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Preface

This book began as a series of lecture notes for an in-
troductory astronomy course I have been teaching at
the University of Bonn since 2001. This annual lec-
ture course is aimed at students in the first phase of their
studies. Most are enrolled in physics degrees and choose
astronomy as one of their subjects. This series of lec-
tures forms the second part of the introductory course,
and since the majority of students have previously at-
tended the first part, I therefore assume that they have
acquired a basic knowledge of astronomical nomencla-
ture and conventions, as well as of the basic properties
of stars. Thus, in this part of the course, I concentrate
mainly on extragalactic astronomy and cosmology, be-
ginning with a discussion of our Milky Way as a typical
(spiral) galaxy. To extend the potential readership of
this book to a larger audience, the basics of astronomy
and relevant facts about radiation fields and stars are
summarized in the appendix.

The goal of the lecture course, and thus also of this
book, is to confront physics students with astronomy
early in their studies. Since their knowledge of physics
is limited in their first year, many aspects of the material
covered here need to be explained with simplified argu-
ments. However, it is surprising to what extent modern
extragalactic astronomy can be treated with such ar-
guments. All the material in this book is covered in
the lecture course, though not all details are written up
here. I believe that only by covering this wide range
of topics can the students be guided to the forefront of
our present astrophysical knowledge. Hence, they learn
a lot about issues which are currently not settled and
under intense discussion. It is also this aspect which
I consider of great importance for the role of astronomy
in the framework of a physics program, since in most
other sub-disciplines of physics the limits of our cur-
rent knowledge are approached only at a later stage in
the student’s education.

In particular, the topic of cosmology is usually met
with interest by students. Despite the large amount of
material, most of them are able to digest and under-
stand what they are taught, as evidenced from the oral
examinations following this course — and this is not

small-number statistics: my colleague Klaas de Boer
and I together grade about 100 oral examinations per
year, covering both parts of the introductory course.
Some critical comments coming from students concern
the extent of the material as well as its level. However,
I do not see a rational reason why the level of an astron-
omy lecture should be lower than that of one in physics
or mathematics.

Why did I turn this into a book? When preparing the
concept for my lecture course, I soon noticed that there
is no book which I can (or want to) follow. In particular,
there are only a few astronomy textbooks in German,
and they do not treat extragalactic astronomy and cos-
mology nearly to the extent and depth as I wanted for
this course. Also, the choice of books on these top-
ics in English is fairly limited — whereas a number of
excellent introductory textbooks exist, most shy away
from technical treatments of issues. However, many as-
pects can be explained better if a technical argument is
also given. Thus I hope that this text presents a field
of modern astrophysics at a level suitable for the afore-
mentioned group of people. A further goal is to cover
extragalactic astronomy to a level such that the reader
should feel comfortable turning to more professional
literature.

When being introduced to astronomy, students face
two different problems simultaneously. On the one
hand, they should learn to understand astrophysical
arguments — such as those leading to the conclusion
that the central engine in AGNs is a black hole. On
the other hand, they are confronted with a multitude
of new terms, concepts, and classifications, many of
which can only be considered as historical burdens. Ex-
amples here are the classification of supernovae which,
although based on observational criteria, do not agree
with our current understanding of the supernova phe-
nomenon, and the classification of the various types of
AGN:s. In the lectures, I have tried to separate these
two issues, clearly indicating when facts are presented
where the students should “just take note”, or when as-
trophysical connections are uncovered which help to
understand the properties of cosmic objects. The lat-
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ter aspects are discussed in considerably more detail.
I hope this distinction can still be clearly seen in this
written version.

The order of the material in the course and in this
book accounts for the fact that students in their first year
of physics studies have a steeply rising learning curve;
hence, I have tried to order the material partly accord-
ing to its difficulty. For example, homogeneous world
models are described first, whereas only later are the
processes of structure formation discussed, motivated
in the meantime by the treatment of galaxy clusters.

The topic and size of this book imply the necessity
of a selection of topics. I want to apologize here to all
of those colleagues whose favorite subject is not cov-
ered at the depth that they feel it deserves. I also took
the freedom to elaborate on my own research topic —
gravitational lensing — somewhat disproportionately. If
it requires a justification: the basic equations of grav-
itational lensing are sufficiently simple that they and
their consequences can be explained at an early stage in
astronomy education.

With a field developing as quickly as the subject of
this book, it is unavoidable that parts of the text will be-
come somewhat out-of-date quickly. I have attempted to
include some of the most recent results of the respective
topics, but there are obvious limits. For example, just
three weeks before the first half of the manuscript was
sent to the publisher the three-year results from WMAP
were published. Since these results are compatible with
the earlier one-year data, I decided not to include them
in this text.

