles of solar energetic particle events
observed in interplanetary space, although for
careful studies of propagation conditions numer-
ical solutions of the complete transport equation
should be used.

diffusion creep ~ When macroscopic strain is
caused by diffusion transport of matter between
surfaces of crystals differently oriented with re-
spect to differential stress, it is called diffusion
creep. Nabarro—-Herring creep, where vacan-
cies diffuse through the grain between areas of
its boundary, and Coble creep, where diffusion
takes place along the grain boundary, are two
examples. Diffusion creep results dominantly
from the motions (diffusion) of species and de-
fects (vacancies and interstitial). It is character-
ized by (1) a linear dependence of strain rate on
stress (n = 1, n is stress sensitivity of creep rate
at steady-state stage); (2) high grain-size sensi-
tivity; (3) the rate-controlling species is the low-
est diffusion species along the fastest diffusion
path; (4) no lattice preferred orientation formed,;
(5) little transient creep; (6) deformation is sta-
ble and homogeneous.

diffusion, in momentum space = Momentum
transfer between particles can be due to col-
lisions as well as due to wave-particle inter-
action. If these collisions/interactions lead to
energy changes distributed stochastically, and
the energy changes in individual collisions are
small compared to the particle’s energy, the pro-
cess can be described as diffusion in momentum
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space. Instead of the particle flow considered in
spatial diffusion, a streaming S, in momentum
results

af

PP @
with p being the momentum, f the phase space
density, and D p, the diffusion coefficient in mo-
mentum.

Also if non-diffusive changes in momentum,
e.g., due to ionization, can happen, the stream-
ing in momentum can be written as

af  dp

Sp=-D

with the second term corresponding to the con-
vective term in spatial diffusion. See diffusion-
convection equation.

diffusion, in pitch angle space Wave-
particle interactions lead to changes in the parti-
cle’s pitch angle. When these changes are small
and distributed stochastically, diffusion in pitch-
angle space results. The scattering term can be
derived strictly analogous to the one in spatial
diffusion by just replacing the spatial derivative
by the derivative in pitch-angle u:

9 af
an <K(“>a>

with f being the phase space density and « ()
being the pitch-angle diffusion coefficient. Note
that ¥ depends on u, that is scattering is dif-
ferent for different pitch-angles, depending on
the waves available for wave-particle interac-
tion. See resonance scattering, slab model.

diffusively stable A water column is called
diffusively stable if both vertical gradients of
salinity (80S/0z) and of temperature (¢9® /0z)
enhance the stability N? of the water column.
The practical implication is that molecular dif-
fusions of salt and temperature cannot produce
local instabilities, as they can in double diffu-
sion.

diffusive regime The diffusive regime is
one of two possibilities, which allow double
diffusion to occur. Under diffusive regimes,
salinity stabilizes and temperature destabilizes
the water column in such a way that the re-
sulting vertical density profile is stable, i.e.,
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Rp = (B3S/0z)/(@d®/3z) > 1 (and stabil-
ity N> > 0).

diffusive shock acceleration  Acceleration
due to repeated reflection of particles in the plas-
mas converging at the shock front, also called
Fermi-acceleration. Diffusive shock accelera-
tion is the dominant acceleration mechanism at
quasi-parallel shocks because here the electric
induction field in the shock front is small, and
therefore shock drift acceleration is inefficient.
In diffusive shock acceleration, the scattering
on both sides of the shock front is the crucial
process. This scattering occurs at scatter cen-
ters frozen-in into the plasma, thus particle scat-
tering back and forth across the shock can be
understood as repeated reflection between con-
verging scattering centers (first order Fermi ac-
celeration).

SHOCK FRONT
upstream downstream

Duv Au de Ad

Particle trajectory in diffusive shock acceleration.

With f being the phase space density, U the
plasma bulk speed, D the diffusion tensor, p
the particle momentum, and 7 a loss time, the
transport equation for diffusive shock accelera-
tion can be written as

af VU

—+UVf—V(DVf)——p%+§

at 3

19 (,(dp B
o (7 () 1) = e

with Q(r, p, t) describing an injection into the
acceleration process. The terms from left to
right give the convection of particles with the
plasma flow, spatial diffusion, diffusion in mo-
mentum space (acceleration), losses due to par-
ticle escape from the acceleration site, and con-
vection in momentum space due to processes
that affect all particles, such as ionization or
Coulomb losses.
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In a first-order approximation, the last two

terms on the right-hand side (losses from the
acceleration site and convection in momentum
space) can be neglected. In addition, if we limit
ourselves to steady state, some predictions can
be made from this equation:
1. Characteristic acceleration time. With the
indices # and d denoting the properties of the
upstream and downstream medium, the time re-
quired to accelerate particles from momentum
Do to p can be written as

p

3 d D D
)
Uy — U4 p Uy Uq

Po

Here D denotes the diffusion coefficient. Al-
ternatively, a characteristic acceleration time t ,
can be given as

3r Dy
Ty =
14
with r = u/uq being the ratio of the flow

speeds in the shock rest frame. For a parallel
shock, r equals the compression ratio. 7, then
gives the time the shock needs to increase the
particle momentum by a factor of e. Note that
here the properties of the downstream medium
have been neglected: It is tacitly assumed that
the passage of the shock has created so much tur-
bulence in the downstream medium that scatter-
ing is very strong and therefore the term D q/uq
is small compared to the term D /u .

2. Energy spectrum. In steady state, diffusive
shock acceleration leads to a power law spec-
trum in energy J(E) = J, - E7Y. Here the
spectral index y depends ontheratior = u /uq
of the flow speeds only:

_lr+2
V=570

in the non-relativistic case, or ¥ ] = 2y in the
relativistic case.

3. Intensity increase upstream of the shock.
The spatial variation of the intensity around the
shock front can be described as

f(x, p) = f(x,0)exp{—Blx|}

with 8 = u /D . If B is spatially constant, an
exponential intensity increase towards the shock
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results. Because the particle mean free path A
increases with energy, the ramp is steeper for
lower energies than for higher ones. In addi-
tion, the intensity at the shock front is higher for
lower energies, reflecting the power-law spec-
trum. In the study of particle events, the up-
stream intensity increase is often used to deter-
mine the scattering conditions upstream of the
shock.

4. Self-generated turbulence. A crucial parame-
ter for the acceleration time is the strength of the
interplanetary scattering, as can be seen from the
equation for the acceleration time. Downstream
of the shock turbulence is high because the dis-
turbance shock has just passed by. Thus up-
stream scattering is the limiting factor. For typ-
ical conditions in interplanetary space, the Fermi
process would develop too slowly to reach MeV
energies during the time it takes the shock to
travel from the sun to Earth. Nonetheless, these
particles are observed. It is assumed that self-
generated turbulence allows for more efficient
scattering in the plasma upstream of the shock:
at first, particles are accelerated to low energies
only. Asthese particles propagate away from the
shock, they generate and amplify Alfvén waves
in resonance with the field parallel motion of the
particles. These waves grow in response to the
intensity gradient of the energetic particles and
scatter particles back to the shock. These par-
ticles therefore interact again with the shock,
gaining higher energy and, as they stream away
from the shock front, generating waves with
longer wavelength. This process repeats itself
with the faster particles, and as acceleration on
the shock continues, the particles acquire higher
and higher energies and a turbulent region de-
velops upstream of the shock. Such turbulent
foreshock regions have been observed at travel-
ing interplanetary shocks (proton energies up to
some 100 keV and the waves in resonance with
these particles) and at the quasi-parallel portion
of the terrestrial bow shock (proton energies up
to some 10 keV and waves in resonance with
these particles). See resonance scattering.

dike A crack through which magma flows,
the magma subsequently solidifying to form a
thin planar igneous body.
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dilatancy model =~ A model to explain pro-
cesses of earthquake generation, connecting
with phenomena of anelastic volumetric expan-
sion of rocks (dilatancy). Atthe beginning of the
1970s, C.H. Scholz proposed the model, divid-
ing processes from strain accumulation to gener-
ation of a large earthquake into five stages. Ac-
cording to the dilatancy model, with increase of
underground stresses, many cracks are formed,
and pore water flows into the cracks. Then, pore
pressure decreases, causing dilatancy harden-
ing. Subsequently, the pore pressure gradually
increases due to water supply from the ambient
region, reaching main rupture. Land uplift pre-
ceding a large earthquake, temporal change in
P-wave velocity, advent of seismic gap, and ac-
tivity of foreshocks might be better explained by
the model. However, since actual earthquakes
take place on planes with mechanical defects in
the crust, dilatancy does not necessarily develop
sufficiently to explain a large earthquake. Re-
liability of observation for temporal change in
P-wave velocity is also suspect. Therefore, the
dilatancy model has attracted little attention in
recent years.

dilatation of time-Lorentz transformation

The increase in the time interval of an event
when measured in a uniformly moving refer-
ence system rather than in the reference system
of the event, as calculated by the Lorentz Trans-
formations in the Special Theory of Relativity.
In special relativity time is not an absolute var-
iable, and it therefore varies for different refer-
ence systems. See also coordinate transforma-
tion in special relativity. See time dilatation.

dilaton A scalar component of gravity which
emerges in the low energy limit of string theory.
See dilaton gravity.

dilaton gravity  In the framework of string
theory the field equations of general relativ-
ity are obtained as an approximation which is
valid only for distances larger than the typical
(microscopic) string length (low energy). Fur-
ther, since string theory is a theory of extended
objects (including p-dimensional branes, with
p > 2 and integer), one expects to have (non-
local) corrections to Einstein’s field equations.
The simplest corrections are extra fields, among



dimensional transmutation

which the dilaton plays the role of a scalar com-
ponent of gravity and can also be thought of as
a variable (in both space and time) Newton’s
“constant” (see Brans—Dicke theory). The dila-
ton couples to matter fields, e.g., Yang—Mills
SU(N) fields and Maxwell’s U (1) electromag-
netic field. Because of this, the presence of a
non-trivial dilaton in general spoils the princi-
ple of equivalence. See dilaton.

dilatonic black hole Infield theory applied to
cosmology, a dilaton is an additional scalar field
associated with gravity. A few dilatonic gravity
solutions are known in four space-time dimen-
sions which represent black holes with a non-
trivial dilaton field. When the latter field couples
to the electromagnetic tensor, the black holes
must be electrically charged. One exact solution
is given by the analog of the spherically symmet-
ric general relativistic black hole with charge,
the Reissner—Nordstrom metric. When angular
momentum is present (see Kerr—Newman met-
ric) only perturbative solutions are known for
either small angular momentum or small elec-
tric charge. All the solutions have in common a
dilaton which decreases and vanishes at a large
distance from the center of the hole. However,
near the event horizon the dilaton is nonzero and
can possibly affect the scattering of passing ra-
diation.

Other solutions have been found when the
dilaton couples to Yang—Mills SU (N) fields giv-
ing rise to richer structures. See black hole,
dilaton gravity, future/past event horizon, Kerr—
Newman metric, Reissner—Nordstrom metric.

dilution Defined as the total volume of a sam-
ple divided by the volume of effluent (contami-
nant) contained in the sample.

dimension A statement of the number of in-
dependent parameters necessary to uniquely de-
fine a point in the space under consideration.
Everyday experience with space indicates that
it is 3-dimensional, hence specifying the x, y, z
labels (for instance) of a point uniquely defines
the point. If it is wished to specify the loca-
tions of two mass points, it is convenient to in-
troduce a 6-dimensional space, giving, for in-
stance, the x, y, z labels of the location of each
of the mass points. In special and general rela-
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tivity, time is considered a separate dimension,
and so events are given by specifying x, y, z,
and ¢ (time); thus, spacetime is 4-dimensional.
In many mathematical operations, e.g., in inte-
gration, the dimension of the space enters ex-
plicitly and as a consequence the solution to
standard equations depends on the dimension
of the space in which the solution is found. It is
found effective theoretically to allow noninteger
dimensions in those cases. Also, since the ratio
of the “volume” to the “surface” depends on the
dimension, this concept has been generalized to
a “fractal dimension” which is defined in terms
of the ratio of these quantities in some suitable
sense. See fractal.

dimensional analysis  In usual physical de-
scriptions, quantities are assigned units, e.g.,
centimeter for length, gram for mass, second for
time. In dimensional analysis, one constructs a
combination of known quantities which has the
dimension of the desired answer. Because spe-
cific systems have typical values for dimensional
quantities, results constructed in this way are
usually close to the correctly computed result.
Typically dimensional analysis omits factors of
order one, or of order 7r; the results then differ
from exactness by less than an order of magni-
tude. For instance, the typical length associated
with a sphere is its radius » (measured in cen-
timeters, say). Its volume by dimensional anal-
ysis is then r3 (cm?), whereas the exact value
including 7 and factors of order unity is

47t )33 ~ 41877 |

dimensional transmutation (Coleman
Weinberg, 1973) In field theory, dimensional
transmutation occurs in a first or second order
phase transition in an originally massless theory.
The classical potential of the massless scalar
field ¢ has single minima at ¢ = 0 of a particular
shape. Due to the quantum effects, the potential
acquires the second minima at ¢.. In turn, the
existence of the critical point ¢, leads to sponta-
neous symmetry breaking (the field is nonzero,
even though the underlying theory does not pick
out a nonzero value for ¢: it could have ended
up in the other minimum). Additionally, quan-
tum effects can modify the shape of the potential
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at the new minima, so that the field now cor-
responds to massive particles — this is dimen-
sional transmutation. Such effects are important
at the level of cosmic defects in cosmology, and
also more fundamentally because, for instance,
Newton’s constant of gravity G may have arisen
by a similar process from a “simpler” theory
with G = 0. See induced gravity, spontaneous
symmetry breaking.

Dione  Moon of Saturn, also designated SIV.
It was discovered by Cassini in 1684. Its or-
bit has an eccentricity of 0.002, an inclination
of 0.02°, a semimajor axis of 3.77 x 10° km,
and a precession of 30.85° yr~!. Its radius is
560 km, its mass 1.05 x 10?! kg, and its den-
sity is 1.43 g cm™3. Its geometric albedo is 0.7,
and it orbits Saturn in a synchronous orbit once
every 2.737 Earth days.

dip-equator  Isocline with inclination / = 0,
geomagnetic equator.

dip, magnetic  The local angle observed be-
tween the horizontal plane and the direction of
the Earth’s magnetic field. Also known as mag-
netic inclination.

dip slip fault A fault upon which the motion
on the fault is vertical.

disappearing filament  In solar physics, dis-
appearance of a filament/protuberance without
the typical emission of electromagnetic radia-
tion related to a flare. The disappearing filament
might be observed as a coronal mass ejection.
Compared to coronal mass ejections accompa-
nied by a flare, these are normally rather small
and slow coronal mass ejections, too slow to
drive a shock wave.

discharge coefficient A calibration coeffi-
cient employed to relate the flowrate over a weir
to the depth (head) on the weir and other geo-
metric properties.

disconnection event  In solar physics, recon-
nection in the tip of a helmet streamer leads to
the expulsion of coronal plasma. In contrast to a
typical coronal mass ejection, the disconnected
magnetic field configuration is open, and the im-
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age in the coronograph is a jet- or fan-like struc-
ture. Observations suggest disconnection events
are related to the emergence of new magnetic
flux on the sun. The accompanying disturbance
of the coronal structure then “squeezes” the op-
posing fields in the tip of a helmet streamer,
eventually causing reconnection and the expul-
sion of magnetic flux and matter. Because of
the open magnetic field structure, the remain-
ders of such disconnection events do not form
magnetic clouds and consequently are more dif-
ficult to identify in interplanetary space.

discordant redshift = Redshift of a galaxy sig-
nificantly differing from the redshift of other
galaxies belonging to an apparently interacting
system of galaxies, such as a group. For ex-
ample, in the case of the Stephan Quintet, a
group of five galaxies, four galaxies have red-
shifts around 6000 km/s, and one has a discor-
dant redshift of only 800 km/s. Several other
intriguing examples exist, in which two galax-
ies with large redshift difference are connected
by bright filaments. Galaxies with discordant
redshift can be explained as due to casual super-
position of foreground and background galax-
ies, or in some cases (at small angular sepa-
ration) on gravitational lensing of background
galaxies. However, H. Arp and collaborators
have suggested the existence of “non-velocity”
redshifts. They concluded that redshift is not a
reliable distance indicator, questioning the va-
lidity of Hubble’s law and especially of quasar
distances deduced from their redshift. This is
a distinctly non-standard interpretation, at vari-
ance with the opinion of most of the astronom-
ical community.

discrete aurora A term used for aurora ap-
pearing in well-defined formations, e.g., arcs
and ribbons, distinguishing it from the diffuse
aurora. Auroral arcs visible to the eye are of
this kind. Discrete auroras are caused by elec-
trons of up to 5 to 15 keV, accelerated earthward
along magnetic field lines. Often these same
field lines also carry upward-directed currents,
suggesting that the electrons are carriers of that
current, and the accelerating electric field helps
achieve the current intensity demanded by the
sources of that current, which are more distant.
While those sources provide the energy, the ac-



disparition brusque

celeration process occurs mainly within about
8000 km of Earth.

discrimination (seismic)  The use of seismol-
ogy to determine whether a seismic event was
caused by the test of an explosive device (such
as the relative slip of rock on either side of a
fault, while explosions generate waves through
amore isotropic compression of the surrounding
rock). The difference in the source mechanisms
and their relative durations (explosions tend to
be very rapid) means that the seismic signals
generated differ in the geometrical pattern of the
radiation, in the proportion of different types of
seismic wave emitted, and in frequency content.
Large explosions that can be detected at long
distances may be reliably discriminated through
study of the seismic signals, although smaller
explosions may be more difficult both to detect
and to distinguish from earthquakes. Potential
complications include the geological setting of
the event (which may not be well known) and
whether an effort has been made to decouple the
explosion from the surrounding rock by setting
it off in a cavity.

disk warp A deviation from planarity of the
disk of a galaxy, in which the outer parts of a
galactic disk gradually tilt. More precisely, one
can think of the disk of a galaxy as a sequence
of concentric, adjacent rings: If the disk is flat,
the rings are coplanar; if the disk is warped, the
inclination and the position angle of the inter-
section line between rings (line of nodes) varies
continuously from ring to ring. A disk warp is
more frequently observed in the gaseous than in
the stellar component of a galaxy. The distribu-
tion of the 21-cm hydrogen emission line often
reveals a warp outside the boundaries of the opti-
cal disk. Small warps are probably present in the
outer regions of most disk galaxies (including
the galaxy); strong warps, where the disk plane
tilts by 40 to 50°, as in the case of NGC 660, are
of rare occurrence.

dislocation climb  Dislocation motion when
an edge dislocation moves along the direction
perpendicular to its slip plane under the action of
a shear stress. The climb of dislocation involves
transport of matter. For the dislocation line to
climb one interatomic distance up or down, a
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line of atoms along the edge of the extra-half
plane has to be removed or added according
to the position of the extra-half plane, which is
completed by diffusion.

dislocation creep A continuous, usually
slow deformation of solid crystalline materials
resulting from the motion (glide, climb, and
cross slip) of dislocations under the action of
shear stress. The resistance to dislocation mo-
tionincludes: (1)intrinsic resistance (the Peierls
stress); (2) impurities, and (3) mutual interaction
of dislocations. In general, the largest resistance
force controls the rate of deformation. Disloca-
tion creep is characterized by (1) anon-linear de-
pendence of strain rate on stress (n = 3 —5,n is
stress sensitivity of creep rate at the steady-state
stage); (2) crystals deform on specific crystallo-
graphic planes along certain orientations so that
it can produce strong lattice preferred orienta-
tion; (3) significant transient creep is expected.

dislocation energy (self-energy of dislocation)
The energy stored in a solid by the existence of
a unit length of dislocation line. The magnitude
of dislocation energy depends on the nature of
particular dislocations such as the type and con-
figuration. For example, the Peierls energy is
the energy associated with the Peierls disloca-
tion, which can be divided into two portions: the
elastic energy stored in the two half-crystals, and
the misfit energy (core energy) associated with
the distorted bond.

dislocation glide = The manner of dislocation
motion when a dislocation moves on its slip
plane under the action of a shear stress. Glide
of dislocation involves no transport of matter by
diffusion: atomic bonds are shifted, but there
is no need for atoms to be brought in or evacu-
ated. The resistance to the dislocation glide is
intrinsic, mainly from the Peierls stress.

disparition brusque  The sudden disappear-
ance, within the space of a few hours, of a so-
lar filament. This disappearance begins with a
slow rising motion at a few kms™! and is typ-
ically associated with a brightening in X-rays
and occasionally by the appearance of Ho flare
ribbons.
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dispersion A phenomenon in which wave ve-
locity (phase velocity, group velocity) changes
with its wavelength. In seismology, for a lay-
ered structure, phase velocity becomes closer
to S-wave velocity of the lower and upper layers
for longer and shorter wavelengths, respectively.
Phenomena in which phase velocity increases
and decreases with increasing wavelength are re-
spectively referred to as normal dispersion and
reverse dispersion. (This is the case for visi-
ble light in glass and is the usual case in seis-
mology.) Inseismology, curves representing the
relation between surface wave velocity and its
wavelength are called dispersion curves, from
which the velocity structure of the crust and the
mantle can be estimated.

dispersionless injection A suddenrise in the
intensity of energetic ions in the Earth’s night-
side equatorial magnetosphere, in general at or
beyond synchronous orbit, occurring simulta-
neously over a wide range of energies. It is
widely held that such particles must have been
accelerated locally because if their acceleration
occurred some distance away, the faster ones
would have arrived first.

dispersion measure (DM) The integral
along the line of sight distant source of the elec-
tron number density.

The pulse arrival time for two different fre-
quencies f>, fiis related by

At = €%/ Qrmec) A (f‘z) DM .

dispersive  Tending to spread out or scatter;
having phase and group velocities that depend
on wavelength. Used to describe both physical
and numerical processes.

displacement vector In a Euclidean space,
the difference vector between position vectors
to two points. The displacement vector is of-
ten thought of as the difference in position of a
particular object at two different times.

dissipation  In thermodynamics, the conver-
sion of ordered mechanical energy into heat.
In computational science, deliberately added to
differential equations to suppress short wave-
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length oscillations that appear in finite repre-
sentations of differential equations, but have no
analog in the differential equations themselves.

dissipation of fields  One of the basic con-
cepts of magnetohydrodynamics. In the case of
a finite conductivity, the temporal change of the
magnetic flux in a plasma can be written as

2

B_ < o

ot 4o
with B being the magnetic flux, o the conduc-
tivity, and c the speed of light. Formally, this is
equivalent to a heat-conduction equation, thus
by analogy we can interpret the equation as de-
scribing the temporal change of magnetic field
strength while the magnetic field lines are trans-
ported away by a process that depends on con-
ductivity: the field dissipates. Note that while
the magnetic flux through a given plane stays
constant, the magnetic energy decreases because
the field-generating currents are associated with
ohmic losses. Magnetic field dissipation seems
to be important in reconnection. See reconnec-
tion.

Aside from the conductivity, the temporal
scale for field dissipation depends on the spatial
scale of the field. With 7 being the character-
istic time scale during which the magnetic field
decreases to 1/e and L being the characteristic
spatial scale of the field, the dissipation time can
be approximated as

4o
TR c_2L2
Thus, the dissipation depends on the square
of the characteristic scale length of the field:
Smaller fields dissipate faster than larger ones.
Thus in a turbulent medium, such as the photo-
sphere, where the field lines are shuffled around
and therefore a polarity pattern on very small
spatial scales results, the field dissipates rather
quickly. Or in other words, turbulence can ac-
celerate magnetic field dissipation.