Many students are not only interested in the physical
aspects of astronomy, they are also passionate obser-
vational astronomers. Many of them have been active
in astronomy for years and are fascinated by phenom-
ena occurring beyond the Earth. I have tried to provide
a glimpse of this fascination at some points in the lecture
course, for instance through some historical details, by
discussing specific observations or instruments, or by
highlighting some of the great achievements of modern
cosmology. At such points, the text may deviate from
the more traditional “scholarly” style.

Producing the lecture notes, and their extension to
a textbook, would have been impossible without the
active help of several students and colleagues, whom

I want to thank here. Jan Hartlap, Elisabeth Krause and
Anja von der Linden made numerous suggestions for
improving the text, produced graphics or searched for
figures, and TEXed tables — deep thanks go to them.
Oliver Czoske, Thomas Erben and Patrick Simon read
the whole German version of the text in detail and
made numerous constructive comments which led to
a clear improvement of the text. Klaas de Boer and
Thomas Reiprich read and commented on parts of this
text. Searching for the sources of the figures, Leonardo
Castaneda, Martin Kilbinger, Jasmin Pierloz and Pe-
ter Watts provided valuable help. A first version of the
English translation of the book was produced by Ole
Markgraf, and I thank him for this heroic task. Further-
more, Kathleen Schriifer, Catherine Vlahakis and Peter
Watts read the English version and made zillions of
suggestions and corrections — I am very grateful to their
invaluable help. Thomas Erben, Mischa Schirmer and
Tim Schrabback produced the cover image very quickly
after our HST data of the cluster RXJ 1347—1145 were
taken. Finally, I thank all my colleagues and students
who provided encouragement and support for finishing
this book.

The collaboration with Springer-Verlag was very
fruitful. Thanks to Wolf Beiglbock and Ramon Khanna
for their encouragement and constructive collaboration.
Bea Laier offered to contact authors and publishers to
get the copyrights for reproducing figures — without
her invaluable help, the publication of the book would
have been delayed substantially. The interaction with
LE-TEX, where the book was produced, and in particular
with Uwe Matrisch, was constructive as well.

Furthermore, I thank all those colleagues who
granted permission to reproduce their figures here, as
well as the public relations departments of astronomical
organizations and institutes who, through their excellent
work in communicating astronomical knowledge to the
general public, play an invaluable role in our profes-
sion. In addition, they provide a rich source of pictorial
material of which  made ample use for this book. Repre-
sentative of those, I would like to mention the European
Southern Observatory (ESO), the Space Telescope Sci-
ence Institute (STScI), the NASA/SAO/CXC archive
for Chandra data and the Legacy Archive for Microwave
Background Data Analysis (LAMBDA).
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1. Introduction and Overview

1.1 Introduction

The Milky Way, the galaxy in which we live, is but one
of many galaxies. As a matter of fact, the Milky Way,
also called the Galaxy, is a fairly average representative
of the class of spiral galaxies. Two other examples of
spiral galaxies are shown in Fig. 1.1 and Fig. 1.2, one of
which we are viewing from above (face-on), the other
from the side (edge-on). These are all stellar systems in
which the majority of stars are confined to a relatively
thin disk. In our own Galaxy, this disk can be seen as
the band of stars stretched across the night sky, which
led to it being named the Milky Way. Besides such
disk galaxies, there is a second major class of luminous
stellar systems, the elliptical galaxies. Their properties
differ in many respects from those of the spirals.

It was less than a hundred years ago that astronomers
first realized that objects exist outside our Milky Way
and that our world is significantly larger than the size of
the Milky Way. In fact, galaxies are mere islands in the
Universe: the diameter of our Galaxy' (and other galax-
ies) is much smaller than the average separation between
luminous galaxies. The discovery of the existence of
other stellar systems and their variety of morphologies
raised the question of the origin and evolution of these
galaxies. Is there anything between the galaxies, or is
it just empty space? Are there any other cosmic bodies
besides galaxies? Questions like these motivated us to
explore the Universe as a whole and its evolution. Is our

'We shall use the terms “Milky Way” and “Galaxy” synonymously
throughout.

Fig.1.1. The spiral galaxy NGC
1232 may resemble our Milky Way
if it were to be observed from
“above” (face-on). This image, ob-
served with the VLT, has a size of
6/8 x 6/8, corresponding to a lin-
ear size of 60 kpc at its distance
of 30 Mpc. If this was our Gal-
axy, our Sun would be located at
a distance of 8.0 kpc from the cen-
ter, orbiting around it at a speed
of ~220km/s. A full revolution
would take us about 230 x 10°
years. The bright knots seen along
the spiral arms of this galaxy are
clusters of newly-formed stars, sim-
ilar to bright young star clusters in
our Milky Way. The different, more
reddish, color of the inner part of
this galaxy indicates that the aver-
age age of the stars there is higher
than in the outer parts. The small
galaxy at the lower left edge of the
image is a companion galaxy that is
distorted by the gravitational tidal
forces caused by the spiral galaxy

Peter Schneider, Introduction and Overview.