Note that for infinite conductivity the dissi-
pation time becomes infinite as well, leading to
frozen-in fields.

dissipation of temperature variance For
scales smaller than the Batchelor scale tempera-
ture fluctuations 7’ become extinguished by the
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smoothing effect of molecular thermal diffusiv-
ity «r. In natural waters, x is mostly estimated
by profilers that measure the temperature fluc-
tuations 7’ at a high rate (at least such, as to
resolve the structures to the Batchelor scale). If
small-scale turbulence is isotropic, the rate of
dissipation of temperature variance x[K2*s™!]
is estimated from the temperature gradient spec-
traby x = 6kr < (8T'/9z)* >, where z is
the profiling direction. The vertical turbulent
diffusivity «/ can be estimated by the relation
Kkl = x[2(0T/92)%17), a procedure often re-
ferred to as Osborn—Cox method (Osborn and
Cox, 1972). See Cox number.

dissipation of turbulent kinetic energy
The rate at which turbulent kinetic energy e[W
kg~!] is transformed to heat by internal fric-
tion caused by viscosity v. Dissipation is given
by € = 20 ;;[0.5 - (Ju;/dx; + du;/dx;)]*
(see strain rate). In natural waters, € is mostly
estimated by profilers that measure one veloc-
ity component u’ in the direction perpendicular
to the motion of the measuring profiler (direc-
tion z). For isotropic small-scale turbulence, the
above nine terms in the summation collapse to
the simple form € = 7.5v < (3u’/dz)?> > (<>
indicates the average over a length scale, chosen
typically 0.5 to several meters). An alternative
estimate can be determined by the inertial dissi-
pation method.

dissipation profiler  Instrument for the mea-
surement of oceanic turbulence levels. It is
equipped with fast sampling airfoil probes and
thermistors to resolve velocity and temperature
fluctuations in the dissipation range. Generally,
these instruments are designed to either fall or
rise vertically in the water in order to produce a
profile of the turbulent activity in the water col-
umn. For certain applications, the instruments
are towed horizontally.

dissipation range  The range of length scales
or wavenumbers at which velocity fluctuations
in turbulent flows are damped out (dissipated)
by molecular viscosity. See Kolmogorov scale,
turbulent cascade.

dissipation rate Rate at which turbulent
kinetic energy (TKE) is removed from turbu-
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lent flows at length scales defined by the Kol-
mogorov scale. The dissipation rate enters the
turbulent kinetic energy equation as the term

€ = 2ve,~je,~j

where v is the viscosity and e;; is the fluctuating
strain rate tensor defined by

1 au i n ou j

Y2 \ax; o
where u; and x; are the velocity and position, re-
spectively, for the spatial directions i = 1, 2, 3.
In oceanic turbulence studies, € can be estimated
from measurements of velocity gradients. Un-

der the assumption of isotropic and steady tur-
bulence, € is estimated from

15 (duz\?
€e=—v|—
2 dx1
where x1 is the direction along which the mea-
surement device measures the perpendicular tur-

bulent velocity fluctuations u». See also airfoil
probe.

dissolved organic matter  See colored dis-

solved organic matter.

distance indicator  See standard candle.

distance modulus  The distance to an object
can be derived by comparing its apparent mag-
nitude (m) and absolute magnitude M, where
M is defined to be the flux of the star at a stan-
dard distance of (10pc?). Using the standard
definition for magnitude, we have

L/4m R? )

m—M=-25log | —Lt—
L/47(10pc?)

where R is the distance to the star and L is the
star’s intrinsic brightness (luminosity). This re-
duces to

m—M =51og(R)—5.

diurnal  Due to the daily variation of the solar
radiation received at the Earth’s surface, meteo-
rological quantities, such as temperature, pres-
sure, atmospheric pollution, wind speed and di-
rection, etc. have daily variations. Diurnal vari-
ation is a periodic variation and does not contain
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the non-periodic variation caused by synoptic
situations (such as advection processes). The
strength of diurnal variation is related to loca-
tion, stronger in continental areas and weaker in
maritime areas, e.g., the strongest diurnal vari-
ation region is the Tibetan Plateau. The diur-
nal range in equatorial areas exceeds the annual
variation in average temperature. More strictly,
diurnal pertains to occurrences during the day,
as opposed to nocturnal occurrences; diel occur-
rences are those that happen once per day.

diurnal motion  Apparent motion of objects
on the celestial sphere due to the rotation of
Earth from west to east, which causes objects
to appear to rise in the east and set in the west
daily.

divergence  Branching off or moving in dif-
ferent directions. Also denotes a mathematical
operation; the divergence of a vector i is de-
noted by V - ii.

divergence law for irradiance See Ger-
shun’s law.

divergence theorem  Also called Gauss’ the-

orem:
/éﬁdA:/v.édV
A \%4

with V being a volume enclosed by surface A
and 7 isaunitnormal to A. Used, for instance, to
convert between integral and differential forms
of Maxwell’s equations.

divergent boundary In tectonics, two plates
move apart from each other at a divergent bound-
ary. Magma moves up from the Earth’s astheno-
sphere at the divergent boundary. The magma
rises to the surface, where it cools and solid-
ifies as the volcanic rock basalt. Continued
magma ascent forces the newly formed basaltic
crust to move to the sides as the process repeats.
Thus, divergent boundaries are areas where new
crust is formed and where the plates move apart.
Divergent boundaries are characterized by vol-
canism (quiet eruptions with very fluid lavas)
and shallow earthquakes. Divergent boundaries
are believed to occur over the uprising portions
of convection cells within the Earth’s astheno-

© 2001 by CRC Press LLC

sphere. The Mid-Atlantic Rift and the East
African Rift Valley are examples of divergent
boundaries.

divergent plate boundary See divergent
boundary, seafloor spreading.

diversity reception  Often, aradio circuit will
have many different possible paths between the
transmitter and receiver. There may be differ-
ences in the quality of the service on these paths
and the quality may vary in time, space, and fre-
quency. Diversity methods seek to exploit these
differences. In the simplest form, signals on two
different paths may be received and the maxi-
mum signal selected. More complex diversity
systems may make use of redundancy between
signals collected from several paths. See iono-
spheric radio propagation path.

dividedbar The name of an apparatus used to
measure thermal conductivities of disk-shaped
rock samples. Two metal, usually brass, heads
with circular cross-sections are maintained at
different constant temperatures. Rock samples
with known and unknown thermal conductivi-
ties are sandwiched in between. The heat flux
q through the axis (z) of the system is deter-
mined from the measured temperature gradient
dT /dz across the rock sample of known thermal
conductivity A; from Fourier’s law of heat con-
duction. The thermal conductivity of the other
sample is then given by this heat flux and the
measured temperature gradient across it. See
conductive heat transfer.

D-layer The D-layer is the lowest iono-
spheric layer at heights between 60 and 85 km.
In contrast to the other ionospheric layers, it is
still inside the mesosphere. Ionization is primar-
ily due to energetic particles of solar and galactic
origin and some UV lines which penetrate deep
into the atmosphere, such as the Lyman-¢-line.
The main constituent is NO, which results from
a combination of atomar oxygen O and molec-
ular nitrogen Nj. The layer can be described
very well by a Chapman profile. Due to the
high densities, free electrons are rare and ion
clusters and negative ions form instead. Polar
cap absoptions (PCAs) and sudden ionospheric
disturbances (SID) strongly modify this layer.
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dog days  The time period (July 3 through
August 11) during the northern summer when
Sirius is high in the daytime sky, supposedly
adding to the summer sun’s heat.

doldrums The equatorial zone, character-
ized by high temperatures with small seasonal
and diurnal change (and heavy rainfall) and light
winds, so that sailing ships have difficulty sail-
ing through the region.

domain of dependence Let S be an achronal
set. The future/past domain of dependence
D*(S) of S is the set of points x such that an
arbitrary past/future endless trip containing x in-
tersects S. The domain of dependence of S is
D(S) = DF(S) N D~(S). See achronal set,
causality relations.

domain of outer communication  The re-
gion outside of all black hole surfaces (hori-
zons). The region of spacetime that is visible
from infinity.

domain wall  Cosmological topological de-
fects arising in phase transitions for which a dis-
crete symmetry is spontaneously broken: the
phase transition G — H induces a discrete
family of equivalent vacuum states and domains
having a different value for the Higgs field re-
sponsible for the symmetry breaking will form,
separated by a correlation length. At the in-
tersections between these domains, the Higgs
field will, by continuity, not be able to lie in
the true vacuum (the minimum of the poten-
tial), and thus the region (a wall) will contain
an enormous amount of energy. Any theory pre-
dicting such walls contradicts observational cos-
mology as, for instance, they would contribute
to the total energy density of the universe as well
as to the anisotropies of the cosmic microwave
background at a level well over that observed.
See cosmic topological defect, homotopy group,
spontaneous symmetry breaking.

dominant energy condition  For all future-
directed time-like vectors &4, the vector —T;'& b
is a future-directed time-like or null vector. Here
T} is the stress tensor of the matter. This con-
dition expresses the requirement that the speed
of energy flow is less than the speed of light.
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Doodson number A set of six integers in the
notation d1d>d3.dsdsdg defined by A.T. Dood-
son in 1921 to uniquely classify tide compo-
nents. In this scheme, the tidal band is decom-
posed into integer multiples of six astronomical
functions: 7, the mean lunar time; s, the mean
longitude of the moon; %, the mean longitude
of the sun; p, the mean longitude of the lunar
perigee; N, the negative mean longitude of the
ascending lunar mode; and py, the mean longi-
tude of the solar perigee. Thus, for each com-
ponent j, the tidal frequency, w;, and phase, §;,
are decomposed as:

wj+ B =
dit+(d2—5) s+ (d3—5h+
(ds = 5) p+(ds —5) N' + (ds — 5) ps

The first digit, d; defines the tidal species and
is always equal to the order of the spherical
harmonic component of the tide potential from
which it originates. Long-period tides have
d; = 0, diurnal tides have d; = 1, and semi-
diurnal tides have d; = 2. The combination of
the first two digits dd, defines the tidal group
number, and the first three digits d1d>d3; define
the tidal constituent number. For example, the
largest semi-diurnal tide, M», has a Doodson
number of 255.555, while the largest diurnal
tide, K1, has a Doodson number of 165.555.

Doppler beaming  Beaming of radiation due
to the rapid, i.e., close to the speed of light, mo-
tion of an emitting source with respect to an ob-
server. Light emitted isotropically in the rest
frame of a source is observed greatly enhanced
if the source is moving toward the observer: For
aradiating particle moving at a velocity close to
the speed of light, corresponding to a Lorentz
factor y > 1 (y is equal to 1y/(1 — (v/c)?),
where v is the velocity of the radiating mat-
ter, and c is the speed of light), the observer
would see most light concentrated in a narrow
beacon of half-opening angle 1/y radians, and
enhanced (or “Doppler boosted”) by a factor that
can be proportional to a large power (3to4) of y.
Doppler beaming is relevant whenever there are
charges moving at a velocity close to the speed
of light (for example, if v = 0.95¢ then y = 3),
as in the case of radio jets in radio galaxies and
quasars.
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Doppler broadening  The broadening of a
spectral line in a gas because of red and blue
shifts associated with thermal motion in the gas.

Doppler dimming A means by which to de-
termine outflow plasma velocities from corona-
graph measurements of the solar corona, where
the outflows are perpendicular to the line-of-
sight. In the solar wind of the outer corona,
Doppler dimming observed in Lyman o at
1216 A provides a diagnostic tool for deter-
mining the outflow speed. At heights of in-
terest, ~ 4R, densities are too small for sig-
nificant coronal Lyman « emission, so the ob-
served radiation is produced by resonance scat-
tering of chromospheric Lyman « off the H;
locally present in the corona. The intensity of
the detected radiation is determined both by the
chromospheric intensity and by the systematic
velocity of the scattering Hy. This scattering is
largest when the velocity is zero and Doppler
dimming occurs when the velocity, relative to
the chromosphere, increases.

Doppler effect  The observed frequency of
the wave signal from a standard source is a func-
tion of the motion of the emitter and the detector.
In Newtonian physics with a universal time ¢, for
waves moving at a given speed v, with respect
to a medium (e.g., for sound waves in air):

1 +v,/vp

received frequency f' =
1 Fv5/vp

f

where f is the source frequency, measured at
rest near the source, vs is the source speed, v,
is the observer speed relative to the medium,
both measured along the line joining source and
observer; the upper sign is for motion reducing
the relative separation. In Newtonian physics
only the component along the line between the
source and observer contributes to the Doppler
effect.

When considering the Doppler effect of light
or other electromagnetic signals, one uses the
special relativistic formula. Here there is no
medium, so the concept of motion relative to
the medium is meaningless. The relativistic for-
mula is:

1 —v/ccos6

P =T
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where v is the velocity of relative motion of the
source and observer, 6 is the angle between the
direction of propagation of the photon and the
velocity of the observer, measured in the rest
frame of the emitter. (6 = 0O corresponds to
motion increasing the separation.) Notice thatin
relativistic systems there is a transverse Doppler
shift arising from the denominator, even when
there is no motion along the line between source
and observer.
Doppler shift  Doppler effect.

double couple A seismological model that
a focal mechanism is produced by release of
double-couple torques with mutually opposite
direction at a hypocenter. In contrast, a model
that a focal mechanism consists of a single
torque is referred to as single couple. Although
radiation patterns for initial motion of P-waves
are the same for both models, those for S-waves
become of four quadrant type for double cou-
ple, whereas they are of two quadrant type for
single couple. Radiation patterns for Love wave
and Rayleigh wave and their amplitude ratios are
also different between the two models. At the
beginning of the 1960s, a point source model
equivalent to lateral faulting was theoretically
proved to be double couple. The force and
moment are zero for a double couple, and the
amount of one of the two torques is called seis-
mic moment.

double diffusion = Mixing process resulting
from differential (“double’) diffusion of salt and
heat between two water masses. In the absence
of mechanical stirring caused by shear currents,
this type of mixing occurs in two layer situa-
tions, in which two water types of different heat
and salt composition are stacked vertically. A
necessary condition for double diffusion is that
the gradients of temperature and salinity have
the same sign. See also stability ratio.

Two scenarios are possible: in the first,
warmer and saltier water is above colder, fresher
water. Since the rate of molecular diffusion for
heatis about 100 times larger than that of salt, the
upper water loses heat to the lower water faster
than it loses salt. This results in a loss of buoy-
ancy of the upper water in the vicinity of the in-
terface. If the initial density difference between
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the layers is small, saltier water will sink into
the lower layer in the form of thin columns (or
fingers, hence, “salt fingering”). Likewise, the
water below the interface gains heat faster than
it gains salt, resulting in penetration of fresher,
colder water into the upper layer.

On the other hand, if a layer of cold, fresh
water is above a layer of warm, salty water, the
water just above the interface gains buoyancy
from the heat transfer through the interface and
tends to rise. At the same time, the water below
the interface loses buoyancy and tends to sink.
This fluid motion leads to the development of
strata of homogeneous convective layers sepa-
rated by thin regions of high vertical gradients
of temperature and salinity. This phenomenon
is often called layering.

The degree of double diffusion is usually ex-
pressed by the stability ratio R,, which is de-
fined by

R, =

stability due to the stabilizing component

instability due to the destabilizing component

Two cases of double-diffusion occur:

R, = (ad®/9z2)/(BdS/dz) > 1
for the finger regime ,
R, = (B3S§/0z2)/(@d®/dz) > 1

for the diffusive regime .

Double diffusion is potentially active when 1 <
R, < (kr/Kks) ~ 70 (temperature-dependent,
see Lewis number), where k7, k; are the molec-
ular diffusivities of temperature (heat) and salt,
respectively. In fact, double diffusion becomes
manifest by convectively well-mixed layers, if
1 < Rp <~ 4andismostintense forR, — 1.

double probe A pair of DC antennas ex-
tended in opposite directions from a satellite. By
observing the voltage difference between their
ends, the component of the electric field E in
that direction can be estimated.

Double probes extending 5 to 10 m are of-
ten used in low Earth orbit to observe electric
fields in the auroral and polar regions of the up-
per atmosphere. Their readings must be cor-
rected for the voltage due to the spacecraft mo-
tion, shadow effects, and other problems, but
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because of the high ambient ion density, they
tend to work well since they are much larger
than the Debye length. Some have been used in
more distant regions, where boom lengths of the
order of 100 m are needed.

double star  Roughly synonymous with bi-
nary star, but generally restricted to mean those
pairs where the stars are far enough apart that
they will complete their evolution without af-
fecting each other. Also, frequently, binary stars
that can be resolved into two separate points of
light on the sky. See binary star.

downward (upward) irradiance diffuse at-
tenuation coefficient = The negative of the
derivative with respect to depth of the natural
logarithm of the downward (upward) plane irra-
diance [m~!].

downward (upward) radiance mean cosine
The average cosine of the nadir (zenith) angle
of all downward (upward) traveling photons; it
equals the ratio of the plane irradiance to the
scalar irradiance for the downward (upward) di-
rection.

downward (upward) scalar irradiance dif-
fuse attenuation coefficient = The negative of
the derivative with respect to depth of the natu-
ral logarithm of the downward (upward) scalar
irradiance [m—!].

downwelling  The process of accumulation
and sinking of warm surface waters along a
coastline. The primary downwelling regions are
in the subtropical ocean waters. Downwelling
may bring waters rich in oxygen to deeper layers
of oceans or lakes.
draconitic month  See month.

drag coefficient  Coefficient linking the cur-
rent velocity squared to the drag force. In natu-
ral waters, the stress 7 (drag force per unit area)
onto the boundary is usually parameterized by
T = pChuh2 [Nm~2]. The index h indicates
at which level above bottom (often 7 = 1m)
the velocity uj, is considered. For smooth bot-
tom boundaries (see roughness length), Cj, is
typically (2.2 & 0.6) - 1073 and is equal to the
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skin friction. If bottom irregularities are present
(see rough flow) a so-called form drag adds to
the skin friction. Also in this case, the same
parameterization for t is customary but with
a larger value for C;. At the surface bound-
ary, roughness is due to viscosity at very low
wind speed (Wo < 2ms~1) and due to waves
at wind speed W9 >~ 6ms~!. Therefore, Cj
has a minimum at about Wiy = 3 — 5ms~! of
Co~1- 103 and increases to 103 outside
the maximum. The index 10 on Wjg refers to
the standard height for wind measurements of
h = 10m above water level.

dragging phenomenon  See frame dragging.
dredge A machine that removes sediment
from an area for deposition elsewhere. Common
designs include the cutterhead dredge, which
functions much like a giant drill with a hol-
low shaft for transporting sediment, and the
clamshell dredge, which is essentially a crane
with a clamshell-shaped bucket for grabbing and
moving sediments.

D region  The mid- and low-latitude D re-
gion is the portion of the ionosphere formed be-
low 90 km above the surface of the Earth. It
lies below the E region. Above 70 km the D
layer is mainly due to ionization of the trace con-
stituent NO by solar Lyman-« radiation, while
at lower altitudes ionization by galactic cosmic
rays is important. The D region has a marked
diurnal variation, with daytime maxima just af-
ter local noon (typically 108 to 10° electrons
m~3), and disappears at night. The ionization
is highest in summer. In winter, on some days
the D-region ionization can increase above nor-
mal levels. This winter anomaly is thought to be
due to meteorological effects on the lower iono-
sphere together with post (geomagnetic) storm
particle precipitation. The D region is responsi-
ble for MF and most HF radio wave absorption.
The nature of the D region depends on collisions
between free electrons in the layer and the atmo-
sphere. Collisions are relatively more important
in the lower ionosphere than in the higher lay-
ers. Absorption results from radio waves pass-
ing through the D region and losing energy to
the local atmosphere as a result of these col-
lisions. At LF/VLF/ELF the ionization in the
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D region may be high enough to reflect the ra-
dio waves. At high latitudes particle precipi-
tation can strongly enhance D-region ionization
leading to increased absorption. Seeionosphere,
ionospheric absorption, polar cap absorption.

drift  The gradual motion by ions and elec-
trons undergoing guiding center motion. It is
generally defined as the net motion, perpendic-
ular to the magnetic field, of the guiding center
itself.

drift, curvature  The guiding center drift v,
associated with the curvature of magnetic field
lines. For a particle of mass m and charge
e, with velocities in m/sec and the velocity
component v)| along the magnetic field B, the
non-relativistic curvature drift velocity is v, =
2Qu)*[B x (B - VB)/B?] where V is in m™!
and 2 is the gyration frequency. In a field of
B nT (nanotesla), for protons 2 = 0.096 B, for
electrons 2 = 176 B.

drift, electric ~ The guiding center drift u im-
posed on a charged particle in a magnetic field
B by an electric field E. In MKS units, given E
in V/m, B in Tesla, u = E x B/B? m/sec. Un-
like other drifts, u acts equally on positive and
negative charges, and therefore does not pro-
duce an electric current, but rather a bulk flow
of the plasma: convection in the Earth’s mag-
netosphere, for instance, is generally viewed as
associated with electric drifts.

Intuitively, the electric drift can be viewed as
an effect of the voltage drop across the circu-
lar orbit of guiding-center motion in a magnetic
field. Positive ions accelerate in the direction
of E, and being fastest at the part of the cir-
cle furthest in that direction, their motion there
curves less than at the opposite end of the cir-
cle. That causes their guiding centers to move
sideways, in a direction perpendicular to both E
and B. Negative electrons are accelerated in the
opposite direction, but since they also circle the
guiding center in the opposite sense, their drift
velocity u is the same.

drift, gradient  The guiding center drift v, as-
sociated with the gradient of the magnetic field
intensity B. For a particle of mass m and charge
e and with velocity component v perpendicular
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to the magnetic field, the non-relativistic gradi-
ent drift velocity is v, = Qu; 2(B x VB)/B2,
where distances are in meters and where in a
field of B nT (nanotesla), for protons 2 = 0.096
B, for electrons 2 = 176 B.

drift, magnetization The guiding center drift
implied by the magnetization current.

driftmeter  An instrument for measuring the
bulk flow of plasma in space; by ascribing this
flow to electric guiding center drift, two com-
ponents of the ambient electric field E can be
deduced. Driftmeters generally consist of two
matched plasma detectors observing diametri-
cally opposed directions: any bulk motion is ex-
pressed as a difference in the observed plasma
flux. Driftmeters are widely used in research
satellites as an alternative to double probes.

drift, polarization = The guiding center drift
implied by the polarization current.

driven shock  Shock building in front of an
object moving with a speed higher than the local
sound speed. Examples are the shock in front of
a super-sonic aircraft or the shock in front of a
coronal mass ejection. Since driven shocks are
connected to a moving obstacle, they are also
traveling shocks.

drizzle  Rain in the form of very small drops
(less than .5 mm) that fall slowly to the earth.
Typically formed in thin stratus cloud layers, so
that the drops have little time to enlarge as they
fall.

drumlins Streamlined hills of unconsoli-
dated, unsorted material deposited by a glacier.
They are parallel to the direction of movement
of the glacier. Drumlins are often 25 to 50 m
high and about 1 km in length. They can be
formed by ice erosion of an earlier glacial de-
posit or by shaping of the accumulated debris
under an active glacier.

drunkards walk Descriptive term for the
zig-zag motion of a particle in spatial diffusion.

dry-adiabatic lapse When dry or unsat-
urated air ascends or descends adiabatically,
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the temperature change is given by the dry-
adiabatic lapse rate. In static equilibrium con-
ditions,

dT  Ag
MET T,
where y,; is dry-adiabatic lapse rate, A is me-
chanical equivalent of heat, g is gravitational
acceleration, C), is specific heat at constant pres-
sure of dry air. At standard conditions the dry-
adiabatic lapse rate is 9.8° C/km.

dry freeze A weather event in which the
temperature drops below freezing, thus killing
vegetation, but the humidity is so low that no
hoarfrost forms.

duality in elastic string models A cosmic
string may carry a current that can be either time-
like or spacelike. Such a string is then called
an elastic string, and would in fact be the rela-
tivistic analog of an ordinary violin-like string.
In order to model the presence of a current in
the string core, a single parameter is required,
called the state parameter w, whose sign re-
flects the nature of the current: w > O for a
spacelike current, and w < O for a timelike cur-
rent. This parameter w is interpretable as the
square of the gradient (with respect to the string
worldsheet internal coordinates) of the phase of
acurrent carrier field. Given the state parameter,
the string motion is governed by a Lagrangian
function £(w) whose integrated form over the
string worldsheet provides the action. Defining
K = —2dL/dw, it can be shown that the square
x of the current is given by

w

XZE-

Define A(x):
A=L+ Ky

Depending on the particular regime (electric
or magnetic) one considers, the two functions
A and £ may play the roles of energy per unit
length or tension so that the knowledge of either
of them together with the duality transforma-
tion is equivalent to the equation of state. The
equivalence between both formalisms [either in
terms of L£(w) or in terms of A(x)] can also
be understood as interchanging the roles of the
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variables of space and time along the string.
It was used to reproduce the basic features of
the Witten conducting string in the Carter—Peter
model. See Carter—Peter model, cosmic string,
cosmic topological defect, current carrier (cos-
mic string), elastic string model, electric regime
(cosmic string), energy per unit length (cosmic
string), equation of state (cosmic string), tension
(cosmic string).

ductile behavior The phenomenological
macroscopic nature of solid material deforma-
tion. In general ductile behavior refers to the
capability for substantial change of shape with-
out gross fracturing. The deformation processes
that may enter into ductile behavior can be dis-
tinguished as cataclastic flow, crystal plasticity,
and diffusion flow/grain-sliding. Which combi-
nation of processes will be involved in forming
ductile behavior depends greatly on the prop-
erties of the material itself and the deformation
conditions such as pressure, temperature, and
strain rate.

dune Any deposit of sand-sized (1/16 to
2 mm in diameter) windblown material. Dunes
are common on bodies with an atmosphere,
having been seen on Earth, Mars, and Venus.
Dunes typically form in areas with a prevailing
wind direction and an abundant source of sand.
Dunes often migrate, as wind blows the sand
from one deposit into another area to build up a
new deposit. Vegetation and other obstructions
cause dunes to stabilize and cease their migra-
tion. There are three primary classes of dunes:
(1) longitudinal dunes, which are oriented par-
allel to the prevailing wind direction; (2) trans-
verse dunes, which are oriented perpendicular
to the wind direction; and (3) parabolic dunes,
which are U-shaped with the dune pointing in
the downwind direction. Many subclasses of
dunes occur, depending on differences in wind,
sand supply, and vegetation.

dusk The part of morning or evening twilight
between complete darkness and civil twilight.
See twilight, civil twilight, nautical twilight, as-
tronomical twilight.

dust  In astrophysics, grains formed in the
envelopes of cool stars, and blown outward via
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stellar winds and radiation pressure, or formed
in supernova explosions. Interstellar dust has
typical radii of ordera ~ 1 um to 10 wm and an
exponential size distribution n(a) o a®, where
n is the number density. The exponent § is of
order 3.5. Dust plays a substantial part in star
forming regions and in the foundation of plane-
tary systems in accretion onto young stars, since
the dust has a strong influence on radiative ef-
fects.

In geophysics, aerosols (or potential aerosols)
of order 1 pum in size which have a large effect in
the atmospheric energy balance, as well as have
dramatic effects on local climate.

In relativity, a continuous medium having
a well-defined mass-density and velocity, but
whose pressure is equal to zero. It follows
from Einstein’s equations that each point of dust
moves on a geodesic. Dust is an approximate
model of the matter distribution in the universe
at the current stage of its evolution (in the early
phase of the evolution, pressure cannot be ne-
glected).

dust storm Wind and elevated suspended
dust that visibly reduces atmospheric trans-
parency.

dust storm (Mars) In southern summer of
Mars, global dust storms break out sometimes in
mid-latitudes of the southern hemisphere. They
were photographically observed in 1956, 1971,
1973, and 1977. The dust is wafted on the east-
erlies, and encircles Mars along a latitude line.
At the same time the Hadley cell carries the
dust to the northern hemisphere. After about
two weeks the whole of Mars, except polar re-
gions, is obscured by the dust. Although albedo
features become visible after a month or so, it
takes a Martian year for the atmosphere to re-
turn to the clear state of before the dust storm.
Global dust storms have not yet been observed
in the northern summer when Mars is near aphe-
lion. Local dust storms break out in all seasons
in both hemispheres, especially in low latitudes
and near polar caps. Dust clouds seem to be yel-
lowish to visual observers. However, the true
color is reddish: dust clouds are bright in red,
but not identified in blue. Some observers report
that dust clouds in their initial state, in a day or
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two after their outbreaks, are white visually and
bright in blue photographically, but not in red.

dwarf galaxy A galaxy having a small mass
and low luminosity. They are categorized into:
D Ir dwarf irregular; D Sp dwarf spiral; D El
dwarf elliptical; and D Sph dwarf spheroidal
(and nucleated dwarf spheroidal).

dwarf nova  The subset of cataclysmic vari-
ables in which hydrogen accreted on the white
dwarf has ignited while degenerate and so
burned explosively. The system survives and the
explosions repeat in periods from about 30 years
(recurrent novae) up to 10*~> years (classical
novae). Most or all of the accreted hydrogen
and its burning products are expelled at speeds
of about 1000 km/sec, leading to a visible nebula
called a nova remnant. These remain detectable
for decades until the gas (only about 107 solar
masses) dissipates. A few novae are found in
the Milky Way each year, and the total number
is probably 20 to 50, many of which are hidden
behind galactic dust. The ejecta make some con-
tribution to the galactic inventory of carbon and
of rare isotopes like nitrogen-15 and (probably)
aluminum-26.

dwarf spheroidal galaxies = Low mass ellip-
soidal galaxies, which differ from other dwarf
galaxies because of their lower surface bright-
ness and lower luminosity. More quantitatively,
adwarf spheroidal (dSph) galaxy can be defined
as a galaxy with absolute blue magnitude fainter
than — 14 (—8.5 for the faintest dwarf spheroidal
known), surface brightness lower than 22 visual
magnitudes per square arcsec (a surface bright-
ness comparable to that of the night sky at new
moon), and no nucleus. dSph galaxies have been
discovered in the local group, including the first
ever, the sculptor system, discovered in 1937 by
H. Shapley. The local group dSph galaxies ap-
pear as a collection of faint stars, with no diffuse
light coming from a background of unresolved,
less luminous stars. In addition, dSph galaxies
are extremely poor in atomic gas.

dynamical friction  The retarding effect on
a massive body as it moves through a cloud of
lighter bodies, arising from the fact that momen-
tum is transferred to the lighter bodies by their
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gravitational interaction with the massive body.
Hence, heavier objects tend to sink to the center
of clusters (and some of the lighter objects are
expelled in the interactions).

dynamical time (DT) A family of atomic
times introduced in 1984 to replace ephemeris
time. DT incorporates a relativistic correction
for the change in the frequency of a clock due
to the effect of its different, or changing, grav-
itational potential. The heavier the clock, the
slower it runs. The second of DT is scaled from
the second of International Atomic Time. “Ter-
restrial Dynamical Time” (TDT) is measured
on the Earth’s geoid and is meant to approxi-
mate Terrestrial Time used in solar motion the-
ories. ‘“Barycentric Dynamical Time” (TDB)
is referred to as the solar system barycenter.
TDB differs from TDT only by periodic varia-
tions. Planetary ephemerides are computed us-
ing TDB, but published referred to TDT. See
Barycentric Dynamical Time, Terrestrial Dy-
namical Time.

dynamic height
dynamical meters.

Height measured in units of

dynamic meter A unit of gravity potential
used to represent the amount of work performed
in lifting a unit mass vertically 1 m and defined
as 10° dyn-cm/gm or 10 J/kg. Dynamic meters
can be related to a depth, D, in the ocean as
D = gh/10, where g is the gravitational ac-
celeration and # is the geometric depth. One
dynamic meter corresponds roughly to 1.02 ge-
ometric meters at the surface of the Earth where
g = 9.8m/sec?.

dynamic pressure  The inferred momentum
flux pv? of the solar wind (p density, v velocity)
before it strikes the magnetosphere. It is widely
used as a parameter in theoretical or empirical
models of the magnetopause and bow shock, and
equals the pressure on a plate perpendicular to
the flow of the solar wind, far ahead of Earth,
assuming it absorbs all solar wind particles that
hit it. A typical value is 2 nP (nanopascal).
The size of the magnetosphere shrinks (expands)
with growing (diminishing) dynamic pressure.
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dynamic recrystallization Deformation-
induced reworking of grain size, shape, or ori-
entation in a crystal with little or no chemi-
cal change. An important mechanism of rid-
ding the crystal of tangled dislocations, in which
the new dislocation-free crystals nucleate and
grow through the deformed or partially recov-
ered structure. Dynamic recrystallization will
result in a new undeformed polycrystalline state
with high-angle grain boundary (i.e., no partic-
ular orientation relationship between grains).

dynamics  The study of motion arising from
interaction between bodies, and of bodies un-
der the influence of external fields (gravitational,
electric, and magnetic).
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dynamic viscosity The coefficient of vis-
cosity, usually denoted p equal to the ratio of
the shearing stress to the shear of the motion.
See kinematic viscosity, eddy viscosity, abso-
lute viscosity.

dynamo The mechanism whereby strong
magnetic fields are produced from small field
fluctuations through distortion of field lines by
motion of conducting fluids. A dynamo effectis
responsible for the Earth’s magnetic field. Nu-
merical simulations of the Earth’s internal dy-
namo can, in fact, reproduce the field reversals
that have taken place in the Earth’s field.
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E

Eady, E.T. (1915-1966) English mathemati-
cian and meteorologist. Worked virtually alone
in developing the theory of baroclinic instability
during World War II.

Eady model A baroclinic geophysical fluid
dynamic model that clearly illustrates the baro-
clinic instability process.

EAL  See International Atomic Time.

Earth  Third planet in the solar system from
the sun, orbital semimajor axis 1.496 x 103 km,
eccentricity 0.0167, polar inclination to the
ecliptic 23°.45; Mass 5.9736 x 10%* kg, radius
6126 km. Home of the human race. A planet
with active plate tectonics, and frequently (by
geologic standards) reversing magnetic field.
The Earth has a dense but transparent atmo-
sphere (approximately 1.013 bar at the surface).
The atmosphere consists of 77% nitrogen, 21%
oxygen, with traces of argon, carbon dioxide,
and water and produces a greenhouse effect con-
tributing about 40°C to its average temperature
of approximately 14°C. Oceans cover 71% of
the Earth’s surface, which acts as a thermal
reservoir, and CO; buffer. Earth is the only
planet with a known active biosphere, extending
from as much as 1 km into the Earth to 30 km
above it. Photosynthetic organisms produce co-
pious amounts of oxygen (O3) and remove CO,
from the atmosphere, using energy from the sun
(G2 dwarf).

earth ellipsoid and flattening factor =~ The
figure of the Earth is approximately an oblate
spheroid, symmetrical about its North-South
axis. A spheroid is a special case of an ellipsoid,
with two of its three principal axes (A, B, C)
equal, vizz A = B > C. The flattening fac-
tor f = (A — C)/A, now approximately 1/298,
slowly decreases, as tidal dissipation slows the
Earth’s rotation. The “weighted mean axis” is
(2A+C)/3. The “GCT Sphere” is used in map-
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ping transformations that do not accommodate
oblateness. Most models were determined by
fitting a spheroid to surveys. Ground-based sur-
veying methods depend on the plumb bob or
its equivalent to find the local vertical, yield-
ing not the spheroid, but the geoid. Some mod-
els were determined dynamically, by measur-
ing the Earth’s gravity field through the anal-
ysis of spacecraft orbits. Among these, cases
such as GEM-9 and GEM-10, with identical
axes, were derived from different parent mod-
els, whose gravity fields differ in detail.

Earth Orbiter (EO-1) A spacecraft be-
longing to the New Millennium Program, in-
tended to validate revolutionary technologies
for future land imaging missions. Launched
November 21, 2000, with three advanced land
imaging instruments that collect multispectral
and hyperspectral scenes in coordination with
the Enhanced Thematic Mapper (ETM+) on
Landsat-7. EO-1 flies in a 705-km circular, sun-
synchronous orbit at a 98.7° inclination allow-
ing it to match within 1 min the Landsat-7 orbit
and collect identical images for later compari-
son.

earth orientation parameters (EOP)  Coor-
dinates of the Earth’s rotational pole as mea-
sured along the Greenwich meridian and the
meridian 90° west. They are determined geodet-
ically by very long baseline radio interferometry
or satellite or lunar laser ranging.

earthquake The sudden movement of the
ground caused by the release of stress along a
fracture (or fault) within the lithosphere. Earth-
quakes usually occur along plate boundaries,
although intraplate earthquakes do occur and
probably represent the release of excess stress.
When too much stress builds up within the
planet’s lithosphere, the material will fracture
and elastic waves carry the resulting energy
throughout the planet. The actual location of
the initial slip along the fault is called the fo-
cus of the earthquake; it is usually located at
some depth below the surface. The location on
the surface directly above the focus is called the
epicenter of the earthquake. Energy released by
an earthquake is measured in terms of magnitude
on the Richter scale — an increase of one magni-
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tude represents a 32-fold increase in the energy
released by the earthquake. The study of earth-
quakes is called seismology. Similar releases
of energy are seen on other bodies, resulting in
moonquakes, Marsquakes, etc.

earthquake intensity A measure of the local
perceived strength of an earthquake based on the
local damage that is done.

earthquake magnitude  The Richter magni-
tude is a measure of the intensity of an earth-
quake. It is a logarithmic scale with an in-
crease of one in magnitude corresponding to
about a factor of 32 increase in energy (a fac-
tor of 10 in amplitude recorded on a seismo-
gram). Earthquake magnitudes are instrumen-
tal in that they are obtained from earthquake
seismographs. The table on page 141 relates
the earthquake magnitude to earthquake inten-
sity and the associated damage.

earthquake moment  The earthquake mo-
ment M is defined by the relation

M =mdA

where m is the shear modulus in the rock where
the earthquake occurs, d is the mean displace-
ment across the fault during an earthquake, and
A is the rupture area. The earthquake moment is
empirically related to the earthquake magnitude.

earthquake precursor Any phenomenon
that occurs prior to an earthquake that warns of
its future occurrence. Examples are foreshocks,
ground motion (uplift, tilt), electromagnetic sig-
nals, emission of gases (for example, radon),
changes in the water table, and animal behavior.
Although earthquake precursors have been doc-
umented in some cases, no reliable precursors to
earthquakes have been found.

earthquake prediction Predictions of earth-
quakes can be divided into two classes:
(1) earthquake hazard assessment and (2) pre-
diction of a particular earthquake. Hazard as-
sessment provides an estimate of probability that
an earthquake of a specified magnitude will oc-
cur in a specified region in a specified time inter-
val. Hazard assessments are based on a number
of observations including the number of smaller
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earthquakes that occur in a region. Reasonably
accurate hazard assessments are available. No
reliable short-term predictions of actual earth-
quakes have been documented.

earthquake swarm A swarm of earthquakes
that takes place, concentrating spatially and tem-
porally. The relation among foreshocks, main-
shock, and aftershocks is obscure, and an earth-
quake swarm does not include a remarkably
large event (mainshock). Earthquake swarms
tend to occur in markedly heterogeneous crustal
structures such as a volcanic region and crush
zone. Possible generation mechanisms are
(1) region of accumulated elastic strain is di-
vided into blocks, and earthquakes take place
in the respective subregions, or (2) earthquakes
occur at the same place repeatedly during short
period due to fast supply of energy. A remark-
able example of earthquake swarm is the Mat-
sushiro earthquake swarm in Japan (Maximum
magnitude M 5.4), for which more than 60,000
felt earthquakes were observed for several years
from 1965.

earth radius (Rg) A widely used unit in
measuring distances in the Earth’s magneto-
sphere, usually measured from the center of the
Earth. (In other planetary magnetospheres, the
planet’s radius is often used in a similar way.)
The mean earth radius is 6,371,315 m. The av-
erage distance to the subsolar point of the mag-
netopause is about 11 Rp, to that of the bow
shock 14 RE, to the synchronous orbit 6.6 RE,
to the moon about 60 Rg and to the L1 and L2
Lagrangian points 236 Rg.

earth rotation parameters (ERP)  Earth ori-
entation parameters and Universal Time.

earthshine  Reflected light from the dayside
of the Earth that illuminates the part of the moon
that is not directly lit by sunlight.

East Australian current  An ocean current
flowing southward along the east coast of Aus-
tralia.

East Greenland current  An ocean current
flowing southward along the east coast of Green-
land.
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Magnitude
distance (km) Felt Intensity Damage

2 0 I Not felt
II Felt by a few people

3 15 I Hanging objects sway
v Windows and doors rattle

4 80 V Sleepers awaken

5 150 VI Windows and glassware broken
VII Difficult to stand

6 220 VIII Branches broken from trees

7 400 IX Cracks in ground — general panic
X Large landslides — most masonry structures destroyed

8 600 XI Nearly total destruction

east-west effect  An east-west anisotropy in
the arrival of cosmic ray particles. At equal in-
clinations to the vertical, a higher flux of par-
ticles is observed from the west than from the
east because of an asymmetry in the distribution
of trapped orbits (see cutoff energy). The di-
rection of the asymmetry (more from west than
from east) shows that primary cosmic ray parti-
cles have a positive electric charge.

easy access region  Prior to the observations
of the spacecraft Ulysses, the topology of the
heliosphere was assumed to be similar to the
one of the magnetosphere. In particular, above
the solar poles cusp-like regions were expected
where the cosmic radiation should have an easy
access to the inner heliosphere, leading to higher
fluxes over the poles compared to the ones at the
same radial distance in the equatorial plane. Al-
though Ulysses’ findings show an increase in the
intensity of the galactic cosmic radiation over
the sun’s poles, this increase is much smaller
than the one expected in the picture of an easy
access.

Two physical mechanisms seem to contribute
to this lack of easy access: (a) an unexpected
high level of magnetic field turbulence, lead-
ing to an enhanced scattering and thus prevent-
ing a relatively large number of particles from
penetrating deep into the heliosphere, and (b) a
more peanut-like shape of the heliosphere with
a wider extent over the poles owing to the fast
solar wind flowing out of the polar coronal holes.

ebb current  The tidal current that results
when the water in bays and estuaries is higher
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than that in the adjoining sea. The opposite is
referred to as a flood current.

ebb delta A deposit of sediments immedi-
ately offshore a tidal inlet.

ebb shoal  See ebb delta.
ebb tide Used essentially interchangeably
with ebb current.

eccentric Not centered, or not circular.
Refers to elliptical orbits, where eccentricity is
defined as the distance between the foci divided
by the major axis, or equivalently

b2
)
a

where € is the eccentricity, a is the semimajor
axis, and b is the semiminor axis. The eccentric-
ity of a circle is zero. For parabolas eccentricity
= 1; for hyperbolic orbits, eccentricity exceeds
1. See eccentricity.

eccentric dipole  An approximation to the
internal magnetic field of the Earth. It replaces
that field with the field of a magnetic dipole,
suitably oriented, but achieves additional accu-
racy by displacing that dipole from the center
of the Earth in such a way that the quadrupole
harmonic terms (terms which diminish as 1/r%)
are reduced as much as possible.

eccentricity A characterization of conic sec-
tions, which are also solutions to the Newtonian
equations of motion for a mass in the field of
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a central mass, thus applicable to planetary or-
bits. Eccentricity € = zero for circles, eccen-
tricity € < 1 corresponds to an ellipse, € = 1 to
a parabola, and € > 1 to a hyperbola. See conic
section, Kepler’s laws.

echelle spectrograph A grating spectro-
graph designed to achieve high spectral reso-
lution, employed as an analyzer of optical and
UV radiation. To increase resolution, the echelle
spectrograph works with high diffraction orders
(10 to 100). The light diffracted by the echelle
grating is made of several high order spectra,
covering adjacent narrow spectral ranges. They
would overlap spatially if they were not sepa-
rated by a cross-disperser, i.e., a grating with
the grooves aligned perpendicularly to those of
the echelle grating. The final echelle spectrum
is a sequence of spatially displaced spectra of
increasing order, and must be recorded on a two-
dimensional detector, such as a CCD or a pho-
tographic plate. With echelle spectrographs, a
spectral resolving power of several 10* can be
achieved with a compact design. See diffraction
grating, grating spectrograph.

echosounder A device that sends an acoustic
signal into a water column and records the travel
time for the sound to be reflected off of an object
and returned to the sender. Generally used from
a boat to measure water depth to the seafloor.

eclipse  The obscuration of one astronomical
body by another which moves between the first
body and the observer.

eclipse year  About 346.62 days; because of
the precession of the nodes of the moon’s or-
bit (the moon must be near the node for a solar
eclipse to occur) alignment of the nodal line with
the Earth-sun direction recurs every eclipse year.

eclipsing binary A pair of stars whose or-
biting around each other is revealed because
one periodically passes in front of (eclipses) the
other from our point of view. This is probable
only when the stars are quite close together or
the stars are very large. The detailed shape of the
light curve can be analyzed to reveal the physi-
cal sizes of the two stars, the ratio of their sur-
face temperatures, and the angle the orbit plane
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makes with our line of sight. The bigger the
stars, the longer the eclipse lasts; the hotter the
star in back, the deeper the eclipse; and angles
different from 90° tend to round the corners of
the dips in brightness (though illumination of
one star by the other can have somewhat similar
effects and the analysis can be complicated).

ecliptic  The apparent path of the sun through
(actually in front of) different stellar constella-
tions as seen from the Earth; the extension on the
celestial sphere of the plane of the orbit of the
Earth. The orbits of the visible planets are close
to the ecliptic (deviating by & 7° for Mercury).
This path crosses through the zodiac constella-
tions. See celestial sphere.

Eddington approximation In radiative
transfer, the approximation that the radiative
flux is constant over direction in the upper hemi-
sphere, and separately constant over the lower
hemisphere.

Eddington limit = The maximum luminosity,
or accretion rate, beyond which the spherical
infall of matter on a massive body stops be-
cause the infalling matter is pushed outward
by radiation pressure. In the case of spheri-
cal accretion, i.e., matter falling radially and
uniformly onto a body, the gravitational force
is given by: Fgravity = GM £ source M cloud/ D?
where D is the distance of the cloud from
the source. The radiation force is determined
by assuming that the cloud is optically thin
and the photons are traveling radially from
an isotropic source. Then, each photon ab-
sorbed imparts its entire momentum to the cloud
(py = E, /c). The radiation force is then given

. L sourc .
by: Fradiation = &M cloud 3 p5c Where k is the

opacity of the cloud. The Eddington luminos-
. . Eddington

ity is independent of distance: L soyree =
41 GM sourcec/k. Then the Eddington luminos-

ity can be written as
Lgaa = 1.3 x 1033 (M /Mg)ergs s7!

A consequence of the Eddington limit is that
central black holes need to be very massive to
radiate at L ~ 10 to 10%” erg, the typical
luminosity of quasars. Since the accretion lu-
minosity can be written as L = nMcz, i.e., as
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the fraction 1 of the rest mass falling onto the
black hole per unit time, (M ), that is converted
into radiating energy, a limiting accretion rate
is associated to the Eddington luminosity. See
quasar.

Eddington luminosity = See Eddington limit.
Eddington ratio  The ratio between the bolo-
metric luminosity of a source, and the Eddington
luminosity. The Eddington ratio can be equiva-
lently defined from the accretion rate. The Ed-
dington ratio is a parameter expected to influ-
ence the structure and the radiating properties
of an accretion disk in a fundamental way: If
the Eddington ratio is < 1 a geometrically thin
disk is expected to form, while if X 1 the ac-
cretion disk may inflate to form a torus whose
thickness is supported by radiation pressure. See
Eddington limit.

eddy A current that runs in a direction other
than that of the main current; generally “spins
off” from a larger flow and defines a circular
path.

eddy correlation method  Method to directly
compute turbulent fluxes of scalars. Turbulent
velocity fluctuations cause a net transport of
scalar properties of the fluid. The turbulent flux
is then given by the time or space averaged prod-
uct v’0’ of the velocity v and the scalar 6, where
the primes denote the fluctuations (see Reynolds
decomposition) and the over-bar denotes the av-
erage. For example, the fluctuations of vertical
velocity w and temperature 7 may be combined
to give the vertical flux of heat, Cw’T’, where
C is the specific heat.

eddy diffusivity = An analog to molecular dif-
fusivity, used to model diffusion in a turbulent
flow.

eddy flux  The flux of chemical properties,
momentum, energy, heat, etc. via the eddies in
turbulent motion.

eddy-resolving  Eddy-resolving models are
able to describe the turbulent flow down to a res-
olution including all scales on which viscosity
is not dominant.
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eddy viscosity  An analog to molecular vis-
cosity, used to describe shear stresses in a tur-
bulent flow. A coefficient of proportionality to
relate shear stress to rate of strain (velocity gra-
dient) in turbulent flow.

edge wave  Waves that are trapped at a coast
by refraction. Waves strike the shore and some
energy is reflected, and then turned by refrac-
tion. Depending on the incident angle and
bathymetry, some of this energy will be trapped
at the coast. The trapped wave moves in the
longshore direction as a progressive wave.

effective charge A somewhat obsolete ex-
pression in field theory for the renormalized
quantities which have logarithmic dependence
of the scale parameter p. “Effective charge” is
sometimes used instead of the more common
“effective coupling constant,” “effective mass,”
“effective parameter,” etc. See effective cou-
plings.

effective couplings  The values of the cou-
pling constants in quantum field theory depend
on the dimensional parameter u, which mea-
sures the typical scale of the energy of the in-
teraction. This dependence is governed by the
renormalization group and it has, in general, log-
arithmic form. Thus, instead of constant cou-
pling, one finds some function of u. For ex-
ample, in quantum electrodynamics (QED) the
charge of the electron is running (in the one-loop
approximation) as

—1

e(w) [ 2 ¢ n }
=|1-= In —
e 34m)? 0 o

where e = e(uo) and pg corresponds to some
fixed scale. The minus sign in the bracket in-
dicates the lack of asymptotic freedom in QED.
This leads to the well-known formal problem
(problem of charge zero, or Landau zero) be-
cause for some p corresponding to a very high
energy the bracket becomes zero and the effec-
tive coupling infinite. This in turn makes the
perturbation theory inapplicable and addresses
serious questions about the fundamental validity
of the theory. Indeed, the resolution of this prob-
lem is beyond the scope of QED. It is supposed
that at these very high energies QED is not an
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independent theory but part of some nonabelian
unified (Grand Unification) theory in which the
asymptotic freedom (or finiteness) takes place.
At the energies comparable to the Planck en-
ergy the local quantum field theory should be
(presumably) abandoned and instead one has to
consider a more fundamental string or super-
string theory. See effective charge.

effective pressure  The pressure term of ef-
fective stress in a porous medium. If p is
the total pressure, the effective pressure is de-
fined as p" = p — apy, where p is the pore
fluid pressure. The parameter « is defined as
o =1 — K/Ks, where K and K are the bulk
moduli of the matrix frame and the solid grains
that constitute the matrix. In most practical
cases, Ky > K and o = 1. See effective stress.

effective stress  Inaporous medium, the pres-
sure term of the total stress o;; is partially sus-
tained by the pore fluid. The stress tensor with
the effect of pore fluid subtracted is called the
effective stress. It is the effective stress that de-
termines the deformation and failure of the solid
component of the porous medium. The effective
stress is defined as
0jj = 0ij = apséij

where p ¢ is the pore fluid pressure. The param-
eter « is defined as « = 1 — K /K, where K
and K are the bulk moduli of the matrix frame
and the solid grains that constitute the matrix.
In most practical cases, Ky > K and o = 1.

effective temperature  The effective temper-
ature of a blackbody is that temperature which
characterizes the energy flux (total power out-
put) at the surface of an object. The energy per
second emitted by an object at a given frequency
over a unit area is called the surface flux. It
is found by integrating the blackbody equation
over all solid angles and all frequencies. The
surface integral gives

F, = ‘(f B,(v,T)cos8dpdd =nB,(v,T)

in units of erg cm~2 s~! Hz™!, where 6 is the
angle between the normal to the surface and the
path of an emitted photon, ¢ is the azimuthal
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angle, and B, is the Planck blackbody intensity
in units of erg s~! ecm™2 Hz~! sr~!. The total
energy emitted per second per unit area is the
surface flux (above) integrated over all frequen-
cies:
275kt 4

F = /ﬂBU(U, T)dl) = mTeff = O'Teff
where o is the Stefan—Boltzmann constant. The
total energy flux of a blackbody is related to its
luminosity by,

F = L/47'rr2 = GT;} .

In astronomy, one computes the effective tem-
perature of a star (or the sum) from its luminosity
by this formula. The effective temperature then,
is the characteristic temperature that relates a
star’s total output power to its size.

effluent  Something that is discharged; com-
monly used to refer to the discharge from a sewer
or factory outfall lying in a river or coastal wa-
ters.

eigenray  The integral curve of a principal
direction of the Killing bivector V|;Kp). By
the Killing equation, the symmetrized derivative
of the Killing vector K vanishes. In a spino-
rial notation, the null eigendirection is given
by the solution a4 of the eigenvalue problem
¢ Bap = ra? where ¢p48 is the spinor rep-
resentation of the Killing bivector. See Killing
vector.

eigenvalue  An allowed value of the constant
a in the equation Au = au, where A is an op-
erator acting on a function # (which is called an
eigenfunction). Also called characteristic value.

eikonal approximation = The approximation
to a wave equation which assumes the wave
function is of the form expliwt + ikx] where
o and k are large. This replaces the second or-
der derivatives of the wave function by terms
proportional to the square of w or of k.

einstein  One mole of photons (6.023 x 102

photons).

Einstein—Cartan gravity ~ An important par-
ticular case of gravity with torsion. The action
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of Einstein—Cartan gravity is a direct general-
ization of the FEinstein—Hilbert action of General
Relativity:

1
Spec = ———
EC 167G

d%«/—gg“"l?w
where IQW is the (nonsymmetric) Ricci tensor
with torsion

R;w = 8Aﬁl);v - avf‘l)lx + f‘ﬁuf‘it - f;kf‘?u
and f‘l); . 1s a non-symmetric affine connection
with torsion, which satisfies the metricity con-
dition %Lgaﬁ = 0. The above action can be
rewritten as a sum of the Einstein—Hilbert ac-
tion and the torsion terms, but those terms are
not dynamical since the only one derivative of
the torsion tensor appears in the action in a sur-
face term. As a result, for pure Einstein—Cartan
gravity the equation for torsion is T;%v =0, and
the theory is dynamically equivalent to General
Relativity. If the matter fields provide an exter-
nal current for torsion, the Einstein-Cartan grav-
ity describes contact interaction between those
currents. See metricity of covariant derivative,
torsion.

Einstein equations The set of differential
equations that connect the metric to the distri-
bution of matter in the spacetime. The features
of matter that enter the equations are the stress-
energy tensor 7T},,, containing its mass-density,
momentum (i.e., mass multiplied by velocity)
per unit volume and internal stresses (pressure
in fluids and gases). The Einstein equations are
very complicated second-order partial differen-
tial equations (10 in general, unless in special
cases some of them are fulfilled identically) in
which the unknown functions (10 components
of the metric g,,,) depend, in general, on 4 vari-
ables (3 space coordinates and the time):

1
G/w = R/w_zg/wR
8t G
= 2 T

Here G, is the Einstein tensor, R, the Ricci
tensor and R its trace, and G is Newton’s con-
stant. The factor ¢—2 on the right assumes a
choice of dimensions for G, of [length]’2 and
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for T}, of [mass/length3]. It has been common
since Einstein’s introduction of the cosmolog-
ical constant A to add Agy, to the left-hand
side. Positive A produces a repulsive effect at
large distances. Modern theory holds that such
effects arise from some other (quantum) field
coupled to gravity, and thus arise through the
stress-energy tensor. A solution of these equa-
tions is a model of the spacetime corresponding
to various astronomical situations, e.g., a single
star in an otherwise empty space, the whole uni-
verse (see cosmological models), a black hole.
Unrealistic objects that are interesting for aca-
demic reasons only are also considered (e.g., in-
finitely long cylinders filled with a fluid). In full
generality, the Einstein equations are very dif-
ficult to handle, but a large literature exists in
which their implications are discussed without
solving them. A very large number of solutions
has been found under simplifying assumptions,
most often about symmetries of the spacetime.
Progress is also being made in computational so-
lutions for general situations. Through the Ein-
stein equations, a given matter-distribution in-
fluences the geometry of spacetime, and a given
metric determines the distribution of matter, its
stresses and motions. See constraint equations,
gauge, signature.

Einstein—Rosen bridge A construction by
A. Einstein and N. Rosen, based on the
Schwarzschild solution, wherein at one instant,
two copies of the Schwarzschild spacetime with
a black hole of mass M outside the horizon were
joined smoothly at the horizon. The resulting 3-
space connects two distant universes (i.e., it has
two spatial infinities) each containing a gravitat-
ing mass M, connected by a wormhole. Subse-
quent study showed the wormhole was dynamic
and would collapse before any communication
was possible through it. However, recent work
shows that certain kinds of exotic matter can sta-
bilize wormholes against such collapse.
Einstein summation convention = See sum-
mation convention.

Einstein tensor  The symmetric tensor

1
Gap = Rap — EgabR
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where R, is the Ricci tensor, g, is the metric
tensor, and R = R{ is the Ricci scalar. The
divergence of the Einstein tensor vanishes iden-
tically. See gravitational equations, Ricci tensor.

Einstein Universe  The historically first cos-
mological model derived by Einstein himself
from his relativity theory. In this model, the uni-
verse is homogeneous, isotropic, and static, i.e.,
unchanging in time (see homogeneity, isotropy).
This last property is a consequence of the long-
range repulsion implied by the cosmological
constant which balances gravitational attraction.
This balance was later proved, by A.S. Ed-
dington, to be unstable: any small departure
from it would make the universe expand or
collapse away from the initial state, and the
evolution of the perturbed model would follow
the Friedmann—Lemaitre cosmological models.
Because of its being static, the Einstein Universe
is not in fact an acceptable model of the actual
universe, which is now known to be expanding
(see expansion of the universe). However, the
Einstein Universe played an important role in
the early development of theoretical cosmology
— it provided evidence that relativity theory is
a useful device to investigate properties of the
universe as a whole.

ejecta  In impact cratering, material that is
tossed out during the excavation of an impact
crater. The ejected material is derived from the
top 1/3 of the crater. Some of the ejected ma-
terial falls back onto the floor of the crater, but
much is tossed outside the crater rim to form
an ejecta blanket. Ejecta blankets on bodies
with dry surface materials and no atmosphere
(like the moon and Mars) tend to display a pat-
tern with strings of secondary craters (craters
produced by material ejected from the primary
crater) radiating outward from the main crater.
Glassy material incorporated into the ejecta can
appear as bright streaks, called rays. A radial
ejecta blanket is typically very rough within one
crater radii of the rim — few individual sec-
ondary craters can be discerned. Beyond one
crater radii, the ejecta blanket fans out into ra-
dial strings of secondary craters. On bodies
with a thick atmosphere (like Venus) or with
subsurface ice (like Mars and Jupiter’s moons
of Ganymede and Callisto), impact craters are
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typically surrounded by a more fluidized ejecta
pattern, apparently caused by the ejecta being
entrained in gas from either the atmosphere or
produced during vaporization of the ice by the
impact. The extent of the fluidized ejecta blan-
kets varies depending on the state/viscosity of
the volatiles and the environmental conditions.
In supernova physics, the ejecta are the material
blown from the stars as a result of the explosion.

Ekman convergence The stress on the
Earth’s surface varies from place to place and
hence so does the Ekman transport. This leads to
convergence of mass in some places, and hence
to expulsion of fluid from the boundary layer,
called the Ekman convergence. In other places,
the Ekman transport is horizontally divergent,
i.e., mass is being lost across the sides of a given
area, so fluid must be “sucked” vertically into
the boundary layer to replace that which is lost
across the sides, called Ekman suction. This
effect is called the Ekman pumping.

Ekman layer (Ekman, 1905) The top or bot-
tom layer in which the (surface or bottom) stress
acts. The velocity that was driven by the stress is
called the Ekman velocity. Typically, the atmo-
spheric boundary Eckman layer is 1 km thick,
whereas the oceanic boundary Eckman layer is
10 to 100 m thick.

Ekman mass transport  The mass transport
by the Ekman velocity within the boundary Ek-
man layer is called the Ekman mass transport or
Ekman transport. In steady conditions, the Ek-
man transport is directed at right angles to the
surface stress. In the atmosphere, the transport
is to the left in the northern hemisphere relative
to the surface stress. In the ocean, the transport
is to the right in the northern hemisphere relative
to the surface stress.
Ekman pumping  See Ekman convergence.
Elara  Moon of Jupiter, also designated JVII.
Discovered by C. Perrine in 1905, its orbit has an
eccentricity of 0.207, an inclination of 24.77°,
and a semimajor axis of 1.174 x 107 km. Its
radius is approximately 38 km, its mass 7.77 x
10'7 kg, and its density 3.4 g cm™3. It has a
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geometric albedo of 0.03 and orbits Jupiter once
every 259.7 Earth days.

elastic deformation  The reversible deforma-
tion of a material in response to a force. In a
macroscopic sense, if the strain is proportional
to stress (Hooke’s law) and falls to zero when the
stress is removed, the deformation is defined as
elastic deformation. In a microscopic sense, if
atomic displacement is small compared to the
mean atomic spacing and atoms climb up the
potential hill only to a small extent they will al-
ways be subjected to a restoring force, and upon
the removal of a force, they will come back to
the original position. Thus, elastic deformation
is characterized by (i) reversible displacement
(strain) and (ii) instantaneous response.

elasticlimit  The greatest stress that a material
is capable of sustaining without any permanent
strain remaining after complete release of the
stress.

elastic lithosphere  That fraction of the litho-
sphere that retains elastic strength over geo-
logical time scales. The elastic lithosphere is
responsible for holding up ocean islands and
volcanos, and it is responsible for the flexural
shape of the lithosphere at ocean trenches and
at many sedimentary basins. A typical elastic
lithosphere thickness is 30 km. Because of this
thickness many sedimentary basins have a width
of about 200 km.
elastic modulus  See Young’s modulus.
elastic rebound  The process that generates
an earthquake. A faultis locked and tectonic de-
formation builds up the elastic stress in the sur-
rounding rock. When this stress exceeds the rup-
ture strength of the fault, slip occurs on the fault.
The surrounding rock elastically rebounds gen-
erating seismic waves.

elastic string model  Linear topological de-
fects known as cosmic strings can carry currents
and their dynamics are described by an equation
of state relating the energy per unit length to the
tension. This equation of state can be classified
according to whether the characteristic propaga-
tion speed of longitudinal (sound type) perturba-
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tions is smaller (supersonic), greater (subsonic),
or equal (transonic) to that of transverse pertur-
bations. Corresponding models bear the same
names. See Carter—Peter model, current insta-
bility (cosmic string), equation of state (cosmic
string).

Elayer Thelowestthermospheric layer of the
ionosphere at heights between 85 and 140 km.
Ionization is primarily due to solar X-rays and
EUVs, and to a much smaller amount, also due
to particles with rather low energies (some keV)
and to an even smaller extent, due to mete-
orite dust. Dominant ionized particle species
is molecular oxygen O;r . Formally, the E layer
can be described by a Chapman profile.

E-layer screening  The process whereby the
E layer prevents radio signal propagation from
taking place by a higher layer, normally the F re-
gion. Generally, E-layer screening occurs when
the E layer MUF is greater than the operating
frequency. There are two ways in which this
can occur. During much of the daytime, a ra-
dio wave that would normally have propagated
by the F layer will be screened, or prevented,
from reaching the F layer because it is first re-
flected back to the Earth by the intervening E
layer. While the signal may be propagated by
successive reflections from the E region, the ad-
ditional hops will lead to sufficient attenuation
to prevent the signal from being useful. Itis also
possible that a signal propagating away from the
nighttime terminator will, after being reflected
by the F region then encounter an increasing E
region MUF and be reflected back from the top
of the E region towards the F region. In this
case, the signal is prevented from reaching the
receiver, but may be effectively ducted along be-
tween the E and F regions until it again reaches
the nighttime terminator and can propagate to
ground level. In both cases, the E-layer screen-
ing effect can be enhanced by the presence of
sporadic E. On long (> 5000 km ) multi-hop
paths E-layer screening enhanced by sporadic
E, rather than absorption, is the low frequency
limiting factor. See ionospheric radio propaga-
tion path.



Electra

Electra  Magnitude 3.8 type B5 star at RA
03h44m dec +24.06’; one of the “seven sisters”
of the Pleiades.
electric drift  See drift, electric.

electric field, parallel
field.

See parallel electric

electric regime (cosmic string) It has been
known since the seminal work of E. Witten in
1985 that a current can build up in a cosmic
string. As current generation proceeds via ran-
dom choices of the phase of the current carrier,
the resulting current can be of two distinct kinds,
timelike or spacelike, depending on whether its
time component is greater or smaller than its
space component (there is also the possibility
that they are equal, leading to a so-called light-
like current, but this is very rare at the time of
current formation and would only occur through
string intercommutation). Explicitly, setting the
phase of the current carrier as a function of the
time ¢ and the string coordinate z in the form

0 =wt —kz,

with w and k arbitrary parameters, one can define
a state parameter through

w:kz—a)z,

the case w < 0O (respectively, w > 0) corre-
sponding to a timelike (respectively, spacelike)
current.

In the timelike case, the configuration is said
to be in the electric regime, whereas for space-
like currents it is in the magnetic regime. The
reason for these particular names stems from the
possibility that the current is electromagnetic in
nature, which means coupled with electric and
magnetic fields. Then, for the electric regime,
one can always find a way to locally remove the
magnetic field and thus one is led to describe
solely an electric field surrounding a cosmic
string. The same is true in the magnetic regime,
where this time it is the electric field that can be
removed and only a magnetic field remains. See
current carrier (cosmic string), current genera-
tion (cosmic string), intercommutation (cosmic
string).
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electroglow A light emitting process in the
upper atmospheres of Jupiter, Saturn, Uranus,
and Saturn’s satellite Titan. Sunlight dissociates
some H» and ionizes the hydrogen; the electrons
are accelerated and interact with Hj, producing
the glow.

electromagnetic current meter A device
that uses Faraday’s Law of magnetic induction
to measure flow velocities. The current meter
head establishes a magnetic field. A moving
conductor (water) creates an electrical potential
that is measured by the instrument. The electri-
cal potential is proportional to the speed of the
current. Often used for one- or two-dimensional
velocity measurements.

electromagnetic induction  This is the gen-
eration of currents in a conductor by a change in
magnetic flux linkage, which produces a mag-
netic field that opposes the change in the induc-
ing magnetic field, as described by Faraday’s
laws and Lenz’s law. In geophysics, this can
be used to study the conductivity of the mantle
through measurement of its response to mag-
netic fluctuations originating in the ionosphere
and/or magnetosphere. Maxwell’s equations
can be used to show that in the appropriate limit,
a magnetic field obeys a diffusion equation:

B ( 1 )
— =-Vx|—VxB
at Hoo

where o is the local conductivity. Fluctuat-
ing external fields of frequency w diffuse into
a layer at the top of the mantle with a skin depth
2/ oo w. The induced field is then essentially
a reflection of this external field from the skin-
depth layer, and it has a phase relative to the ex-
ternal field that relates the conductivity structure
of the layer to the frequency of the signal (essen-
tially, long period signals penetrate deeper and
therefore depend more on deeper conductivity
than do short period signals).

electromagnetic radiation Radiation aris-
ing from the motion of electric charges, con-
sisting of variations in the electric and magnetic
fields, and propagating at the speed of light. De-
pending on the wavelength, observable as ra-
dio, infrared, visible light, ultraviolet, X-rays,
Or gamma rays.



elemental abundances: of comet(s)

electromagnetism  The study of the relation-
ships between electric and magnetic fields, their
causes, and their dynamical effects.

electromagnetism, Lorentz transformation
and  An important property of Lorentz trans-
formations is that the equations that describe the
relationship between electric and magnetic field,
their causes and effects, are Lorentz invariant.
It then follows that special relativity presents a
consistent theoretical groundwork for both me-
chanics and electromagnetism.

electron  Anelementary particle in the family
of leptons, with mass of 9.1093897 x 10~3'kg,
negative charge and spin of 1/2.

electron precipitation  In solar physics, the
transport of an accelerated population of elec-
trons from the corona to the chromosphere
where they deposit the bulk of their energy. The
electrons can precipitate directly, immediately
following their production, or after a delay dur-
ing which they are trapped in the corona by con-
verging magnetic field. The pitch-angle of the
electrons, the nature of the field convergence,
and the collision rate in the corona are all im-
portant in deciding which electrons precipitate
and when.

electron temperature  The kinetic tempera-
ture of electrons in an ionized gas.

electron volt  The energy an electron (or pro-
ton) gains when accelerated through an elec-
tric potential difference of 1 volt. Equal to
1.602177 x 10719 1.

electrostatic unit A unit of charge defined
so that two equal such charges exert a mutual
electrostatic force of 1 dyne, when separated by
I cm.

electrovacuum A space-time in general rel-
ativity containing a source-free electromagnetic
field interacting with the gravitational field.

element A group of atoms, each with the
same number of protons, defines an element.
The number of protons in a given atom is called
the atomic number. There are 92 naturally oc-
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curring elements. Elements with over 100 pro-
tons can be synthesized. Although an atom con-
sists of protons and neutrons in the nucleus sur-
rounded by clouds of electrons, it is only the
number of protons that defines the atom as be-
longing to a particular element. Atoms of the
same element that have different numbers of
neutrons are known as isotopes of the element.
Atoms of the same element that have different
numbers of electrons are called ions.

elemental abundances: general = The bulk
elemental composition of most solar system ob-
jects are roughly the solar system average, but
contain distinct sub-components that are pre-
solar. Isotopic anomalies represent the only un-
equivocal signatures of the survival of circum-
stellar and interstellar materials within extrater-
restrial objects such as meteorites and interplan-
etary dust particles (IDPs).

elemental abundances: in minerals Iso-
topic anomalies in a variety of elements have
been used to identify a number of circumstel-
lar mineralogical species in meteorites. These
isotopic anomalies are thought to have a nucle-
osynthetic origin, i.e., their carrier grains were
formed in the circumstellar environments of var-
ious kinds of stars, survived transport through
the interstellar medium, and incorporation into
our solar system.

elemental abundances: in organics  Signif-
icant deuterium enrichments have been seen in
the organic components of both meteorites and
interplanetary dust particles. Unlike the isotopic
signatures in the circumstellar materials, den-
terium anomalies do not have a nucleosynthetic
origin. Instead, it has been proposed that they
result from reactions at low temperatures in the
interstellar medium. In a few cases, the D/H
ratios of specific classes of organic compounds
have been measured, for example in PAHs in
meteorites and IDPs.

elemental abundances: of comet(s) The
overall elemental composition of Comet Halley
resembled the solar system average, but abun-
dances and deuterium enrichments of molecules
in cometary tails and comae, and the types of
solid materials observed in interplanetary dust
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particles have been interpreted as an indication
of the primitive, pre-solar nature of comets, or at
least their sub-components. For example, the ra-
tios of D/H in water from comets Halley, Hyaku-
take, and Hale-Bopp were all around 3 x 1074,
similar to what is seen in certain interstellar en-
vironments and approximately a factor of two
over ocean water, and DCN/HCN ratios up to
2.5 x 1072 were measured in Hale—Bopp.

elevation The vertical distance measured
from the geoid, from the earth ellipsoid, or from
the local terrain. When interpreting elevation
data, care is needed to ascertain which of the
three surfaces mentioned is the reference one.
When no specification is given, the context must
be examined. For geophysics, hydrology, and
cartography, the geoid is the usual reference sur-
face because most elevation data are produced in
surveys based on the local horizontal, as found
by the spirit level or the normal to the plumb
line. For construction or related work, the local
mean terrain (earth surface) is the more likely
reference. The ellipsoid is rarely the reference
surface, but it may be so in space science con-
texts.

elevation head (sometimes gravitational
head) (z)  The potential energy per unit fluid
weight is given by the elevation above an arbi-
trary horizontal datum. The elevation head has
units of length and is a component of the hy-
draulic head.

Eliassen—Palm (EP) flux A vector in the
meridional (y,z) plane, which has the eddy mo-
mentum flux and eddy heat flux as its horizontal
and vertical components. Its convergence is di-
rectly related to the eddy forcing on the zonal
mean flow.

elliptical galaxies  Galaxies of regular, el-
lipsoidal appearance, and of rather reddish col-
ors. The photometric profiles of most el-
liptical galaxies are described by empirical
laws in which the surface brightness decreases
smoothly as a function of the distance from the
galaxy center. Elliptical galaxies do not show
features such as bars, spiral arms, or tails. Only
aminority of them show ripples, shells, or asym-
metric radial distribution of surface brightness.
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Elliptical galaxies are characterized by the ab-
sence of significant neutral or molecular gas,
and hence the absence of star formation, and
by a stellar content mostly made of old stars be-
longing to stellar population II. They account
for about 1/3 of all observed galaxies, and are
the majority of galaxies in dense cluster envi-
ronments. They cover a wide range of masses,
from ~ 10% to ~ 10! solar masses, the most
massive being located at the center of clusters
of galaxies (cD galaxies), the less massive be-
ing dwarf elliptical galaxies. See cD galaxies,
dwarf spheroidal galaxies.

Ellison scale  Like the Thorpe scale, the Elli-
son scale is a quantity to estimate the overturn-
ing eddy size. The Ellison scale L is based on
density p instead of temperature T, and the defi-
nition Lx =< p? > /(dp/dz) deviates slightly
from the procedure for the Thorpe scale Lt es-
timation. Both scales, Lg and Lt are consid-
ered adequate measures for the overturning eddy
size and generally agree well with the Ozmidov
scale.

El Niio The warm phase of the Southern
Oscillation beginning at about Christmas time
(hence the name “El Nifio”, Spanish for “Christ
child”) and lasting 12 to 18 months. Character-
ized by warming of sea surface temperatures in
the central and eastern equatorial Pacific Ocean.
The anomalously warm water causes the sar-
dine population to die off the Peru coast. A
series of effects arise, including an increased
westerly wind and a shift in Pacific ocean circu-
lation. This warming occurs in the entire tropics
and causes drought in Indonesia and Australia.
Enhanced North-South temperature differences
transport energy into the atmosphere, modify-
ing global atmospherics flow, causing warm dry
weather in Northern U.S., and wet cool weather
in the Southern U.S. See Southern Oscillation
Index, La Nifia.

elongation The angle between the sun and the
observer, measured at the object being observed.

elongation The apparent angular separa-
tion between the sun and a solar system object
as viewed by a distant observer, i.e., the sun-
observer-object angle.



emission lines: interstellar and cometary

elves Transient air glow events observed
near 90 km, nearly simultaneously with a strong
cloud-to-ground lightning stroke. They often
precede sprites, which may occur at lower al-
titudes a few milliseconds later. It is currently
believed that elves are the result of wave heat-
ing by very low frequency (VLF) radio pulses
emitted by the lightning discharge current. See
sprites.

Elysium Province The second most pro-
nounced region of central vent volcanism on
Mars. It is 5 km high, ~ 2000 km in diame-
ter, and is centered on latitude 25° N and lon-
gitude 210° W. It is considerably smaller than
Tharsis and has only three shield volcanoes of
appreciable size (namely, Albor Tholus, Hecates
Tholus, and Elysium Mons). However, the vol-
canoes are still large compared to those on Earth,
with Hecates Tholus standing &~ 6 km above the
plains and Elysium Mons standing ~ 9 km above
the plains. All of them are greater than 150 km
in diameter. The volcanoes are considered to be
older than those at Tharsis formed during the late
Noachian to early Hesperian. They all present
a diverse range of volcanic morphologies, all of
which indicate more pyroclastic activity com-
pared to the Tharsis volcanoes. Confined out-
flow channels exist NW of Elysium Mons and
Hecates Tholus. They drain north-west and ex-
tend ~ 1000 km into the plains, and may be of
volcanic origin.

Similarities of the Elysium Province to Thar-
sis include the volcanic and tectonic history,
a broad free air gravity anomaly, and Phlegra
Montes which is assumed to be an island of old
cratered terrain on the northern flank of Elysium
Mons. If the favored proposal for subsurface
thermal activity at Tharsis is applicable to Ely-
sium, then it appears that there is a bimodal dis-
tribution of hotspots on Mars.

embedded defect =~ Cosmic topological de-
fects are predicted to form at phase transitions
when the symmetry G of a system is broken
down to a smaller symmetry group H and there
exists a nontrivial homotopy group of the vac-
uum manifold M ~ G/H. In the case where
all the homotopy groups of M are trivial, no
topological defect can form but there might still
be defect-like solutions. These arise from the
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existence of subgroups ¢ C G and 7 C H that
are also broken through the scheme g — h dur-
ing the breaking G — H. For the same reasons
as with ordinary topological defects, if there is
a non-trivial structure of the vacuum submani-
fold g/ h, then defects might form. However,
here stability is not ensured by topology, but by
dynamical arguments.

Even these unstable defects could have a
role in cosmology, as for instance the so-called
Z —strings, associated with the total breaking
of a U(1l) subgroup of SU(2) in the scheme
SUR) x U(l) — U(1) of the electroweak
model (the actual group that is broken is essen-
tially SU (2), which contains a U (1) subgroup,
and it is the breaking of this subgroup that gives
rise to the defect-like solutions), and that could
be responsible for the primordial baryogenesis.
Other embedded defects are observed in other
branches of physics such as condensed matter
experiments. See cosmic phase transition, cos-
mic topological defect, homotopy group, vac-
uum manifold.

emerging flux region = New bipolar active re-
gions emerge from below the solar photosphere
in a characteristic pattern known as an emerging
flux region. A flux loop brought to the surface
by magnetic buoyancy intersects the surface to
form a bipole. As the loop emerges, the oppo-
site poles move apart, the preceding spot mov-
ing ~ 1 km s~! and the following spot less than
0.3 kms™!. In Ha the phenomenon is charac-
terized by arch filaments which appear to trace
the rising flux loops.

emission line A feature in the spectrum of
the light produced by a medium that emits light
by a quantum transition, thus increasing the in-
tensity of the light at certain wavelengths. See
spectrum. Compare with absorption line.

emission lines: interstellar and cometary
Extraterrestrial molecules, fragments, and
atoms can be detected or characterized based
on emission, the emanation of radiation as a re-
sult of excitation such as resulting from colli-
sions or the absorption of photons. Interstel-
lar examples include Lyman and Balmer series
of molecular and atomic hydrogen, respectively,
in the UV/Vis, and in the infrared, the fluores-



emissivity

cence of aromatic hydrocarbons pumped by UV
photons. Similarly, emission from both atoms
(i.e., sodium D lines) and fluorescence from
molecules (i.e., 3.4 wm, methanol) and frag-
ments (i.e., Swan bands of C;x) excited by sun-
light have been observed from cometary comae.

emissivity  An indirect measure of reflectiv-
ity, where emissivity = 1 — reflectivity and re-
flectivity is the reflected energy measured from
a surface by a single energy bounce. Mirrored
surfaces reflect large amounts of energy (around
98%) but absorb very little (around 2%). A
blackbody surface, on the other hand, reverses
the ratio, absorbing 98% of the energy and re-
flecting only 2%. Emissivity is affected by
the geometric shape of the object, the electri-
cal properties of the radiating surface, and the
measuring wavelength.

A Magellan radiometer experiment observed
the 12.6-cm-wavelength radiothermal emissiv-
ity on Venus. The nominal pattern of radiother-
mal emissivity shows high mountain summits
display abnormally low emissivity and plains re-
gions high emissivity. One explanation for the
low emissivity of mountaintops is the presence
of electrically conductive minerals, produced by
weathering, embedded in the surface rocks.

empirical model of the magnetosphere A
mathematical representation of the global mag-
netic field of the magnetosphere, whose coeffi-
cients are fitted to data. It is a convenient tool
for predicting the magnetic field vector or field
line linkage to the ionosphere which a satellite
at some point P in space is most likely to find.
The construction of empirical fields is also the
best way of extracting global information from
magnetic field data.

The parameters of modern empirical mod-
els are generally derived from flexible represen-
tations of the fields of the different magneto-
spheric current systems, e.g., those of the mag-
netopause, tail, ring current, and the Birkeland
current circuit. The field predicted at P depends
not only on the location but also on the tilt angle
¥, on the dynamic pressure of the solar wind,
on the interplanetary magnetic field and on ge-
omagnetic activity indices such as Dst and AE.
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Enceladus  Moon of Saturn, also designated
SII. Discovered by Herschel in 1789 its surface
has the highest albedo of any solar system body.
It also displays evidence of resurfacing, possi-
bly as a result of water volcanism. Since it is
too small to retain radioactive heat, tidal heat-
ing aided by a 1:2 resonance with Dione may
provide the required energy. Its orbit has an ec-
centricity of 0.0045, an inclination of 0.00°, a
precession of 156.2° yr~!, and a semimajor axis
of 2.38 x 103 km. Its radius is 250 km, its mass,
8.40 x 10" kg, and its density 1.28 g cm™3. It
has a geometric albedo of 1.0, and orbits Saturn
once every 1.370 Earth days.

Encke’s comet Comet with the shortest
known orbital period: 3.30 years. Its orbit has
semimajor axis 2.21 AU and perihelion distance
0,338 AU.

endothermic A process that absorbs heat as
it proceeds. Opposite of exothermic.

energetic particles  Supra-thermal particles;
that is all particles with speeds large compared
to the thermal plasma speed.

energetic particles in interplanetary space
Energetic particles in interplanetary space can
be observed with energies ranging from the
supra-thermal up to 10%° eV. The main con-
stituents are protons, a-particles, and electrons;
heavier particles up to iron can be found in sub-
stantially smaller numbers. The particle popu-
lations originate in different sources, all having
their typical spectrum, temporal development,
and spatial extent.

1. Galactic cosmic rays (GCR) are the high-
energy background with energies extending up
to 1020 eV. They are incident upon the helio-
sphere uniformly and isotropically. In the in-
ner heliosphere, the galactic cosmic radiation
is modulated by solar activity: the intensity of
GCRs is highest during solar minimum and re-
duced during solar maximum conditions. See
modulation of galactic cosmic rays.

2. Anomalous galactic cosmic rays (AGCR),
also called anomalous component, energetically
connect to the lower end of the galactic cosmic
rays but differ from them with respect to com-
position, charge states, spectrum, and variation



energetic storm particles

Energetic Particle Population in the Heliosphere

Popu- temporal spatial energy acceleration

lation  scales scales range mechanism

GCR  continuous global GeV to > TeV diffusive shock

AGCR continuous global 10 - 100 MeV shock?

SEP ? ? keV - 100 MeV reconnection, stochastic
selective heating, shock

ESP days extended keV —10MeV diffusive shock,
shock-drift, stochastic

RII 27 days extended keV —10MeV diffusive shock

PBSP  continuous local keV — MeV diffusive shock, shock drift

with the solar cycle. The anomalous component
stems from originally neutral particles which be-
came ionized as they traveled through interplan-
etary space towards the sun. The now charged
particles are then convected outwards with the
solar wind and are accelerated at the termination
shock, the outer boundary of the heliosphere.

3. Solar energetic particles (SEP) are acceler-
ated in solar flares, their injection therefore is
point-like in space and time. Energies extend
up to about 100 MeV, occasionally even into the
GeV range. In this case, particles can also be ob-
served from the ground (see ground level event).
Properties of solar energetic particles differ, de-
pending on whether the parent flare was gradual
or impulsive. See gradual flare, impulsive flare.
4. Energetic storm particles (ESP) are acceler-
ated at interplanetary shocks. Originally, ESPs
were thought to be particle enhancements re-
lated to the passage of an interplanetary shock.
The name was chosen to reflect their associa-
tion with the magnetic storm observed as the
shock hits the Earth’s magnetosphere. Today,
we understand the particle acceleration at the
shock, their escape and the subsequent propa-
gation through interplanetary space as a contin-
uous process lasting for days to weeks until the
shock finally stops accelerating particles. See
energetic storm particles.

5. Recurrent intensity increases (RII) are due to
particles accelerated at the shocks around co-
rotating interaction regions (CIRs). The ener-
getic particles can even be observed remote from
these co-rotating shocks at distances where the
shocks have not yet been formed or at higher
solar latitudes when a spacecraft is well above
the streamer belt where the CIR form. See coro-
tating interaction region.
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6. Planetary bow shock particles (PBSP) Parti-
cles accelerated at a planetary bow shock are a
local particle component with energies extend-
ing up to some 10 keV. An exception is the
Jovian magnetosphere where electrons are ac-
celerated up to about 10 MeV. With a suitable
magnetic connection between Earth and Jupiter,
these Jovian electrons can be observed even at
Earth’s orbit.

energetic storm particles  Particles acceler-
ated at an interplanetary shock. The name stems
from the first observations of shock-accelerated
particles: around the time of shock passage
at the Earth when the interaction between the
shock and the magnetosphere caused a geomag-
netic storm, an increase in particle intensities
could be observed, which was termed energetic
storm particles.

Originally, the term referred to a bump in the
intensity on the decaying flank of a solar ener-
getic particle event. In protons up to energies
of a few hundred keV, such a bump lasted for
some hours around the time of shock passage.
Energetic storm particles are observed only at
quasi-parallel shocks, where they are acceler-
ated by diffusive shock acceleration. At quasi-
perpendicular shocks, on the other hand, short
shock-spikes, lasting only for some 10 min, are
observed at the time of shock passage. Thus,
the appearance of the shock accelerated particles
strongly depends on the local angle 6 g, between
the magnetic field direction and the shock nor-
mal and the dominant acceleration mechanism
related to this local geometry.

Today, the term energetic storm particles is
often is used in a broader context and basically
refers to the fact that part or all of the observed
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particles are accelerated at a traveling interplan-
etary shock. Such intensity increases can be ob-
served in electrons as well as nuclei with elec-
tron increases predominately up to energies of
some 10 keV or occasionally up to a few MeV
and proton increases up to some MeV, at strong
shocks even up to about 100 MeV.

In contrast to energies up to some hundred
keV, in these higher energies no obvious depen-
dence of the intensity time profile on the local
geometry, that is the angle 6y, can be seen
and therefore no distinction in shock spikes and
shock bumps related to quasi-perpendicular and
quasi-parallel shocks can be observed. In the
MeV range, particles are much faster than the
shock and therefore easily escape from the shock
front. Thus, the intensity time profile at the ob-
server’s site does not reflect the local proper-
ties of the shock and the associated particles but
samples particles accelerated at the shock dur-
ing its propagation from the sun to the observer.
Thus, the intensity profile can be interpreted as a
superposition of particles continuously acceler-
ated at the outward propagating shock and their
subsequent propagation through interplanetary
space. Since the acceleration efficiency of the
shock changes as it propagates outward and the
magnetic connection (see cobpoint) of the ob-
server to the shock moves eastward along the
shock front into regions of different acceleration
efficiency, for different locations of the observer
with respect to the shock different intensity pro-
files result. Therefore, in the MeV range, the
appearance of the energetic particle event does
not depend on local geometry but on the loca-
tion of the observer relative to the shock. This
dependence, of course, is modified by the char-
acteristics of the shock, in particular its ability to
accelerate particles and the radial and azimuthal
variations of this acceleration efficiency.

energy  Work, or the ability to do a particular
amount of work. Energy is usually categorized
as either kinetic (the energy of actual mass mo-
tion), or potential (stored energy, which can be
used eventually to cause mass motion). Thermal
energy is recognized as kinetic energy of molec-
ular or atomic structures, i.€., it is motion on the
small scale. Thermal energy can be extracted
from heated systems provided there is a differ-
ence of the average molecular or atomic kinetic
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energy. Such a difference is equivalent to a dif-
ference in temperature. Potential energy exists
in many forms: gravitational (a rock poised at
the top of a hill), electrical (an electron situated
at the negative terminal of the battery). In clas-
sical electromagnetism, there is an energy asso-
ciated with static electric and magnetic fields in
vacuum: Energy = %eo E?+ %Bz /o, where €q
is the permittivity and p¢ is the magnetic sus-
ceptibility. The presence of polarizable materi-
als modifies these expressions by replacing the
vacuum € by a permittivity € specific to the
material, and by replacing the vacuum g by a
value p specific to the material. The units of
energy (and work) in metric systems are ergs:
1 erg = 1 dyne - cm (the work done by moving
a force of 1 dyne through a distance of 1 cm),
and Joules: 1 Joule = 107 ergs. Since the unit
of power is watts: 1 watt = 1J/sec, derived
units of energy are often in use. For instance,
the kilowatt hour = 103 watts x 3600 sec =
3.6x 10°J. Another energy unit is the calorie, de-
fined as the energy required to raise the tempera-
ture of 1 gm of water 1°K from a temperature of
15°C = 288.15K; 1 calorie = 4.18674 J. The
dieting “Calorie,” properly written capitalized,
is 1,000 calories. In the British system, the basic
unit of work is the foot-pound. The British sys-
tem unit analogous to the calorie is the British
thermal unit (Btu), approximately the energy to
raise 1 1b of water 1°F. The precise relation is
1 Btu = 251.996 calories.

energy-containing scale  As the energy con-
tent at scales larger than the system and be-
low the Kolmogorov scale vanishes, the turbu-
lent kinetic energy spectrum has a maximum.
The range of the spectrum that contains the sig-
nificant part of the turbulent energy is referred
to as the energy-containing scale. The aim of
eddy-resolving models is to describe the turbu-
lent flow down to the resolution of the energy-
containing scales in order to capture most parts
of the kinetic energy of the system.

energy conversion efficiency  In oceanogra-
phy, the rate of chemical energy accumulation
per unit volume divided by the rate of absorp-
tion of light energy by phytoplankton per unit
volume; it is linearly related to quantum yield.



entropy

energy gradeline A visual representation of
the energy in a flow. Indicates the sum of the
velocity head, V2 /2g, elevation, and pressure
head, p/y, for the flow, where V is the flow
speed, g is the acceleration of gravity, p is pres-
sure, and y is the unit weight (weight per unit
volume) of the fluid.

energy-momentum relations — special
relativity  In special relativity physical laws
must be the same in reference systems mov-
ing uniformly with respect to each other; that
is, they must be invariant under Lorentz Trans-
formations. In special relativity time is not an
absolute variable, and therefore special relativ-
ity is mathematically described through a four-
dimensional spacetime with time as the first co-
ordinate in addition to the three spatial coor-
dinates. In order for the Lorentz electromag-
netic force to be incorporated into a law of me-
chanics that is invariant under Lorentz transfor-
mations, and for the mechanics law to also re-
duce to Newton’s law at low velocities, a four-
component relativistic momentum vector is de-
fined such that the first component equals the
energy of a given particle and the other three
components equal the momentum components
of the particle. Since the four-vector scalar prod-
uct is invariant under Lorentz transformations,
one obtains the relativistic relationship between
the energy and the momentum of a particle by
calculating the four-vector scalar product of the
four-vector momentum with itself.

energy per unit length (cosmic string) In
the framework of a cosmological model with
the generation of topological defects, a cosmic
string is an approximation of a vacuum vortex
defect in terms of a line-like structure, confined
to a two-dimensional world sheet. For a com-
plete macroscopic description (as opposed to
microscopic, in terms of relevant fields like the
Higgs field and other microscopic fields coupled
to it) we need to know quantities such as the
string tension T and the energy per unit length
U (often denoted w in the literature). For a mi-
croscopic model, specified by its Lagrangian,
we can compute its energy-momentum tensor
TH by standard methods. Given the cylindrical
symmetry of the string configuration, the energy
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per unit length is calculated as
U= Zn/rdrT”,

where T' is the time-time component of the
energy-momentum tensor. See equation of state
(cosmic string), Goto—Nambu string, tension
(cosmic string), wiggle (cosmic string).

enthalpy  An extensive thermodynamic po-
tential H given by

H=U-PV,

where U is the internal energy, P is the pres-
sure, and V is the volume of the system. The
change of the enthalpy is the maximum work
that can be extracted from a reversible closed
system at constant P. For a reversible process
atconstant S and P, work stored as enthalpy can
be recovered completely.

entrainment Jets and plumes, moving
through fluid at rest, have the tendency to entrain
ambient fluid into the flow. The rate 0 Q/0x
[m2s~!], at which the volume flow (0] [m3s—1]
increases per unit distance x [m], is called the en-
trainment rate. The most customary parameteri-
zation of the entrainment rateis 0 Q/dx = ERu
(Morton, 1959), where R and u are circum-
ference and velocity of the flow Q. The non-
dimensional proportionality factor E is called
the entrainment coefficient, which increases as
the gradient Richardson number Ri decreases.
This implies that entrainment is more efficient
for large velocity differences and small den-
sity differences. Often entrainment involves the
transport of one substance in another, such as
suspended particles in a current, or parcels of
moist air in dry winds.

entropy  That thermodynamic potential de-
fined by the exact differential

dS=dQ/T,

where d Q is a reversible transfer of heat in a
system, and 7T is the temperature at which the
transfer occurs. Entropy is conceptually asso-
ciated with disorder; the greater the entropy the
less ordered energy is available.



environmental lapse rate

environmental lapse rate  To a cloud or a
rising parcel of air, the actual variation rate with
height of temperature and moisture conditions
in the atmosphere surrounding it. The overall
average rate is a decrease of about 6.5 K/km,
but the rate varies greatly from region to region,
air stream to air stream, season to season. An
inverse environmental lapse rate is a negative
environmental lapse rate (temperature increase
with height).

eolian  Refers to wind-related processes or
features. Wind is created when different regions
of an atmosphere experience temperature and/or
pressure differences, causing the atmosphere to
move in an attempt to average out these differ-
ences. Wind is a major agent of erosion, re-
ducing rocks to sand and dust and transporting
the material between locations. Eolian erosional
features include yardangs and ventifacts. Eo-
lian depositional features include dunes, ergs,
and loess. Eolian material can be transported by
saltation, suspension, traction, or impact creep.

eon Often used in place of 1 billion (109)
years.

EOP  See earth orientation parameters.

Eotvos experiment Baron Lorand Eotvos
measured the dependence of gravitational accel-
eration on the chemical composition of matter.
He used a torsion pendulum to measure the dif-
ference 8g of the acceleration of samples at the
end of the two arms. By 1922, these measure-
ments established to the precision §g/g ~ 1077
that the acceleration is independent of the chem-
ical composition. (More recent measurements
by Dicke and Braginski have improved this pre-
cision to ~ 10712). The E6tvés experiment pro-
vides the experimental support for the geomet-
rical nature of the gravitational interaction, as
predicted by the theory of general relativity.

epeiric sea  An inland sea with limited con-
nection to the open ocean that is shallow, typi-
cally with depths less than 250 m.

ephemeris A book or set of tables predicting
the location in the sky of planets and satellites.
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ephemeris time (ET)  Uniform time based on
seconds having the duration they did on 0.5 Jan-
uary 1900, since seconds based upon the Earth’s
rotation generally lengthen with time (see Uni-
versal Time). Prior to 1972, accurate measure-
ments of the motions of the moon and planets
provided the best measure of time, superior to
any laboratory clock. Ephemeris Time was thus
defined as a continuous measure of time based
on these motions, although, technically, its defi-
nition rested on Simon Newcomb’s theory of the
motion of the sun. Ephemeris Time, which came
into usage in 1956, was replaced by Dynamical
Time in 1984. The two systems coexisted from
1977 to 1984. Ephemeris Time was used, in
the obvious way, as the basis of the ephemeris
second, which is the direct ancestor of the SI
second; i.e., the SI second was matched as well
as possible to the ephemeris second.

epicenter  Point on the Earth’s surface above
the initial earthquake rupture.

epicentral distance  The distance of an ob-
servation point at the Earth’s surface from the
epicenter of an earthquake. It is expressed ei-
ther as a length S along the great circle path
between the observation point and the epicenter
or as an angle A = S/R, where R is the average
radius of the earth.

epicycle  Secondary circle along which the
planet moves in the Ptolemaic (geocentric) de-
scription of the solar system. The epicycle cen-
ter moves along a larger circle called the def-
erent. This combination can explain the retro-
grade motion of the planets. See deferent, geo-
centric, retrograde motion.

Epimetheus Moon of Saturn, also designated
SXI. Discovered by Walker, Larson, and Foun-
tainin 1978 and confirmed in 1980 by Voyager 1.
It is a co-orbital partner of Janus. Its orbit has
an eccentricity of 0.009, an inclination of 0.34°,
and a semimajor axis of 1.51 x 10° km. Its size
is 72 x 54 x 49 km, its mass, 5.6 x 10'7 kg, and
its density 0.7 g cm~3. It has a geometric albedo
of 0.8, and orbits Saturn once every 0.694 Earth
days.



equatorial anomaly

epoch  An arbitrary fixed instant of time used
as a chronological reference for calendars, ce-
lestial reference systems, star catalogs, or or-
bital motions. Prior to 1984, star catalog co-
ordinates were commonly referred to the mean
equator and equinox of the beginning of the
Besselian year (see year). Thereafter, the Julian
year (365.25 days) has been used.

equant A point in the Ptolemaic description
of orbits about which the center of the epicycle
moved at constant angular velocity as it moved
along the deferent. The equant was equidistant
on the opposite side of the center of deferent
from the Earth. See deferent, epicycle.

equation of continuity Any of a class of
equations that express the fact that some quantity
(mass, charge, energy, etc.) cannot be created or
destroyed. Such equations typically specify that
the rate of increase of the quantity in a given re-
gion of space equals the net current of the quan-
tity flowing into the region. Thus, the change
of a property € (e.g., mass) inside a volume el-
ement results from the convergence of a flux
c (e) across the boundaries of the volume and
from sources and sinks S(¢) inside the volume:

U4V Ce) = S(o)

— -C(e) = S(e) .

ot
The most common application is the conserva-
tion of mass

ap .

with p being the density and ] = piu the mass
current. Using the total derivative instead of the
partial one, this can be written as

do 9p - -
—_— = -Vp=—p-Vu.
dr a:s+” P ooy

equation of state  An equation relating the
pressure, volume, and temperature (or some
other set of thermodynamical variables) of a sub-
stance or system.

equation of state (cosmic string)  For an ac-

curate macroscopic description of a vacuum vor-
tex defect as a cosmic string, one needs the string
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equations of state, which give both the string
energy per unit length U and its tension T (in
general both are variable), and also the relation
between them. The simplest example of equa-
tion of state is T = U = const, corresponding
to the Goto—Nambu string.

Also conducting cosmic strings can be de-
scribed by fitting analytical expressions to the
numerical solutions of the classical equations
of motion for the microscopic fields. The best
analytical expression available for the Witten
model is known as the Carter—Peter equation
of state. See Carter—Peter model, conducting
string, energy per unit length (cosmic string),
Goto—Nambu string, tension (cosmic string),
wiggle (cosmic string).

equation of state of pure water Potential
density of pure water is a function of temperature
only. For actual values see Chen and Millero
(1986).

equation of time  The hour angle of the true
(observed) sun minus the hour angle of the (fic-
titious) mean sun of mean solar time.

equator Thelocus of a point traveling around
the globe that is equidistant from the north and
south poles forms the equator.

equator, geomagnetic  (1.) The line around
the Earth, along which the vertical component
of the magnetic field is zero. Approximately
equidistant from both magnetic poles, but dis-
torted from that shape by non-dipole harmonics
of the Earth’s magnetic field.

(2.) A term sometimes applied to the equa-
torial surface of the magnetosphere.

equatorial anomaly  Although processes in
the ionospheric F region are complex, it is still
reasonable to expect the maximum daytime ion-
ization to fall roughly near to the location of
the overhead sun. However, in the equato-
rial region, and most noticeable near equinox,
the daytime maximum in ionization splits form-
ing crests 20° to 30° to the north and south of
the dip equator, leaving an ionization trough
at the dip equator. This is called the equato-
rial anomaly. 1t is formed by a process analo-
gous to a fountain, ionization near the dip equa-



equatorial bulge

tor being driven upward by the local E-region
horizontal dynamo electric fields and the local
horizontal magnetic field. As the ionization is
lifted to higher altitudes, it encounters magnetic
field lines connected to higher latitudes and falls
back down, forming the crests. Generally, the
anomaly is most pronounced around 1400 LT
and then declines steadily until it disappears
around 2000 LT. However, this behavior can
change greatly with season, phase of the solar
cycle, and diurnally. See equatorial electrojet,
geomagnetic dip equator.

equatorial bulge  The rotation of the earth
causes the equatorial radius to be larger than the
polar radius by about 21 km. This results in an
equatorial bulge.

equatorial cold tongue A strip of cold sur-
face water that extends like a tongue along the
equator from the southeastern boundaries of the
Pacific and Atlantic Oceans. The southeasterly
trade winds are its direct cause, pushing the ther-
mocline close to the surface and inducing up-
welling that pumps cold thermocline water to the
surface. The contrast between the warm west-
ern and cold eastern oceans in turn enhances
the easterly trade winds on the equator. The
surface water temperatures in the cold tongue
peak in March-April and reach the minimum
in July-September, despite negligible seasonal
change in solar radiation at the top of the atmo-
sphere on the equator. The water in the equato-
rial cold tongue is rich in nutrients and carbon
dioxide, making it the largest natural source of
atmospheric CO;.

equatorial convergence zone  Also called in-
tertropical convergence zone, i.e., ITCZ. Con-
vergence zone at the tropospheric low level
wind fields over tropics region, usually from
5°S —10°S to 5°N —10°N. From cloud pictures,
ITCZ appears as a long cloud band and consists
of many cloud clusters with west—east direction
and almost surrounds the Earth. This cloud band
width is about 200 to 300 km. In some regions
and some times there are two cloud bands lo-
cated on the south and the north sides of the
equator, the so-called “double ITCZ.”

On average, in January, the ITCZ is located
at about the equator and 15°S; in April at about
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4°N and 5°S; in July at 20°N and 2°S; and in
November at 10°N and 5°S. The ITCZ has both
active and inactive periods of short term varia-
tion. During the active period, it is most dis-
tant from the equator and has strong convec-
tive activity, with a series of large scale cloud
clusters and frequent cyclonic vortices. During
the inactive period, it is near the equator and
has weakly developed clouds, which are mainly
smaller scale scattered cumulus.

The ITCZ is the main region with ascending
air in tropics, in which the deep cumulus convec-
tive activities are strong and frequent, especially
during the active period. At times some of the
cumulus can reach to the tropopause. In strong
convergence regions, tropical disturbances are
often created in the ICTZ. These tropical dis-
turbances may develop into tropical cyclones in
suitable environmental conditions. About 70 to
80% of tropical cyclones come from tropical dis-
turbances developed in the ITCZ.

equatorial easterlies At the south side of
the subtropical high in the high level of the tro-
posphere, there are strong easterlies located at
about 5 — 20°N, 30 — 130°E. The maximum
speed is often located at 5 — 10°N in the Ara-
bian Sea region at about the 150 hPa level and
is about 35 to 50 m/s. Along the Arabian Sea to
the west, the equatorial easterlies move south
gradually and reach the equator at North Africa.
Over its entrance region (east of 90°E) there is a
direct meridional circulation, while over its exit
region (west of 60°E) there is an indirect merid-
ional circulation. Through these meridional cir-
culations, equatorial easterlies are connected to
the southwest monsoon system at lower tropo-
sphere.

equatorial electrojet A current flowing
above the Earth’s magnetic equator, inferred
from magnetic disturbances on the ground. It
flows on the sunlit side of Earth, from west to
east.

equatorial Kelvin wave Oceanic Kelvin
wave that propagates along the equator. For the
first baroclinic mode in the ocean, a Kelvin wave
would take about 2 months to cross the Pacific
from New Guinea to South America.



equilibrium tide (gravitational tide)

equatorial surface of the magnetosphere A
surface with respect to which the Earth’s mag-
netospheric field and its trapped plasma exhibit
approximate north-south symmetry. Itis usually
defined as a collection of the points of weakest
magnetic intensity |[B| on “closed” field lines
which start and end on the surface of Earth. In
the plasma sheet the surface is often called the
“neutral sheet” and it undergoes a periodic de-
formation (“warping”) due to the daily and an-
nual variation of the geomagnetic tilt angle .
See minimum-B surface.

equatorial undercurrent A strong narrow
eastward current found in the region of strong
density gradient below the ocean mixed layer
and with its core close to the equator. Its vertical
thickness is around 100 m and its half-width is
a degree of latitude. The maximum current is
typically 1 ms™!. This eastward current is a
major feature of the equatorial ocean circulation,
particularly in the Pacific and Atlantic Oceans.

equatorial upwelling  The resultant volume
transport in the Ekman layer is at right angles
to and to the right of the wind direction in the
northern hemisphere. If the wind is easterly, wa-
ter in the Ekman layer will tend to move away
from the equator on both sides of the equator
and will be replaced by water moving upward
from below the layer. This is called equatorial
upwelling. If the wind is westerly, water in the
Ekman layer will tend to move toward the equa-
tor in both sides of the equator and repel the
water below the layer. This is called equatorial
downwelling.

equatorial waveguide  An oceanic or atmo-
spheric wave that is confined to propagate near
the equator due to the vanishing of the Corio-
lis force at the equator. While the conditions
for geostrophic balance theoretically fail at the
equator, in practice any mass crossing the equa-
tor will be influenced by the Coriolis force on
either side. The force turns such motion back
towards the equator, thus creating a trap or a
waveguide.

equatorial waves A class of equatorially

trapped wave solutions first obtained by Taroh
Matsuno in 1966, consisting of the Rossby, in-
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ertial gravity, mixed Rossby-gravity, and Kelvin
waves. The Rossby and inertial gravity waves
are waves of rotating fluid, having their counter-
parts in off-equatorial regions. The Kelvin and
mixed Rossby-gravity waves are unique to the
equatorial waveguide arising from the singular-
ity of the equator where the Coriolis parameter
f = 2Qsin 6 vanishes. Here 2 is the angular
velocity of the Earth’s rotation around the north
pole and 6 is latitude.

equilibrium In mechanics, a configuration
in which the total force on a system vanishes,
so if placed in such a configuration the system
remains in it.

equilibrium beach profile A theoretical
beach profile shape that results if wave condi-
tions and water level are held constant for an
indefinite period. It has a monotonic, concave-
up shape.

equilibrium range  High-wavenumber part
of the turbulent kinetic energy spectrum that in-
cludes the inertial subrange and the dissipation
range. The turbulence at these wavenumbers is
nearly isotropic and the shape of the spectrum
at these wavenumbers does not depend on the
amount of kinetic energy present at larger scales
or the size of these energy containing scales.
Kinetic energy is merely transferred by inertial
forces through the inertial subrange until the en-
ergy is dissipated into heat at the Kolmogorov
microscale.

equilibrium space-times Stationary elec-
trovacuum space-times describing the exter-
nal fields of an arbitrary array of electrically
charged, massive sources. Equilibrium is
achieved by the balance of gravitational and
electromagnetic forces. The static equilib-
rium space-times were found by S.D. Majumdar
and A. Papapetrou (1947). See Israel-Wilson—
Perjés space-times.

equilibrium tide (gravitational tide) A hy-
pothetical ocean tide that responds instantly to
tide producing forces, forming an equilibrium
surface. The effects of friction, inertia, and the
irregular distribution of land mass are ignored.



equilibrium vapor pressure

equilibrium vapor pressure  The vapor pres-
sure in an equilibrium state system with two or
more phases of water. If the system consists of
vapor and pure water (ice), the equilibrium va-
por pressure is the water (ice) surface saturated
vapor pressure, and it is a function of temper-
ature only. If the system consists of vapor and
waterdrop or solution, due to curvature effects
or solution effects, the equilibrium vapor pres-
sure will be higher (vapor-waterdrop system) or
lower (vapor-solution system) than the equilib-
rium vapor pressure in vapor-water system.

equinox  Dates on which the day and night
are of equal length. Dates on which the sun is at
(one of two) locations of the intersection of the
ecliptic and the celestial equator. Because the
Earth poles are inclined by 23°27’ to its orbital
plane, Northern and Southern hemispheres typi-
cally receive different daily periods of sunlight.
At the equinoxes the location of the planet in
its orbit is such that the sun strikes “broadside,”
equally illuminating the two hemispheres. See
autumnal equinox, vernal equinox.

equivalence principle A principle express-
ing the universality of gravitational interac-
tions. It can be expressed in various degrees
of “strength”.

Weak equivalence principle: The motion of
any freely falling test particle is independent of
its composition or structure. (Here “test parti-
cle” means that the particle’s gravitational bind-
ing and gravitational field are negligible.)

Medium strong equivalence principle: Near
every event in spacetime, in a sufficiently small
neighborhood, in every freely falling reference
frame all nongravitational phenomena are ex-
actly as they are in the absence of gravity.

Strong equivalence principle: Near every
event in spacetime, in a sufficiently small neigh-
borhood, in every freely falling reference frame
all phenomena (including gravitational ones) are
exactly as they are in the absence of external
gravitational sources.

Various candidate descriptions of gravity
obey one or the other of these laws. General
relativity, which is very well verified in terms of
large scale phenomena, obeys the strong equiv-
alence principle. See E6tvos experiment.
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Eratosthenes Mathematician, astronomer,
geographer, and poet (third century BC). Mea-
sured the circumference of the Earth with con-
siderable accuracy ( ~ 15% above actual value)
by determining astronomically the difference
in latitude between the cities of Syene (now
Aswan) and Alexandria, Egypt. He also com-
piled a star catalog and measured the obliquity
of the ecliptic.

E region The portion of the ionosphere
formed between approximately 95 and 130 km
above the surface of the Earth. It lies between
the D and F regions. The E region is directly
controlled by the sun’s ionizing radiation and
the amount of ionization present in the E re-
gion is directly related to the amount of radia-
tion present. Thus, the E region has a maximum
in ionization at local noon (~ 10!! electrons
m~3), disappears shortly after sunset at E-region
heights, and forms again at E-layer sunrise. It
has a readily predicted behavior globally, diur-
nally, and seasonally that can be described by the
sun’s solar zenith angle. There is also a small
solar cycle variation in the daytime electron den-
sities. At night, a small amount of ionization is
found at E-region heights and is thought to be
due to solar radiation scattered around from the
daylight hemisphere together with a contribu-
tion due to cosmic rays. See ionosphere, spo-
radic E, spread E.

erg A cgs unit of energy equal to work done
by a force of 1 dyne acting over a distance of
lem. 1erg=107"J; 107 erg s~ = 1 Watt.

ergodic motion  In mechanics, motion such
that the trajectory of any given initial condi-
tion passes through every point of the surface
in phase space having the same total energy as
the initial condition.

ergoregion In general relativity, in spinning
black hole spacetimes (Kerr black holes) the re-
gion in which particle kinematics allows rota-
tional energy to be extracted from the black hole
into energy of orbits that can reach infinity. See
Kerr black hole.

ergs A large region covered by sand-sized
(1/16 to 2 mm in diameter) material. Ergs are



Euler equations

sometimes called sand seas since they represent
vast regions of sand. Most ergs are located in
desert basins downwind from terrain which is
experiencing high amounts of erosion. Various
types of dunes occur within the ergs. Ergs are
found on Earth and around the north polar cap
on Mars.

Ernst equation (1967)
differential equation

The complex partial

ReEAE =VE -VE

in a Euclidean 3-space introduced by F.J. Ernst.
The axially symmetric solutions E = E(x', x?)
represent the metric potentials of stationary, ax-
isymmetric vacuum gravitational fields. A sec-
ond form

(6 — 1)AE = 2EVE - VE

is obtained by the substitution £ = (§ —1)/(§ +
1). The Ernst equation has been found to
describe additionally various physical systems,
such as colliding plane waves in general relativ-
ity, monopoles in SU(2) gauge theory, and states
of Heisenberg ferromagnets. The symmetries of
the equation and solution generating techniques
have been extensively studied.

erosion Rock is destroyed by weathering.
Mechanical weathering breaks up rock into
small particles which can be transported hydro-
logically. In chemical weathering the rock is
dissolved by water. In either case, the removal
of the rock is erosion.

ERP  Earth rotation parameters.

Ertel potential vorticity
ticity.

See potential vor-

eruption Volcanos are subject to periodic
eruptions during which molten rock (magma)
and/or volcanic ash flows to the Earth’s surface.
Eruptions can occur for months between periods
of quiescence.

eruptive prominence Solar prominences can
become activated and exhibit several types of
large-scale motion. The prominence may grow
and become brighter with a corresponding in-
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crease in helical motion or flow along the promi-
nence axis. This type of activation can lead to
an eruption, especially if it exceeds a height of
50,000 km. In this case, it rises as an erupt-
ing prominence and eventually disappears. The
eruption of a quiescent prominence (disparition
brusque) is a slow process lasting several hours.
The eruption of an active region prominence is
much more rapid taking about 30 min.

escape velocity  In Newtonian physics, under
gravitational interactions, the gravitational field
contributes negatively to the total energy of a
particle. The escape velocity is that speed giving
a zero total energy (kinetic 4 gravitational po-
tential). A particle moving without dissipation
at or exceeding the escape velocity will escape
to infinity.

eskers  Longnarrow ridges of sand and gravel
deposited in the middle of glaciers. They have
stream-like shapes and are believed to form from
meltwater streams flowing in tunnels beneath
a melting glacier. Sinuous ridges in the high
latitude regions of Mars have been suggested to
be eskers.

estuary A sheltered region that lies inshore
of a sea and is subject to tidal action. Generally
has a reduced salinity, compared to the adjoin-
ing sea, as a result of river and other freshwater
inputs.

ET  See ephemeris time (ET).

eternal black hole A black hole that was
not formed in the collapse of matter, but was
present ab initio as a stable topological structure
in spacetime.

Eudoxos of Cnidus  Greek geometer and as-
tronomer, born in Cnidus, Asia Minor approxi-
mately 408 B.C., died about 353 B.C. Eudoxos
established the foundation of geometrical prin-
ciples developed by Euclid, and applied the sub-
ject to the study of the moon and the planets.

Euler equations  The equations of motion
for an inviscid fluid. Equivalent to the Navier—
Stokes equations if viscosity is taken as zero.



Eulerian

Represents Newton’s 2nd Law for an inviscid
fluid.

Eulerian A term used to denote a description
of fluid behavior which involves description of
fluid flow parameters (particularly velocity) at
fixed points in space. The alternative is a La-
grangian description, which essentially involves
describing the behavior of selected fluid parti-
cles as they move through space.

Eulerian coordinates In hydrodynamics,
physical parameters such as pressure, fluid ve-
locity, and density can be expressed as functions
of positions in space and time; thus, a coordinate
system fixed to an external reference frame, in
which physical phenomena, for instance hydro-
dynamical flow, move through the hydrodynam-
ical grid. Named after Leonhard Euler (1707—
1783). See Lagrangian coordinates.

Eulerian representation Description of a
phenomenon relative to a framework fixed in
space. Measurements in moorings are typical
applications of Eulerian-type observations. See
Lagrangian representation.

Eulerian velocity = Velocity measured from
a fixed point or set of points (i.e., by a moored
current meter). See also Lagrangian velocity.

Euler, Leonhard Mathematician (1707-
1783). Made contributions in the areas of alge-
bra, theory of equations, trigonometry, analytic
geometry, calculus, calculus of variations, num-
ber theory, and complex numbers. He also made
contributions to astronomy, mechanics, optics,
and acoustics.

Euler pole Euler’s theorem states that a
movement on a sphere may be represented as
arotation about an axis. This holds not only for
the movement of a point on a sphere but also the
movement of a continuous undeformable patch
on a sphere. This turns out to be important for
the theory of plate tectonics, which models the
surface of the planet as a set of rigid plates in rel-
ative motion. Therefore, an axis may be found
for each plate relative to some given reference
frame. These axes are known as Euler poles.
In particular, by considering the motion of one
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plate relative to another plate, one may find the
pole of relative rotation. If two plates meet at
a mid-ocean ridge, then the ridge will often be
fractured by transform faults oriented perpen-
dicular to a line running toward the pole of ro-
tation between the two plates. Because veloc-
ity about the pole depends on distance from the
pole, the velocity between adjoining plates will
vary along the boundary between the plates un-
less the boundary happens to lie on a cylinder
centered on the pole. This means that, for exam-
ple, subduction may be much faster at one end
of a trench than the other.

Euler potentials  Two scalar functions of po-
sition («,8) used for describing a magnetic field
B and satisfying B = Va x V. Their use is
equivalent to that of a vector potential A = 'V
(of no particular gauge, non-covariant) and is
useful because the points of any magnetic field
line share the same value of o and §. As long
as the field inside Earth is excluded, («,8) in the
Earth’s vicinity are usually unique to one field
line (not valid in more general geometries) and
this allows using them in mapping field lines
and as variables in the theory of plasma con-
vection by electric fields in the magnetosphere.
Field line motion can also be described by Eu-
ler potentials. In toroidal geometries, («,f) are
generally multiply valued.

euphotic depth  In oceanography, the depth
to which significant phytoplankton photosyn-
thesis can take place; typically taken to be the
depth at which photosynthetically available ra-
diation falls to 1% of its value just below the
surface [m].

euphotic zone  In oceanography, the water
layer in which significant phytoplankton photo-
synthesis can take place; typically taken to be the
layer down to which photosynthetically avail-
able radiation falls to 1% of its value just below
the sea surface.

euphotic zone midpoint  In oceanography,
the layer at which photosynthetically available
radiation falls to 10% of its value just below the
sea surface.
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Europa Moon of Jupiter, also designated JII.
Discovered by Galileo in 1610, it is one of the
four Galilean satellites. Its orbit has an eccen-
tricity of 0.009, an inclination of 0.47°, a pre-
cession of 12.0° yr~!, and a semimajor axis of
6.71 x 10° km. Its radius is 1569 km, its mass
4.75 x 10?2 kg, and its density 2.94 g cm™3. It
has a geometric albedo of 0.64, and orbits Jupiter
once every 3.551 Earth days. Europa’s surface
is covered with ice, and it appears to have liquid
water under the ice.

eustatic sea-level = The worldwide change of
sea level elevation with time. Specifically, eu-
static sea-level describes global sea level varia-
tions due to absolute changes in the total quantity
of water present in the oceans. These changes
are distinct from redistributions of water from
circulation, tides, and density changes. Dias-
trophic eustatism is a change of sea level re-
sulting from variation in capacity of the ocean
basins, through the deeping of basins or rais-
ing of continents. Glacial eustatism refers to
changes in sea level produced by withdrawal or
return of water to the oceans.

eutrophic water Water with high phyto-
plankton biomass; chlorophyll a concentration

exceeds 10 mg m™3,

evaporation (E)  The process by which wa-
ter moves from the liquid state to the vapor state
follows Fick’s first law and can be written in fi-
nite difference form as E = Kgu,(e; — e,),
which shows that E increases with increasing
wind speed () and with the difference between
the vapor pressure of the evaporating surface
(es) and the overlying air (e,); Kg is a coeffi-
cient that reflects the efficiency of vertical trans-
port of water vapor by turbulent eddies of the
wind. Sublimation is the process by which wa-
ter moves from the solid state (snow and ice) to
the vapor state.

evapotranspiration (ET) The sum of all
processes by which water changes phase to va-
por and is returned to the atmosphere, includ-
ing sublimation from snow and ice, evaporation
from lakes and ponds, and transpiration by veg-
etation. Actual evapotranspiration (AET) is the
amount of evapotranspiration that actually oc-
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curs under given climatic and soil-moisture con-
ditions. Potential evapotranspiration (PET) is
the amount of evapotranspiration that would oc-
cur under given climatic conditions if soil mois-
ture was not limiting. Moisture deficit is PET-
AET and is the amount of irrigated water added
to maximize crop yield.

evening cloud (Mars) Evening clouds of
Mars appear near the evening limb or terminator
in spring to summer of the northern hemisphere.
Similar to morning clouds, evening clouds show
a diurnal variation. In their most active period
from late spring to mid summer, evening clouds
appear in early to mid afternoon, increasing their
brightness as they approach the evening limb.
They form the equatorial cloud belt together
with morning clouds. See morning cloud, af-
ternoon cloud.

event horizon A null hypersurface in space-
time separating observable events from those
that an observer can never see. A uniformly
accelerated observer in Minkowski space-time
experiences an event horizon. An absolute
event horizon in a weakly asymptotically simple
space-time is the boundary of the causal past of
future null infinity. A black hole is a domain
of space-time separated from null infinity by an
absolute event horizon, which is the surface of
the region surrounding a black hole where the
gravitational field is strong enough to prevent
the escape of anything, even light. It is a one-
way membrane in the sense that no light signal
can be transmitted across it from the interior to
the external world. See black hole.

Evershed effect  The strong horizontal out-
flow observed in the penumbra of sunspots, ex-
tending several sunspot diameters from the um-
bral edge. This outflow has speeds of ~ 2 to
6 kms~! as detected in photospheric and chro-
mospheric lines. The Evershed flow is concen-
trated within dark penumbral filaments that are
thought to be surface manifestations of convec-
tive rolls aligned with nearly horizontal field in
the penumbra.

evolutionary track  As astar ages and moves
off the zero age main sequence, its effective
temperature (T.rr) and luminosity (L) change.
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The path of a star in the T,z¢, L plane (the
Hertzsprung—Russell, HR, diagram) as those
physical parameters change is called the star’s
evolutionary track. This track is primarily a
function of the star’s initial mass. Collections
of these tracks derived from theoretical stellar
evolution models are often plotted on an HR di-
agram along with data from a collection of stars
to estimate initial masses and ages.

exact solution (of Einstein’s equations) A
solution of Einstein’s equations, i.e., a metric.
The term exact solution is used only when it is
necessary to stress that the metric was derived
from Einstein’s equations by strict mathemati-
cal procedures. The opposites of exact are an
approximate (i.e., a perturbative solution) and a
numerical solution. This oppositionis irrelevant
for several purposes; for example, all observa-
tional tests of the relativity theory necessarily
involve approximations, and numerical calcula-
tions are often performed on top of exact solu-
tions to obtain quantitative results. However,
some theoretical problems (among them cos-
mic censorship and the existence of singulari-
ties) have been extensively studied within the
framework of exact solutions.

excitation temperature Inagiven object, the
constituent atoms and molecules are in quantum
mechanically excited states, and the ratio of their
numbers in the ground state to the excited state
is characterized by an excitation temperature,
such that

Nu _ 81 bk

N 8u

where N, and N; are the number per volume
in the upper and lower states, respectively, and
g and g, are the statistical weights. The ex-
citation temperature T,, characterizes this dis-
tribution for a given upper and lower state. If
the atoms and molecules are in thermodynamic
equilibrium (collision dominated), then the ki-
netic temperature, which describes a distribution
in speed of the atoms and molecules, is equal to
the excitation temperature.

exosphere  The outermost part of the Earth’s

atmosphere, beginning at about 500 to 1000 km
above the surface. It is characterized by den-
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sities so low that air molecules can escape into
outer space.

exotic terrane Continental deformation is
partly achieved through folding, which pre-
serves the juxtaposition of stratigraphic layers,
but also through faulting. A terrane is a block of
continent bounded by faults with a stratigraphy
that is internally coherent but distinct from that
of surrounding blocks. Mountain chains may be
composed of several such blocks. A “suspect
terrane” is a terrane whose geology appears to
be unrelated to the surrounding rock. If it can
be shown (through paleomagnetic methods, for
example) that the rock in the terrane originated
far away from the surrounding rock, then the
terrane is known as an exotic terrane. This may
happen if part of a continent is sliced away by
a long strike-slip fault (such as the San Andreas
fault) and is later attached to the continent or
another continent elsewhere, or if an island arc
or other oceanic landform collides with and is
engulfed by a continent.

expansion The mathematical quantity (a
scalar) that determines the rate of change of
volume of a given small portion of a contin-
uous medium (see also acceleration, kinemat-
ical invariants, rotation, shear). An observer
placed in a medium in which acceleration, ro-
tation, and shear all vanish while expansion is
nonzero would see every point of the medium
recede from (or collapse toward) him/her with
the velocity v proportional to its distance from
him/her, /, so that v = %91. The factor 6 is the
expansion (0 > 0 forreceding motion, 6 < 0 for
collapse). (In astronomy, H = %9 is called the
Hubble parameter.) A medium with the above-
mentioned properties is used as a model of the
universe in the Friedmann—Lemaitre cosmolog-
ical models. In these models, the expansion is
uniform, i.e., atany given timeitis the same at all
points of space and can only vary with time. In
general (in particular in inhomogeneous models
of the universe) the expansion can be different
at every point of space. In a perfect fluid or dust
such a nonuniform expansion must be accom-
panied by shear.

expansion of the universe = The recession of
distant galaxies from our galaxy. The evidence
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for the expansion of the universe is the redshift of
light received from distant sources, first discov-
ered by E.P. Hubble in 1929 (see Hubble param-
eter). Expansion, in turn, is the evidence that the
universe is evolving (see steady-state models)
from a state of higher density toward lower den-
sity. Extrapolation of this phenomenon back-
ward in time leads to the notion of the Big Bang.
The rate of expansion depends on the value of
the cosmological constant A. With A = O,
the rate of expansion is constantly being de-
creased by gravitational attraction between any
two massive objects. The Friedmann-Lemaitre
cosmological models predict the following pos-
sible scenarios for the future fate of the universe
when A = 0. If the mean matter-density in the
universe, p, is at present lower than the critical
density py &~ 107> g/cm?, then the decelerat-
ing force is small and the universe will go on ex-
panding forever. If p > po, then the expansion
will be completely halted at a certain moment
in the future and followed by collapse toward
the final singularity; this collapse is the time-
reverse of the Big Bang. The determination of
the present value of p is thus of crucial impor-
tance and is currently one of the main (unsolved)
problems of cosmology. Certain vigorously ad-
vertised theories are critically dependent on p
being equal to pg, but unquestionable observa-
tions imply only that p > 0.2p¢.

experimental craters A means of observing
craters as they form, during which the experi-
mental conditions are changed in order to deter-
mine the effects of different parameters. Results
show that the impact process consists of three
formation stages: compression, excavation, and
modification, and that the strength of the im-
pact target influences crater shape and diameter.
For example, a low target strength reduces the
threshold diameter for the formation of complex
craters.

Experimental studies are usually of two
types. In the first, a small projectile is fired (at
several kilometers per second) from a light gas
gun toward a target in a vacuum chamber. Very
high-speed cameras photograph the craters as
they form. Scaling over several orders of mag-
nitude is then applied to extrapolate the results
(this introduces some error since crater forma-
tionis dependent on size). In the second method,
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explosive charges (such as nuclear or chemical
explosives) are used. This method reduces the
scaling problem but introduces a gas accelera-
tion stage that does not exist in natural impacts
and causes a slightly different final impact mor-

phology.

extended object Astronomical source that
has an angular diameter larger than the resolving
power of the instrument used to observe it.

extensions of space-times  The omission of
some region from a space-time may be detected
by the appearance of incomplete geodesics.
These are geodesics for which the affine pa-
rameter does not assume all real values. Thus,
an observer moving along an incomplete time-
like geodesic will reach the boundary in a fi-
nite time. The extension of a space-time will
produce a spacetime that contains the original
spacetime (is isometric to it where they over-
lap). In the presence of singularities, inextend-
able geodesics will occur. See maximal exten-
sion of a space-time.

extinction and reddening  Extinction of light
equally at all visible wavelengths can be caused
by dust in interstellar clouds between the ob-
server and the continuum source. Grains of
all sizes contribute to absorption and scattering
of light, resulting in a general obscuration of
the continuum light. However, most interstel-
lar dust grains are slightly smaller than visible
wavelengths. Reddening is a selective extinc-
tion of bluer wavelengths due to scattering off
of these small dust grains. The extinction of
the bluer light causes the object to appear red-
der than it should compared with the predicted
temperature based on its spectral type. Redden-
ing increases the color index of a star (see color
index, color excess).

extratropical storm A storm that occurs
when cold, denser air moving toward the equator
meets the warmer, more humid air moving away
from the equator. A circulation results that can
cause high winds over a large area. It is more
common in winter when temperature gradients
between the equatorial regions and the higher
latitudes are stronger.



extreme ultraviolet (EUV)

extreme ultraviolet (EUYV) The portion of
the electromagnetic spectrum in the wavelength
range from approximately 100 to 1000 A.

extreme ultraviolet imaging telescope (EIT)
Telescope aboard the SOHO spacecraft which
obtains images of the sun at extreme-ultraviolet
wavelengths. The EIT is able to image the solar
transition region and inner corona in four se-
lected bandpasses in the EUV, namely, Fe IX/X
at 171 A, Fe XII at 195 A, Fe XV at 284 A,
and He II at 304 A. The EIT is used to im-
age active regions, filaments and prominences,
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coronal holes, coronal “bright points”, polar
plumes, and a variety of other solar features us-
ing either full-disk or sub-field images.

eye (of astorm) In strong tropical cyclones,
the central region of the storm is often relatively
calm, sometimes with a clear cylindrical appear-
ance with blue sky overhead and storm clouds
rising all around it. Winds are generally 10 knots
or less, and no rain occurs. Sizes may range
from 6 to 60 km in diameter, with most frequent
size of order 20 to 40 km.
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F

F1-layer Relatively unstable ionospheric
layer at a height of between about 140 and
200 km which fills the gap between the E-layer
and the F2-layer. Ionization is due to EUV radi-
ation. Formally, the FI-layer can be described
by a Chapman profile.

F2-layer Uppermost ionospheric layer at
heights of between 200 and about 1000 km.
In addition to local ionization and recombina-
tion, large-scale transport processes influence
the chemistry and charge density. In addition,
vertical transport leads to a separation of differ-
ent particle species and charge states. Despite
already reduced particle densities, electron den-
sities are higher than in the other ionospheric
layers. The dominant particle species is ionized
atomic oxygen O*. N* and N are dominant in
the lower parts, while in the upper part of the F2-
layer ionized helium He™* and atomic hydrogen
H™ become dominant.

Faber-Jackson law  An empirical relation-
ship between the total luminosity and the central
velocity dispersion of elliptical galaxies: L
o4, i.e., the galaxy luminosity is proportional to
the fourth power of the velocity dispersion o.
This law was first discussed by S.M. Faber and
R.E. Jackson in 1976. Since the velocity dis-
persion can be measured from the broadening
of absorption lines in the galaxy spectrum, the
Faber—Jackson law can, in principle, be used
to determine the luminosity and, once the ap-
parent magnitude of the galaxy is measured, to
derive the distance of the galaxy. The Faber—
Jackson law is analogous to the Tully—Fisher law
for spiral galaxies: The stellar velocity disper-
sion substitutes the Hi1 rotational width, since
there is little atomic gas in early-type galaxies.
See Tully—Fisher law, velocity dispersion.

facula A bright region of the photosphere
seen in white light at the solar limb. Faculae are
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the manifestations of the supergranule bound-
aries, seen at the limb.

fading  Fading is a common characteristic
of radio propagation and is typified by aperi-
odic changes in the received signal amplitude
and other signal characteristics. The depth of
fading can be described by an amplitude proba-
bility distribution and the rapidity of the fading
may be described by autocorrelation functions.
These statistics are required to make allowances
for fading in system design. Understanding the
properties of the fading may also be important in
constructing systems to capitalize or minimize
the effects. Fading on ionospheric propagation
paths can arise from sources that alter the prop-
erties of a single path (e.g., absorption, ioniza-
tion changes resulting in pathlength changes or
skip distance changes, ionization irregularities
near the reflection point) and more commonly
from multiple propagation paths (e.g., interfer-
ence fading, polarization fading). Understand-
ing the source of the fading may allow some
control over its effects (e.g., skip fading may
mean using a lower operating frequency; ab-
sorption fading may mean a higher frequency
is required). See flutter fading, ionospheric ra-
dio propagation path, multipath fading.

failed arm  See aulacogen.

faintyoung sun paradox  Asthesunages, the
fusion processes at its core gradually intensify,
and models predict that the sun has increased
brightness by about 35% over the last 4 billion
years. The paradox is that one expects the Earth
to have been completely icebound, but geologi-
cal evidence shows liquid water at least that far
into the past. A resolution has been proposed
in terms of intense greenhouse effect, driven by
ammonia and hydrocarbon haze, which could
have maintained the surface above freezing.

Falkland current  An ocean current flowing
northward along the coast of Argentina, between
Argentina and the Falkland Islands.

fallout  Term describing airborne dangerous
particles that deposit from the atmosphere after
days, weeks, or longer in suspension in the air.
Usually referring to radioactive particles which
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can be lofted into the air by nuclear explosions,
or via leaks from nuclear power plants, or by fire
associated with catastrophic failure in a nuclear
installation.

fall speed (velocity)  The equilibrium speed
reached by a sediment particle falling in a col-
umn of still water. Governed by the size, shape,
and density of the particle, as well as any co-
hesive forces between particles, and the density
and viscosity (and thus temperature) of the fluid.
Used for classification of particle size and as-
sessment of the mobility of the sediment.

Fanaroff-Riley (FR) class I and II radio
galaxies Lobe-dominated radio galaxies
whose luminosity at 178 MHz is below (class
I) or above (class II) 5 x 1032 ergs sTTHZ L
In 1974, B.L. Fanaroff and J.M. Riley noted
a dichotomy in the radio morphology of radio
galaxies with a sharp threshold luminosity: FR 1
type galaxies, of lower luminosity, show smooth
two-sided and poorly collimated jets and edge-
darkened lobe structures. FR II type galaxies, of
higher luminosity, show edge-brightened lobes,
often with prominent hot spots at the inner end
of the lobes, connected to the nucleus by pencil-
like jets that are usually very faint, and in several
sources not visible at all.

Faraday Cup A detector for low-energy
plasma, absorbing incident ions or electrons and
measuring the rate at which their electric charge
is deposited.

Faraday effect  The rotation of the plane of
plane-polarized light by a medium placed in a
magnetic field parallel to the direction of the
light beam. The effect can be observed in solids,
liquids, and gasses.

Faraday rotation When propagating
through the ionosphere, a linearly polarized ra-
dio wave will suffer a gradual rotation of its
plane of polarization due to its interaction with
the ionization in the ionosphere in the presence
of the Earth’s magnetic field. The magnitude of
rotation depends on the electron density and the
inverse square of the frequency. Typically, for a
total electron column of 10'° electrons m~2 and
a frequency of 1 GHz the Faraday rotation is
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0.01 radian or 0.57° and for a total electron col-
umn of 10'8 electrons m2 the Faraday rotation
is 1 radian or 57°.

fast magnetohydrodynamic shock A fast
magnetohydrodynamic shock forms when a fast
magnetohydrodynamic wave steepens. The
magnetic field increases from the upstream to
the downstream medium and is bent away from
the shock because the normal component of the
field is constant. In contrast, in a slow magneto-
hydrodynamic shock, the magnetic field is bent
toward the shock normal. The normal compo-
nent of the upstream (downstream) flow speed
is larger (smaller) than the propagation speed of
fast magnetohydrodynamic waves and both up-
stream and downstream flow speeds exceed the
Alfvén speed. Traveling interplanetary shocks
in general and planetary bow shocks always are
fast magnetohydrodynamic shocks.

downstream
fast shock

upstream

Change in magnetic field direction across a fast and a
slow shock.

fast shock wave
wave.

See hydromagnetic shock

fast solar wind  Solar wind escaping from
the open magnetic field regions of the coro-
nal holes. Plasma speeds range from 400 km/s
to 800 km/s, densities are low with about 3
ions/cm® at Earth’s orbit. Particles are mostly
hydrogen; helium amounts to about 4%. Elec-
tron and proton temperatures are 1 x 10° K
and 2 x 103 K, respectively. Fast solar wind
streams are remarkably stable and variations
from stream to stream are small. Despite the
differences in individual parameters, the aver-
age momentum and total energy flux are similar
in fast and slow solar wind streams.
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Fata Morgana A complex mirage made up
of multiple images as of cliffs and buildings, dis-
torted and magnified, which occasionally gives
the impression of elaborate castles floating in
the air. A Fata Morgana can only occur where
there are alternating warm and cold layers of air
near the ground or surface of water. Named af-
ter the effect seen in the Straits of Medina, and
attributed to the sorcery of King Arthur’s half-
sister, Morgan Le Fay.

fathom A nautical unit of depth, equal to
6 ft. It is also sometimes used for horizontal
measure; a related unit is the cable, equal to 100
fathoms. Also, a nautical mile is approximately
1000 fathoms. See nautical mile.

fault A seismic fracture across which lateral
motion occurs. In some cases a fracture is sim-
ply a crack in rocks where slip has occurred.
Major faults may be broad zones of granulated
rock (fault gouge) accommodating lateral mo-
tions of 1000 km or more. Faults can be classi-
fied as thrust faults, normal faults, or strike-slip
faults.

fault constitutive law A representation
of fault mechanical properties using relations
among stress, strain rate, and displacement on
fault planes. A variety of constitutive laws
have been proposed such as the slip weaken-
ing model which represents the relation between
shear stress and slip, and the rate- and state-
dependent friction law which represents the re-
lation between friction and slip accompanied by
changes in slip rate. These are empirical laws
derived from laboratory experiments of rock
friction. There are two modes for friction: sta-
ble sliding and unstable sliding. Itis thought that
aseismic slips such as fault creep and slow earth-
quakes correspond to the former, while usual
earthquakes correspond to the latter. Numeri-
cal simulations are being carried out to tackle
problems of earthquake cycle and seismic nu-
cleation process of large earthquakes, using the
fault constitutive laws.

fault gouge The granulated material on a
fault that has been generated during the many
earthquakes that have occurred on the fault.
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fault parameter Parameter that character-
izes faulting. As a geometrical quantity, there
is the strike of a fault plane, dip angle and slip
direction, while as quantities which represent
fault size, there is fault area (length times width)
and the amount of slip. Furthermore, rupture
velocity, rise time, and slip rate are physical
parameters which represent source processes.
From these fault parameters, seismic moment
and stress drop can be calculated. These fault
parameters can be obtained from radiation pat-
terns of seismic waves, waveforms, and after-
shock distributions.

fault plane solution  An earthquake is gen-
erated by the relative motion of rocks across a
fault. The movement has to be parallel to the
fault plane, i.e., a vector representing the mo-
tion of one side with respect to the other will lie
on the fault plane, and therefore there will be
a plane normal to this vector (termed the “aux-
iliary plane”) that will be perpendicular to the
fault plane. For the simplest type of earthquake
— simple movement along a flat fault plane,
known as a “double-couple” earthquake — the
pattern of radiation is divided into four lobes
separated by the fault and auxiliary planes. The
reason for this is that these planes divide the rock
into areas in which the released stress is com-
pressive or extensional, and thereby directions
in which the first motions of the propagated ra-
diation are compressions or rarefactions. With
sufficient seismic data from around the world, it
is possible to reconstruct the pattern of radiation
for these first motions, and so to pick out the fault
and auxiliary planes. This is known as the fault
plane solution. Without other information it is
difficult to tell which plane is the fault plane and
which is the auxiliary plane, but local observa-
tions of the fault where the earthquake occurred
or knowledge of the tectonic setting can help
to determine this. The fault plane solution is
invaluable in discriminating between different
types of fault (e.g., thrust faults and transcurrent
faults).

faultscarp  When there is vertical movement
on a fault during an earthquake, one side of the
fault is elevated relative to the other. This is a
Sfault scarp.



F corona

F corona  The Fraunhofer, or F, solar corona
is generated by the diffraction of photospheric
radiation by slow moving dust in the interplane-
tary medium. The contribution of the F' corona
to the total coronal white light emission becomes
increasingly important beyond ~ 2Rg. The
Fraunhofer lines are clearly visible in the spec-
trum of this near-sun enhanced zodiacal light.

feeder beach A sacrificial beach; a region of
placed sand intended to be eroded to benefit an
adjoining area.

feldspar Metal aluminosilicate rocks with
approximate specific gravity in the range of 2.5
to 2.76. The principal types are KAIlSizOg
(orthoclase), NaAlSi3Og (albite), CaAl;SirOg
(anorthite).

Fermat’s principle A ray of light or other
radiation follows the path that requires the least
time to travel from one point to another, includ-
ing reflections and refractions that may occur.
The similar statement holds for sound expressed
in terms of ray acoustics.

fermion Anelementary particle with internal
angular momentum (spin) equal to an odd multi-
ple of %h where 7 is Planck’s reduced constant,
B = 1.054571596x1073*Js. Fermions obey
the exclusion principle; their wavefunction is
antisymmetric under interchange of particle po-
sition. Electrons, neutrinos, protons, and neu-
trons are fermions.

fermionic zero mode In field theory, the
mass of fermions (spin 1/2 particles) is propor-
tional to the value of a field (the Higgs field) to
which they couple. A topological defect is a re-
gion of space inside which the Higgs field has a
vanishing value. As aresult, such fermions have
effectively vanishing masses inside the core of
the defect, and can travel at the velocity of
light. Such fermions are called zero modes.
Such string behavior may be very important in
the early development of structure in the uni-
verse. See Higgs mechanism, Witten conduct-
ing string, Yukawa coupling.
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Ferrel cell Eddy-driven midlatitude zonal
mean circulation cell in the atmosphere. See
Hadley circulation.

fertile mantle Mantle rock that includes a
basaltic component.

fetch A linear distance across a body of water
over which the wind speed and direction may be
assumed to be reasonably constant.

FG Sagittae star  Member of a very small
class of variable stars which has just experienced
the last flash of helium burning on the asymp-
totic giant branch. This causes the star to change
its color and brightness very quickly. In addi-
tion, the last hydrogen is likely to be lost from
the surface and carbon mixed into the visible at-
mosphere. FG Sagittae stars probably evolve to
R Coronae Borealis stars.

fibril A linear pattern in the Ho chromo-
sphere of the sun occurring near strong sunspots
and plage or in filament channels. Fibrils are
similar in appearance to spicules except that they
are bent over and extend along the solar surface
at a height of about 4000 km rather than pro-
truding radially outwards. They have lengths
typically ~ 15000 km with a thickness of ~
2000 km and exhibit axial proper motions ~ 20
to 30 kms~!.

Fickian flux (Fick’slaw)  The statement that
the flux J of a diffusing substance is propor-
tional to the concentration gradient, i.e., J =
—D(V,C) where D is called the diffusion co-
efficient. Often written in 1-dimensional form:
Jc = —DcdC/dx. While the first Fickian law
is well suited for molecular diffusivities D¢, it
is in fact often invoked as the first-order clo-
sure scheme for turbulent fluxes. The turbu-
lent flux for this so-called eddy-formulation is
Ji = —K;3dC/0x;, where K; is the turbulent
diffusivity in direction i. This first-order clo-
sure scheme collapses if the eddies get very large
and the local gradients are too small (non-local
diffusion, see Stull, 1988).

Fick’s second law The rate of change of
a property C is given by the divergence of all
the fluxes (J¢) and all sinks and sources (A¢)
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of C. The conservation equation dC/dt =
—div(J¢) + Ac is often referred to as the second
Fickian law.

field A mathematical construct that repre-
sents physical interactions as spread through
space and time. Any quantity that can be de-
fined at every point of (a region of) space (or
spacetime) can be defined to be a field. Clas-
sical examples include the electromagnetic and
the gravitational field.

field capacity (f7.)  The maximum amount
of water in the unsaturated zone of the soil that
can be held against the pull of gravity.

field line motion A theoretical formalism
that helps visualize the effects of electric fields
and varying magnetic fields on the plasma they
permeate. In a magnetic field B, it ascribes to
each point a velocity v that satisfies 0B/t —
Vx(vxB)=0.

If the field is embedded in a highly conduct-
ing fluid (e.g., the molten metal in the Earth’s
core) or in a collision-free plasma (such as is
found in space around Earth), the bulk flow
velocity v of the fluid or plasma in general
comes close to satisfying the MHD condition
E = —v x B, where E is the ambient electric
field. By Maxwell’s equations, the curl of this
is the equation defining field line motion; hence,
the fluid or plasma moves with the field lines.

In a collisionless plasma the MHD condition
isrelated to the electric drift of the plasma. Inall
such cases, two particles of the fluid or plasma
which initially share the same field line continue
doing so as time advances. It should, however,
be noted that this is only the motion perpendicu-
lar to field lines: in addition, the fluid or plasma
may also slide along field lines.

Field line motion helps intuitive understand-
ing of plasma motions. In limiting cases where
the motion dominates the magnetic field —e.g.,
the solar wind which is known to move (more
or less) radially — field line motion provides
a shortcut to calculating the magnetic field B,
given the sources of B on the sun. On the other
hand, if B completely dominates the plasma
(e.g., where it is very rarefied), if we know the
way B changes (i.e., dB/01), the observed field
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line structure can help derive the bulk flow ve-
locity v.

field of view  The angular size of the full im-
age formed in an optical instrument; the angular
separation of two points that lie at the edges of
the optical field.

field ordering  In condensed matter physics,
when the temperature of a ferromagnet goes be-
low tlle critical point, T,, a non-zero magnetiza-
tion M develops. The rotational symmetry pre-
viously possessed by the system is then broken
due to the presence of a preferred direction, the
one fixed by M. The value of M, zero for the
high-temperature phase and non-zero for tem-
peratures below T, plays the role of the order
parameter of the phase transition.

In cosmological transitions, the role of the
order parameter is played by the vacuum ex-
pectation value of the Higgs field (here de-
noted ¢). Standard topological defects (like
monopoles, walls, strings) involve regions in
space where this order parameter remains in the
high-temperature symmetric phase (vanishing
¢). In this case the field potential energy (the
false vacuum trapped inside the defect) is the
main source of the energy associated with the
defects.

There are, however, other types of defects
where the bulk of energy is concentrated not as
potential energy but in spatial gradients. Cosmic
textures are one example of this. They have the
property that the broken-symmetry phase vac-
uum manifold M of the order parameter ¢ has
the same dimension as space (equal to three, for
cosmological applications), and this allows ¢ to
always stay on M, regardless of the location
considered. Hence, possessing no potential en-
ergy, all the relevant dynamics comes from the
ordering of this field ¢, that is from the tendency
to minimize its gradients.

Texture knots will shrink (instability to col-
lapse) as explained by the Derrick theorem. This
will result in the ordering field becoming in-
creasingly tightly wound in the vacuum man-
ifold. Then the spatial gradients (kinetic en-
ergy terms) in the configuration will eventually
become so high as to be able to exceed the en-
ergy of the symmetric state and unwind the knot.



figure of the Earth

See cosmic topological defect, Derrick theorem,
spontaneous symmetry breaking.

figure of the Earth  The shape of the Earth.
To a first approximation it is an oblate spheroid
with a polar radius of 6357 km and an equator
radius of 6378 km.

filament A structure in the corona consist-
ing of cool (~ 7000 K), dense (~ 10'? cm™3)
plasma supported by magnetic fields and seen
as dark lines threaded over the solar disk. When
seen in emission at the solar limb, a filament
appears as a protuberance: a bright arc of mat-
ter extending high above the photosphere, span-
ning latitudes of up to some 10°. Their density is
about a factor of ten higher than the ambient den-
sity (therefore the arc is bright when seen above
the solar limb), and the filament can extend up to
about 100 times the scale height in the corona.
Filaments are aligned along the separation of
opposing magnetic field patches in the photo-
sphere. Their existence therefore is related to
solar activity with only a few filaments observed
during solar minimum and a much larger num-
ber during solar maximum. Filaments can have
very long lifetimes, lasting 2 to 3 solar rotations
in some cases. They are found, preferentially,
in two latitude belts on the sun; in a strip at high
latitudes known as the polar crown and in active
mid-latitudes. Typical magnetic fields are ~ 5
to 10 G in quiescent filaments and may be as
high as 200 G in active region filaments fields.

The cold end dense matter of the fila-
ment/protuberance is held against gravity by
magnetic tension in the anchoring magnetic field
lines. Two configurations can be distinguished
by comparing the photospheric magnetic field
pattern with that of the filament:

1. Kippenhahn—Schliiter configuration, also
called normal configuration: the magnetic field
inside the filament has the same direction as the
photospheric field below it.

2. Raadu—Kuperus configuration, also called
inverse configuration: the magnetic field inside
the filament is directed opposite to the one in the
photosphere. This is possible only because the
anchoring field lines have a neutral point below
the filament. In particular, in large and high-
rising filaments, which tend to give rise to coro-
nal mass ejections, the Raadu—Kuperus configu-
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ration seems to be the dominant one. This is at-
tributed to the X-point below the filament where
reconnection is likely to occur, leading to the ex-
pulsion of the filament (coronal mass ejection)
and the generation of electromagnetic emission
due to the accelerated electrons (the flare). See
coronal mass ejection, reconnection.

filament channel A broad pattern of fibrils
in the chromosphere, marking where a filament
may soon form or where a filament recently dis-
appeared.

filter layer Incivil or coastal engineering, de-
notes a layer of material (typically stone, gravel,
or sand, possibly combined with a geotextile
fabric) intended to prevent migration of fine ma-
terial into or out of a structure. May also be
employed to reduce settlement. As an example,
breakwaters are often built with a filter layer in
the base to help prevent scouring and settlement.

finestructure In atmospheric dynamics,
structures with scales from tens of meters to
decimeters, covering the processes of internal
waves and intrusions. Finestructure processes
are intermediary between the large-scale (over-
all stratification) structures and the small-scale
(turbulence).

fine structure constant  Dimensionless con-
stant relating to strength of electromagnetic in-
teractions:

o = e*/ (dmephc) = 7.297352533(27)x 1073 .

fingering  See double diffusion.

finger regime  The double-diffusive regime,
where temperature stabilizes and salinity desta-
bilizes (i.e., warmer and saltier water is on
top of cooler and fresher water). In this case,
the non-dimensional stability ratio is defined as
R, = (¢00®/0z)/(B3S/0z). The term “finger”
refers to the saltier finger-like plumes driving
the double-diffusive convection. Classical loca-
tions of the finger regime are under the Mediter-
ranean Outflow, in the East North-Atlantic and
the C-SALT field east of Barbados.
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finite amplitude wave A wave of finite
amplitude. In oceanography, a wave of finite
height. All waves are finite amplitude, but the
simplest water wave theory (linear wave theory)
assumes waves of infinitesimal wave height. A
variety of finite amplitude (higher order) wave
theories are available for water and other wave
phenomena.

finite difference A method of approximat-
ing functions by specifying values on a specified
grid of points, and approximating derivatives by
taking algebraic differences of the values on the
points. For instance, the expression

[f(x+8) = fx =8)]/(20)

is an approximation of the first partial derivative
with respect to the coordinate x, where the points
along the x axis are separated by distance §.

finite element method A numerical method
used to solve partial differential equations. In
the finite element method, the spatial domain is
divided into a set of non-overlapping elements.
Neighboring elements share nodal points along
their common boundaries. By approximation,
an unknown variable inside an element is inter-
polated from values at the nodal points of the
element using a set of interpolation functions.
A numerical solution subject to given initial and
boundary conditions is obtained by solving for
all nodal values in the domain.

fireball  An aerial display associated with a
meteor that reaches a brightness greater than that
of the full moon. Applied often to any bright
meteor.

firehose instability Instability of a ther-
mally anisotropic collisionless plasma, associ-
ated with an excess of pressure parallel to the
magnetic field. The nonrelativistic condition for
instability is (cgs units)

4
1+E(PL_PH_H) <0,
where B is the mean magnetic field strength, P,

and Py are, respectively, the pressures transverse
and parallel to the mean magnetic field, and

1
M=—3 pu(AVo) .
'0 o
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po 1s the mass density of charge species o and
AV, isits relative velocity of streaming relative
to the plasma.

I s effectively an enhancement of P due to
intraspecies streaming.

first fundamental form  The metric g on a
space or spacetime M. (Perhaps as induced
from a higher dimensional space AV if M is em-
bedded in V)

firstintegral A quantity thatis constant for a
particular motion (depending on the initial con-
ditions) because the differential equations de-
scribing a system allow a partial analytic inte-
gration.

first law of thermodynamics  The conserva-

tion of energy:
dQ =dU + pdV

where d Q is an amount of heat input, dU is a
change in the internal energy of the system, and
pdV is the work done.

first order phase transitions For first-
order transitions in cosmology, which may
for instance lead to cosmic defects (strings,
monopoles, domain walls . . . ) at very high ener-
gies the symmetry breaking potential has ¢ = 0
as the only vacuum state, i.e., the only mini-
mum of the potential. When the temperature
goes down to below the critical temperature 7,
a set of different minima develops, a potential
barrier separating the old (false) and the lower
energy new (true) vacua. Provided the barrier at
this small temperature is high enough, compared
to the thermal energy present in the system, the
field ¢ will remain trapped in the false vacuum
state even for small (< 7,) temperatures.
Classically, this is the complete picture.
However, quantum tunneling effects can liber-
ate the field from the old vacuum state, at least
in some regions of space: there is a probabil-
ity per unit time and volume in space that at
a point X a bubble of true vacuum will nucle-
ate. The result is the formation of bubbles of
true vacuum with the value of the Higgs field
in each bubble being independent of the value
of the field in all other bubbles. This leads to
the formation of domains (the bubbles) where
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the fields are correlated, whereas no correlation
exists between fields belonging to different do-
mains. After its creation, a bubble will expand
at the speed of light surrounded by a “sea” of
false vacuum domains. As opposed to second-
order phase transitions, here the nucleation pro-
cess is extremely inhomogeneous and ¢ (¥X) is
an abruptly changing function of time. See also
Ginzburg temperature, GeV, Kibble mechanism,
QCD, spontaneous symmetry breaking.

first-order wave theory  Also known as lin-
ear wave theory or Airy wave theory. The
derivation involves assumption that terms of sec-
ond and higher order are negligible.

fjord (also fiord). A long, narrow, typically
deep inlet, connected to a sea. Generally found
in mountainous regions at high latitudes (Nor-
way, Alaska, New Zealand).

FK Comae stars A rapidly rotating, red gi-
ant. Because conservation of angular momen-
tum during the expansion of a star from the main
sequence to red giant stage should slow its sur-
face rotation, the phenomenon must arise from
the interaction between binary stars, possibly
from the mergers of W Ursa Majoris binaries.

flare A pronounced, transient increase in the
sun’s global output related to sunspots and so-
lar activity. Flares are generally manifested by
a rapid (= 1 min) brightening in the red hy-
drogen line, emitted in the sun’s chromosphere,
and a very sudden increase (a few seconds) in
X-ray emission from that region. Energies up to
10% J can be released over a time period of some
minutes though much shorter events are known.
White-light flares, that is a brightening of the
sun in visible light, are rare because even for the
largest flares the brightness is less than 1% of the
total luminosity of the photosphere. In certain
frequency ranges, e.g., at the wings of the black
body, the intensity of the electromagnetic radi-
ation can increase by orders of magnitude. Al-
though the flare is defined as an outburst in elec-
tromagnetic radiation, large flares are associated
with large fluxes of energetic ions from the sun,
at times at energies of 1 GeV and more (see en-
ergetic particles) and the eruption of filaments,
coronal mass ejections (see coronal mass ejec-
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tions). Depending on the time-scales and the oc-
currence of coronal mass ejections, flares can be
classified as impulsive or gradual. The energy
for these rapid events is taken from reconnection
in the magnetic fields of the sunspot region near
which the flare occurs. Particle events in inter-
planetary space caused by these different kinds
of flares also show distinct properties. See grad-
ual flare, impulsive flare.

Flares can be classified according to the size
of the Ha emitting region (cf. table), the peak
intensity in X-ray emission (SXR class), or the
radio flux at 5000 MHz (given in solar flux units
sfu).

Flare Classification

Class Area* SXR Radio
(Ha) Class Flux
S <200 C2 5
1 200-500 M3 30
2 500-1200 X1 300
3 12002400 X5 3000
3+ >2400 X9 30000

* In millionth of sun’s area with 1 millionth
equal to 6.08 - 10° km?.

flare electromagnetic radiation = The elec-
tromagnetic radiation released in a solar flare
shows typical time profiles in different fre-
quency ranges. Inalarge flare, the flare emission
can be divided into three phases: (a) a precur-
sor (also called preflare phase) lasting for some
minutes to some 10 minutes, visible as a weak
brightening of the flare region in He and soft
X-rays, indicating the heating of the flare site.
(b) The impulsive or flash phase in which elec-
tromagnetic radiation is emitted over the entire
frequency range from y-rays over X-rays, UV,
the visible, IR up to radio waves. In this phase,
the hardest part of the electromagnetic emission
is most abundant, which indicates the acceler-
ation of particles in addition to just a heating
of the flare site. The impulsive phase can be
observed in most flares, lasting for some min-
utes. In larger flares it can be followed by (c) a
gradual phase lasting for some 10 minutes to
some hours during which the emission mainly
occurs in Ho and soft X-rays. This emission
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stems from the heated plasma at the flare site,
and does not indicate the presence of acceler-
ated particles. Microwave and radio emission
can also continue, evidence for energetic elec-
trons trapped in closed magnetic loops.

1. Soft X-rays and He originate as thermal
emission in a plasma with temperatures of about
107 K. Most of the emission is continuum, lines
of highly ionized O, Ca, and Fe are observed as
well.

2. Hard X-rays are photons with energies
between a few tens of keV and a few hundred
keV generated as bremsstrahlung of electrons
with slightly higher energies. Only a very small
amount of the total electron energy, about 1 out
of 10°, is converted into hard X-rays.

3. Microwaves are generated by the same
electron population that also generates the hard
X-rays as can be deduced from the similari-
ties, in particular multiple spikes, in both inten-
sity time profiles. Microwave emission is gyro-
synchrotron emission of accelerated electrons.

4. y-rays are the best indicators for the pres-
ence of energetic particles. The spectrum can
be divided into three parts: (a) bremsstrahlung
of electrons and, to a lesser extent, the Doppler
broadening of closely neighbored y-ray lines
leads to a y-ray continuum. (b) Nuclear radia-
tion of excited CNO-nuclei leads to a y-ray line
spectrum in the MeV range. The most important
lines are the 2.23 MeV line due to neutron cap-
ture in the photosphere and the 4.43 MeV line
from the relaxation of excited '>C nuclei. These
reactions require particle energies of some 10
MeV/nucl, thus the y-ray line emission indi-
cates the presence of very energetic nuclei at
the flare site. (c) Decaying pions lead to y-ray
continuum emission above 25 MeV.

5. Radio emission results from electron
streams in the corona, exciting Langmuir oscil-
lations. Frequencies are in the meter range (see
metric radio emission). According to their fre-
quency drift, radio bursts are classified as type I
to type V metric bursts. See type i radio burst, i
=1...V

flare star A star whose brightness increases
detectably for a few hours at irregular intervals
due to flare analogous to those in the sun (solar
flares), but much brighter. They are a signature
of a star that is rotating rapidly and has a strong
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magnetic field, either because it is young or be-
cause it is in a close binary system. The most
conspicuous flare stars are of spectral type MV,
both because the stars are intrinsically faint and
because the convection zones are deep, produc-
ing stronger fields and brighter flares.

flaring angle  On the magnetopause ata given
point P on it — the angle x (sometimes also de-
noted o) between the magnetopause surface and
the flow direction of the distant solar wind (or
else, 90° — yx is the angle between flow of the
distant solar wind and the normal to the magne-
topause at P). By the Newtonian approximation,
the perpendicular pressure of the solar wind on
the magnetopause at P equals p sin x, where p
is the dynamic pressure of the solar wind.

flat field, sky flat, dome flat A CCD’s pixel-
to-pixel variation in sensitivity is called the flat
field function. To make accurate measurements
of the number of counts from objects on an im-
age, this variation (which is a multiplicative fac-
tor) must be removed. This is done by making a
flat field image, and dividing this image into all
the data images.

There are a number of methods for obtaining
a flat field image, and they are very dependent
on the instrument, type of data, and filters used.
Different flat field images must be obtained for
each filter, as filters can modify the illumination
across a CCD, and narrowband filters can pro-
duce interference fringes. A common method is
to get a number of exposures of a blank screen in
the telescope dome and average them together;
these are called dome flats. One may also get im-
ages of the twilight sky, or combine many data
images. In these latter cases, one must be sure
that no actual objects (stars, etc.) appear on the
flats. If these sky flats are not of the same point
in the sky, it is possible to combine them with a
median filter and obtain a good flat field frame.
Each data image is divided by an average flat
field image of the same filter, etc.

flattening of the Earth  Because of its rota-
tion the polar radius of the Earth is smaller than
the equatorial radius by about 21 km. This leads
to polar flattening and an equatorial bulge.



flat universe

flat universe A model of the universe in
which the average density is exactly equal to the
critical density at which it neither expands freely
nor collapses again. It is called flat because at
any instant the global geometry of space is Eu-
clidean; space is flat rather than curved.

flexure  Bending of a plate. In tectonics, the
Earth’s lithosphere is subjected to flexure in a va-
riety of geological settings. Examples include
the bending of the lithosphere prior to subduc-
tion at an ocean trench, bending under the load
of a volcanic island, for example the Hawaiian
Islands, and the bending associated with sedi-
mentary basins.

floating breakwater A breakwater which
does not rest on the seafloor, but is instead an-
chored in place and has a buoyant force equal to
its weight.

flocculation  The process in which suspended
soil forms lumps during the mixing of freshwa-
ter with seawater, especially in estuaries. Floc-
culation occurs as the result of molecular attrac-
tive forces known as the van der Waals forces.
These forces are weak, and are only signifi-
cant as clay particles are brought close together,
such as during mixing turbulence. Normally, in
fresh water clay minerals carry a negative charge
which repels particles from each other. In saline
waters, these charges are neutralized, and the at-
tractive van der Waals forces dominate.

flood current  The tidal current that results
when the water in bays and estuaries is lower
than that in the adjoining sea. The opposite is
referred to as an ebb current.

flood delta A deposit of sediments immedi-
ately inshore of a tidal inlet, deposited by flood
tidal currents.

flood shoal  See flood delta.

flood tide  See flood current.

Flora Eighth asteroid to be discovered, in
1847. Orbit: semimajor axis 2.2015AU, ec-
centricity 0.1562, inclination to the ecliptic
5°.8858, period 3.27 years.
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Florida current Ocean current flowing
northward along the south-east coast of the U.S.
from the Florida Straits to Cape Hatteras, feed-
ing into the Gulf Stream. This current transports
approximately 26 million cubic meters per sec-
ond through the Florida Straits.

flow regime A categorization of open chan-
nel flow based on flow speed and bed form. The
lower flow regime corresponds to lower flow
speeds and ripples or dunes on the bed. A tran-
sitional flow is somewhat faster and will yield
dunes, a planar bed, or antidunes. The upper
flow regime is faster and yields a planar bed,
antidunes, or more complicated flow and bed
patterns.

fluence  The time integrated flux.

fluorescence  The inelastic scattering process
in which a photon is absorbed by a molecule and
shortly thereafter (10~!" to 10~8 s) another pho-
ton of greater wavelengh is emitted; the emitted
radiance is unpolarized.

flutter fading  Very rapid fading of radio sig-
nals in an ionospheric circuit (5 to 10 fades per
second, or 5 to 10 Hz fades, and faster). Called
flutter fading because of the audible effect it has
on signals. Fades can be deep, dropping be-
low the local noise levels and resulting in the
signal being drowned in the noise. It is a com-
mon problem at low latitudes where it is asso-
ciated with equatorial spread F. Flutter fading
is also observed at high latitudes on non-great
circle paths, suggesting large ionization gradi-
ents, and near the auroral oval where it has been
linked with slant-type sporadic E. See fading.

fluvial  Refers to processes or features pro-
duced by the flow of some liquid, usually wa-
ter. River channels are among the most common
features produced by fluvial processes. These
features can be produced by surface flow or by
groundwater flow. On Mars, large outflow chan-
nels have been produced by catastrophic surface
floods while the smaller valley networks have
been created by the sapping process (removal
of groundwater, causing the overlying terrain to
collapse).
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flux The rate of flow of fluid, particles, or
energy through a given surface.

flux density  In radiation, a measure of flux
(power per unit area) per wavelength or fre-
quency interval. The unit of flux density is called
a Jansky and is defined as 10~23 Joule s~! m—2
Hz !,

fluxgate A type of magnetometer widely
used both for geophysical studies and aboard
spacecraft. It utilizes the property of some mag-
netic materials to saturate abruptly at a well-
defined value of the magnetic intensity.

flux, magnetic = The magnetic flux crossing
a small area dA equals B, dA, where B, is the
field component perpendicular to dA. The flux
crossing a finite area is accordingly the inte-
gral f B - dA over the area, and flux density is
magnetic flux per unit area. The magnetic flux
through a surface is sometimes referred to in-
formally as “the number of magnetic field lines
crossing it”.

flux, particle  Total flux is the number of par-
ticles per unit area crossing a given surface each
second. Differential flux is the flow of parti-
cles per steradian crossing a given surface from
a particular direction.

flux Richardson number  The non-dimen-
sional ratio Ry = Jp/Jg expresses the rate of
storage of potential energy in the stratification
of the water column (Jp, buoyancy flux) relative
to the rate of production Jg of turbulent kinetic
energy by Reynolds stress. The flux Richard-
son number and the mixing efficiency ynix are
related by R ¢ = Ymix (1 + Ymix)-

fluxrope A cylindrical body of magnetized
plasma with twisted fields. Fluxrope topologies
observed in interplanetary space have come to
be known as magnetic clouds and are thought
to be the interplanetary counterparts to coronal
mass ejections.

fluxtube  The volume enclosed by a set of
magnetic field lines which intersect a simple
closed curve. A way of visualizing magnetic
fields, a tube whose surface is formed by field
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lines. The strength of a fluxtube, F, is often
defined as the amount of flux crossing an areal
section, S, via F = fs B - dS where dS is taken
in the same sense as B to yield F' > 0. Fluxtube
properties include: (i) the strength of a flux-
tube remains constant along its length, (ii) the
mean field strength of a fluxtube varies inversely
with its cross-sectional area, (iii) a compression
of a fluxtube increases the field and gas den-
sity in the same proportion, (iv) an extension
of a fluxtube without compression increases the
field strength. Examples of fluxtubes in the solar
atmosphere are sunspots, erupting prominences
and coronal loops, the Io/Jupiter system where
Io injects ions into the Jupiter magnetosphere.
Because of the localized source, these ions fill
up tubes following the Jovian field lines to the
poles, where they induce bright isolated auroral
displays.

flux tube  See fluxtube.

flux tube volume  See specific volume.

fly’s eye A telescope adapted to wide angle
sky searches, consisting of a set of fixed mirrors
with detectors at the focus of each mirror. Direc-
tional information is obtained from the field of
view of each reflector, but typically no attempt
is made to obtain an image from each reflector.

flywheel effect ~ An exchange of momentum
between the neutral and charged components of
the ionosphere. If some magnetospheric source
creates a strong electric field E in a region in
the ionosphere, the local plasma flows with the
electric drift velocity v, and collisions with neu-
tral gas also impel that gas to move with some
fraction of v. Like a flywheel, the neutral gas
stores some of its momentum and later, when
E is decaying, its collisions help the ions main-
tain some of their flow, creating in the process a
secondary electric field.

focal length  The distance behind a converg-
ing lens (or the distance in front of a converg-
ing mirror) that rays arriving parallel from in-
finity come together in a close approximation to
a point (positive focal length); or the distance
of the point in front of a diverging lens (or the
distance behind a diverging mirror) from which
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rays arriving parallel from infinity appear to di-
verge (negative focal length).

focal mechanisms Earthquakes send out
compressional P-waves that are either compres-
sional or tensional. The azimuthal variation in
the first arrivals defines the focal mechanism.
This variation provides information on whether
the fault displacement was thrust, normal, or
strike-slip and information on the orientation of
the fault.

focus In optics, the point where light rays
converge and/or from which light rays (appear
to) diverge.

In geometry, in a circle, the center of the cir-
cle. In an ellipse, each of the two points on the
major axis located at ae from the center, where
a is the semimajor axis, and € is the eccentricity.
In a hyperbola, the point located inside the hy-
perbola, on the axis a distance of a(e — 1) from
the point the orbit crosses the axis, such that the
transverse distance to the orbit at that point is
a(e — 1). Here a is called the semiaxis of the
hyperbola, and € is 1/(cos ) with « the slope
of the asymptote to the hyperbola.

In a parabola, the point inside the parabola
on the axis of the parabola a distance p/2 from
the point the orbit crosses the axis, such that the
transverse distance to the orbit at that point is
2p.

In Newtonian physics, gravitational motion
is an orbit that is a conic section (circle, ellipse,
parabola, hyperbola) with the sun at one focus.

focused transport equation Model sug-
gested by Roelof (1969) to describe the inter-
planetary transport of charged energetic parti-
cles in terms of field-parallel propagation, fo-
cusing on the diverging interplanetary magnetic
field, and pitch-angle scattering:

af 1—u?> of @ (K af)
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Here f is the phase space density, v the parti-
cle speed, u the particle’s pitch-angle, « (w) the
pitch-angle diffusion coefficient (see diffusion,
in pitch-angle space, slab model), s the spatial
coordinate along the Archimedian spiral, and
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¢ = —B(s)/(0B/ds) the focusing length (see
focusing). The term Q on the right-hand side
describes a particle source.

focusing  In plasma physics, reduction of a
particle’s pitch angle as it propagates outward
in a slowly diverging magnetic field such as the
interplanetary magnetic field. Focusing can be
characterized by a focusing length ¢

B(s)
" 9B/ds

¢ =

with s being the spatial scale along the magnetic
field B. In interplanetary space, the divergence
of the magnetic field would reduce a particle’s
pitch-angle from nearly 90° on the sun to about
0.7° at the orbit of Earth.

Focusing is a direct consequence of the con-
stancy of the magnetic moment (first adiabatic
invariant). Its reverse effect is the increase of
the particle’s pitch angle in a convergent mag-
netic field, eventually leading to mirroring. See
adiabatic invariant, interplanetary propagation,
magnetic mirror.

foehn  Hot winds on the down-slope side of a
mountain on which background winds impinge.
There are two basic types of foehns of ther-
modynamic and dynamic causes, respectively.
Thermodynamic foehns occur when the lower
atmosphere is humid and the uplift by the moun-
tain forces water vapor to condense on the up-
stream side, causing temperature increases on
the down-slope side. Dynamic foehns occur
when the atmosphere is strongly stratified on the
up-slope side and the air near the surface cannot
flow over the mountain and is blocked. As the
upper air is forced to descend downslope, adi-
abatic compression raises its temperature. The
second-type of foehn occurs when the Froude
number U/Nh is below a certain critical value,
where U is the background wind speed, N the
Brunt—Viisild frequency, and 4 the height of the
mountain.

fog A situation in which clouds form at
ground level which reduces visibility below
1 km; consisting of water droplets too small to
fall out of suspension.
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folds In geophysics, when the continental
crust is deformed under compression the result
is often a near periodic, sinusoidal structure.
These are folds, and they can occur on scales
from a meter or less to hundreds of kilometers.
Folding is usually associated with layered sedi-
mentary rocks with some layers being rigid and
others more ductile.

following spot A sunspot or sunspot group
lying on the eastern side of an active region com-
plex, i.e., following in the direction of solar ro-
tation. Following spots tend to be smaller and
greater in number than preceding (or “leader”)
spots. During the evolution of an active region,
the following spots tend to remain at the same
longitude or move backwards (relative to the di-
rection of solar rotation).

Fomalhaut  1.16 magnitude star of spectral
type A at RA22" 57™ 38.9%, dec 19°37'20".

forbidden lines  Spectral emission lines vi-
olating quantum mechanics selection rules for
electric dipole emission. In both permitted and
forbidden transitions, the photon of a spectral
line is emitted when an electron moves from an
upper to a lower energy level. The photon en-
ergy is equal to the difference between the en-
ergy of the two levels. In the case of forbidden
lines, the probability of a spontaneous transition
between the upper and lower energy level is very
small, and the electron remains a much longer
time in the excited state than in the case of a per-
mitted transition. In this case, the upper level is
said to be metastable. Forbidden lines in several
astronomical sources are collisionally excited,
i.e., the electron bound to an ion is brought to
a higher, metastable level via the collision with
a free electron or with another ion. At densi-
ties typical of the terrestrial environment, sub-
sequent collisions would quickly de-excite the
atom without emission of radiation. At electron
densities n, < 103 — 107 electrons cm™3, the
probability of a collision is much lower, and the
electron can decay to alower level with the emis-
sion of a photon of the forbidden line. Forbidden
lines are, therefore, very sensitive indicators of
density in several gaseous nebule, for example
Hi regions, or planetary nebulz.
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forbidden orbits  See Stormer orbits.
forbidden region A term used in the study of
cosmic ray ions or particles convecting into the
Earth’s magnetic field. It is a region in space, or
among the directions of arrival, which (for some
stated energy) contains no orbits that connect to
infinity, but only trapped orbits. Since the cos-
mic ray ions, or the convecting ions, come from
great distances and are not trapped, the forbid-
den region contains none of them. Forbidden
regions for convection particles are responsible
for Alfvén layers.

Forbush decrease = The sudden dramatic re-
duction in the flux of cosmic rays detected at the
Earth (e.g., with a neutron monitor) due to the in-
teraction of solar flare induced shock waves with
the interplanetary medium. The shock waves
sweep across the geomagnetic field lines and
deflect the galactic cosmic ray particles. One to
three days after a strong flare counting rates de-
crease sharply by a few percent. This decrease
coincides with the passage of the shock. Some-
times the decrease occurs in two steps, the first
step coinciding with shock passage, the second
with the arrival of the magnetic cloud. Although
the decrease is sharp, the recovery is slow, last-
ing for some days.

force  In Newtonian physics, a vector quan-
tity describing the external influence on an ob-
ject which tends to accelerate the object. Force
may be measured by its effect in compressing a
spring:

F=—kx,

where k is a constant, and x is the amount of dis-
placement of the spring from its resting position.
Newton’s second law relates force to accelera-
tion:

F =ma,

where m is the mass, and a is the acceleration.
Thus, force is the rate of change of momentum
with time.

Units: dynes = gm cm/sec?; Newtons =
kg m/sec?.

In relativity, a number of formulations of
force have been given, all of which reduce to
the Newtonian form in the limit of small veloc-
ities.
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force balance A term used in the study of
plasmas in space, referring to the requirement
(inherent in Newton’s laws of motion) that the
sum of all forces on any volume element of
plasma equals its mass times its acceleration. In
collision-free plasmas, mass is small and the ac-
celeration term can generally be neglected, lead-
ing to the requirement that all forces on the ele-
ment balance. In general, gravity is negligible,
and the two main terms are the magnetic force
Jj x B and the pressure gradient Vp (or V - P, if
pressure is a tensor P). This equation (non-linear
in B, since j = V x B) and its modifications are
among the conditions imposed by MHD.

force-free magnetic field A magnetic field
and associated current system for which the
Lorentz force vanishes. Equivalently, the cur-
rent density and magnetic field must be parallel,
i.e., curlB = aB, where B is the magnetic field
and « is a scalar quantity such that B-Va = 0.
The force-free approximation is often appropri-
ate for plasmas whose fluid pressure is small in
comparison with the magnetic pressure (a “low-
beta” plasma), and may be regarded as interme-
diate between the potential field (zero current
density) approximation and a full magnetohy-
drodynamic description.

Forchhammer’s Principle  Principle of Con-
stant Proportions: the ratio of major salts in
samples of seawater from various locations is
invariant.

forearc basin A sedimentary basin on the
trench side of a volcanic arc at a subduction
Zone.

forearc sliver At a subduction zone where
plate convergence is oblique (not normal to
strike), there is often a strike-slip fault or shear
zone in the upper plate trenchward of the vol-
canic arc. The narrow block of the upper plate
between the subduction thrust fault and the shear
zone is called the forearc sliver. Forearc slivers
are observed to move in the tangential compo-
nent of the direction of subduction and, as a re-
sult, the relative motion of the subducting plate
with respect to the sliver is less oblique. This
phenomenon is called slip partitioning.
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forecasting (wave)  The process of predicting
ocean wave conditions from anticipated wind
and weather conditions. May refer to the pre-
diction of bulk quantities, such as wave height
or period, or of wave energy spectra.

foreshock  The region ahead of the Earth’s
bow shock, linked to the shock by magnetic
field lines. Although the velocity of the solar
wind is super-Alfvénic, preventing the shock
from affecting the approaching solar wind by
Alfvén waves, fast ions and electrons can travel
upstream and can affect the foreshock region,
creating a noisy plasma regime.

In seismology, a preceding earthquake which
has smaller magnitude than the main earth-
quake. Unfortunately, a foreshock cannot be
identified as a foreshock until a subsequent, per-
haps larger earthquake occurs, so the concept
has no predictive ability.

foreshore The part of abeach thatlies nearest
the sea, from the low-tide line to the high-tide
line; often taken as synonymous with the term
beachface. May be used to indicate the beach-
face plus a short region of the beach profile off-
shore of the beachface.

Foucault pendulum A pendulum construc-
ted for little dissipation, and suspended so that
it can swing freely in any plane. Over a period
of (up to) days, the plane of the swing relative
to the Earth turns at a rate:

Q = 2wg sin b,

where 6 is the latitude and wg is the rotational
rate of the Earth. The motion is clockwise look-
ing down at the pendulum in the northern hemi-
sphere, vanishes at the equator, and is counter-
clockwise in the southern hemisphere.

four-velocity In relativity, the coordinates
x,y,z,t of a series of events along a world
line are considered functions of the proper time
measured by an observer traveling along that
world line. The four-velocity is the four-vector
obtained by differentiating the four-coordinates
with respect to the proper time t associated with
the orbit:

u* =dx*/dt,a =0,1,2,3.
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Thus, four-velocity is the tangent four-vector
u® = dx®/ds of an affinely parametrized time-
like curve y = {x%(s)} in the space-time. The
norm is g(u, u) = —1. See signature, spacelike
vector, timelike vector.

f-plane approximation  In calculating mo-
tions on the Earth’s surface, the effects of the
Earth’s sphericity are retained by approximat-
ing the value of the Coriolis parameter, f, as a
constant.

fractal A geometrical object that is self-
similar under a change of scale; i.e., that appears
similar at all levels of magnification. Fractals
can be considered to have fractional dimension-
ality. A statistical distribution is fractal if the
number of “objects” N has a fractional inverse
power dependence on the linear dimension of
the objects r.

N~r P

where D is the fractal dimension. Exam-
ples occur in diverse fields such as geography
(rivers and shorelines), biology (trees), geology,
and geophysics (the number-size distribution of
fragments often satisfies this fractal relation; the
Guttenberg—Richter frequency-magnitude rela-
tion for earthquakes is fractal), and solid state
physics (amorphous materials).

fractionation  In geophysics, separation of
different minerals during the melting of rocks,
and refreezing of a solid; applied to the geophys-
ical processes modifying rocks.

fracture In geophysics, the Earth’s crust is
filled with fractures on a range of scales from
centimeters to thousands of kilometers. The
term fracture covers both joints and faults. If
no lateral displacement has occurred across a
fracture, it is classified as a joint; if a lateral
displacement has occurred, it is classified as a
fault.

fracture zone In geophysics, deep valleys
caused by faults on the ocean floor. The ocean
floor on the two sides of a fracture zone can be of
very different ages and this leads to differential
elevations and subsidence.
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fragmentation = The breaking up of a mass
into fragments. Applied in astrophysics to dis-
cuss collisions of minor planets, and in geo-
physics to describe rock processing where frag-
mentation takes place on a wide range of scales
and occurs on joints and faults. On the largest
scale the plates of plate tectonics are fragments
that are the result of fragmentation.

frame dragging The phenomenon in rel-
ativistic theories of gravitation, particularly in
general relativity in which the motion of matter,
e.g., translating or rotating matter “drags” the
inertial frame, meaning the inertial frames near
the moving matter are set in motion with respect
to the distant stars, in the direction of the mat-
ter motion. For instance, the plane of a circular
polar orbit around a rotating primary rotates in
the direction of the central rotating body. In the
case of an orbit around the Earth, the gravita-
tional fields are weak, and the effect was first
calculated by Lense and Thining in 1918. The
plane of the polar orbit rotates in this case at a

rate:
2GJ

C 2]" 3

Here c is the speed of light, G is Newton’s grav-
itational constant, and J is the angular momen-
tum of the isolated rotating planet. For an orbit
close to the surface of the Earth, this rate is ap-
proximately 220 milliarc sec/year.

This result actually applies to the dragging of
the line of nodes of any orbit, with the following
modification due to eccentricity e:

O 2J
- a3(1 _ 62)3/2 :

The pointing direction of a gyroscope near
a rotating object is also affected by the frame
dragging. The precession rate due to this effect
for a gyroscope in circular orbit is:

&y — 3rJ 2) J ’

r
where 7 is the unit vector to the gyroscope po-
sition. For a gyroscope in orbit at about 650 km
altitude above this rate is approximately 42 mil-
liarc sec/year. A second relativistic effect, the
deSitter precession, constitutes

zr—2(f' X V),
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where M is the mass of the central body, and
v is the velocity of the body in its orbit. For
a 650-km altitude orbit around the Earth, this
contribution is of order 6.6 arcsec/year.

Proposed space experiments would measure
the orbital dragging (LAGEOS-III experiment)
and the gyroscope precession (Gravity Probe B,
GPB).

In strong field situations, as in close orbit
around (but still outside) a rotating black hole
dragging is so strong that no observer can re-
main at rest with respect to distant stars.

Fraunhofer lines  Absorption lines in the so-
lar spectrum (first observed by Fraunhofer in
1814).

free-air correction A correction made to
gravity survey data that removes the effect of
the elevation difference between the observa-
tion point and a reference level such as mean
sealevel. It is one of several steps taken to re-
duce the data to a common reference level. The
[free-air correction accounts only for the differ-
ent distances of the two elevations from the cen-
ter of the earth, ignoring the mass between the
two elevations. The commonly used formula
for free-air correction for elevation difference &
is Ag = 2h g /R, where gj, is the measured
gravity value, and R is the average radius of the
Earth.

free-air gravity anomaly  The difference be-
tween the measured gravity field and the refer-
ence field for a spheroidal Earth; the correction
to the value of the gravitational acceleration (g)
which includes the height of the measuring in-
strument above the geoid. It is called “free air”
because no masses between the instrument and
the geoid are included in the correction. In-
clusion of the excess gravitational pull due to
masses between the measuring instrument and
the geoid gives rise to the Bouguer anomaly.

free atmosphere  The atmosphere above the
level frictionally coupled to the surface, usually
taken as about 500 m.

free bodies A physical body in which there

are no forces applied. Such a body will main-
tain a uniform motion (until a force acts upon
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it) according to the first law of Newtonian Me-
chanics.

free-bound continuum emission  Radiation
produced when the interaction of a free electron
with an ion results in the capture of the electron
onto the ion (e.g., recombination emission). The
most energetic spectral lines of importance in
solar physics belong to the Lyman series of Fe
XXVI. The continuum edge for this series lies
at 9.2 keV, so that all radiation above this energy
must be in the form of continua, both free-bound
and free-free. As the energy increases, the con-
tribution of the free-bound emission to the total
emission falls off relative to the free-free emis-
sion.

free convection  Flow of a fluid driven purely
by buoyancy. In the case of thermal free con-
vection, the necessary condition for its onset is
that the vertical thermal gradient must be greater
than the adiabatic gradient. Whether free con-
vection actually occurs depends on geometrical
constraints. Parts of the Earth’s mantle and core
are believed to be freely convecting, but little is
known about the patterns of convection.

free-free continuum emission Radiation
produced when the interaction of a free elec-
tron with an ion leaves the electron free (e.g.,
bremsstrahlung).

free oscillations When a great earthquake oc-
curs the entire Earth vibrates. These vibrations
are known as free oscillations.

freeze A meteorological condition in which
the temperature at ground level falls below 0°C.

Fregion The F region is the part of the iono-
sphere existing between approximately 160 and
500 km above the surface of the Earth. Dur-
ing daytime, at middle and low latitudes the
F region may form into two layers, called the
F; and F, layers. The F; layer exists from
about 160 to 250 km above the surface of the
Earth. Though fairly regular in its characteris-
tics, it is not observable everywhere or on all
days. The F; layer has approximately 5 x 103
elcm? (free electrons per cubic centimeter) at
noontime and minimum sunspot activity, and in-
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creases to roughly 2 x 106 e/cm?® during max-
imum sunspot activity. The density falls off to
below 10* e/cm? at night. The F; layer merges
into the F, layer at night. The F, layer exists
from about 250 to 400 km above the surface of
the Earth. The F, layer is the principal reflect-
ing layer for HF communications during both
day and night. The longest distance for one-hop
F, propagation is usually around 4000 km. The
F, layer has about 10® e/cm? and is thus usu-
ally the most densely ionized ionospheric layer.
However, variations are usually large, irregular,
and particularly pronounced during ionospheric
storms. During some ionospheric storms, the
F region ionization can reduce sufficiently so
that the F, region peak electron density is less
than the F; region peak density. See ionosphere,
ionogram, ionospheric storm, spread F, traveling
ionospheric disturbance, winter anomaly.

frequency of optimum traffic (FOT)  See
Optimum Working Frequency (OWF).

Fresnel reflectance  The fraction of radiant
energy in a narrow beam that is reflected from a
surface at which there is an index of refraction
mismatch.

Fresnel zone  Any one of the array of con-
centric surfaces in space between transmitter
and receiver over which the increase in distance
over the straight line path is equal to some in-
teger multiple of one-half wavelength. A sim-
plification allowing approximate calculation of
diffraction.

fretted channels  One channel type consid-
ered to indicate fluvial activity on Mars. Fretted
channels are a channel type affecting much of
the fretted terrain, thus straddling the highland—
lowland boundary of Mars. Their formation
is restricted to two latitude belts centered on
40°N and 45°S and spanning ~ 25° wide. They
are most extensive between longitude 280°W
to 350°W. They extend from far in the uplands
down to the lowland plains and represent broad,
flat-floored channels, in which flow lines are a
common feature. See fretted terrain.

fretted terrain  Part of the highland—lowland
boundary region of Mars, lying along a great
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circle having a pole at ~ 145°W and 55°N. The
terrain also exists around the high-standing ter-
rain retained in the northern lowland plains. Itis
characterized by flat-topped outliers of cratered
uplands, termed plateaux, mesas, buttes, and
knobs depending on their size. The differ-
ences in size are thought to reflect different
extents of fracturing and subsequent modifica-
tion, whereby greater fracturing and modifica-
tion created the smaller landforms.

Plateaux, mesas, and buttes are generally
considered to have formed during creation of
the relief difference. Alternatively, it has been
proposed that they represent flat-topped table
mountains that formed due to the interaction
of basaltic lava and ground water at low erup-
tion rates. The final form of the fretted terrain
has also been accounted for as representing the
shorelines of a sea and by scarp retreat owing
to mass wasting and sublimation of volatiles, or
ground-water sapping.

friction  The process whereby motion of one
object past another is impeded, or the force pro-
ducing this impediment. Friction is caused by
microscopic interference between moving sur-
faces, and/or by microscopic fusion between the
surfaces, which must be broken to continue mo-
tion. Friction is dissipative, producing heat from
ordered kinetic energy. The frictional shear
stress on a surface S, is a fraction of the nor-
mal stress on the surface S, so that

S\ =[5,

where f is the coefficient of friction. This is
known as Amontons’s law and f has a typical
value of 0.6 for common surfaces in contact, and
in geophysical processes. Friction controls the
behavior of geophysical faults.

friction factor A coefficient that indicates
the r