In: Peter Schneider, Extragalactic Astronomy and Cosmology. pp. 1-33 (2006)
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Fig.1.2. We see the spiral galaxy NGC 4013 from the side
(edge-on); an observer looking at the Milky Way from a di-
rection which lies in the plane of the stellar disk (“from the
side”’) may have a view like this. The disk is clearly visible,
with its central region obscured by a layer of dust. One also
sees the central bulge of the galaxy. As will be discussed at
length later on, spiral galaxies like this one are surrounded by
a halo of matter which is observed only through its gravita-
tional action, e.g., by affecting the velocity of stars and gas
rotating around the center of the galaxy

Universe finite or infinite? Does it change over time?
Does it have a beginning and an end? Mankind has long
been fascinated by these questions about the origin and
the history of our world. But for only a few decades have
we been able to approach these questions in an empir-
ical manner. As we shall discuss in this book, many of
the questions have now been answered. However, each
answer raises yet more questions, as we aim towards
an ever increasing understanding of the physics of the
Universe.

The stars in our Galaxy have very different ages.
The oldest stars are about 12 billion years old, whereas
in some regions stars are still being born today: for
instance in the well-known Orion nebula. Obviously,
the stellar content of our Galaxy has changed over time.
To understand the formation and evolution of the Galaxy
a view of its (and thus our own) past would be useful.

Unfortunately, this is physically impossible. However,
due to the finite speed of light, we see objects at large
distances in an earlier state, as they were in the past. One
can now try to identify and analyze such distant galaxies,
which may have been the progenitors of galaxies like
our own Galaxy, in this way reconstructing the main
aspects of the history of the Milky Way. We will never
know the exact initial conditions that led to the evolution
of the Milky Way, but we may be able to find some
characteristic conditions. Emerging from such initial
states, cosmic evolution should produce galaxies similar
to our own, which we would then be able to observe from
the outside. On the other hand, only within our own
Galaxy can we study the physics of galaxy evolution
in situ.

We are currently witnessing an epoch of tremendous
discoveries in astronomy. The technical capabilities in
observation and data reduction are currently evolving at
an enormous pace. Two examples taken from ground-
based optical astronomy should serve to illustrate this.

In 1993 the first 10-m class telescope, the Keck
telescope, was commissioned, the first increase in
light-collecting power of optical telescopes since the
completion of the 5-m mirror on Mt. Palomar in 1948.
Now, just a decade later, about ten telescopes of the
10-m class are in use, and even more are soon to come.
In recent years, our capabilities to find very distant, and
thus very dim, objects and to examine them in detail
have improved immensely thanks to the capability of
these large optical telescopes.

A second example is the technical evolution and size
of optical detectors. Since the introduction of CCDs
in astronomical observations at the end of the 1970s,
which replaced photographic plates as optical detec-
tors, the sensitivity, accuracy, and data rate of optical
observations have increased enormously. At the end of
the 1980s, a camera with 1000 x 1000 pixels (picture
elements) was considered a wide-field instrument. In
2003 a camera called Megacam began operating; it has
(18 000)? pixels and images a square degree of the sky
at a sampling rate of 0”2 in a single exposure. Such
a camera produces roughly 100 GB of data every night,
the reduction of which requires fast computers and vast
storage capacities. But it is not only optical astronomy
that is in a phase of major development; there has also
been huge progress in instrumentation in other wave-
bands. Space-based observing platforms are playing
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a crucial role in this. We will consider this topic in
Sect. 1.3.

These technical advances have led to a vast increase
in knowledge and insight in astronomy, especially in ex-
tragalactic astronomy and cosmology. Large telescopes
and sensitive instruments have opened up a window to
the distant Universe. Since any observation of distant
objects is inevitably also a view into the past, due to the
finite speed of light, studying objects in the early Uni-
verse has become possible. Today, we can study galaxies
which emitted the light we observe at a time when the
Universe was less than 10% of its current age; these gal-
axies are therefore in a very early evolutionary stage.
We are thus able to observe the evolution of galaxies
throughout the past history of the Universe. We have
the opportunity to study the history of galaxies and thus
that of our own Milky Way. We can examine at which
epoch most of the stars that we observe today in the
local Universe have formed because the history of star
formation can be traced back to early epochs. In fact,
it has been found that star formation is largely hidden
from our eyes and only observable with space-based
telescopes operating in the far-infrared waveband.

One of the most fascinating discoveries of recent
years is that most galaxies harbor a black hole in their
center, with a characteristic mass of millions or even
billions of solar masses — so-called supermassive black
holes. Although as soon as the first quasars were found
in 1963 it was proposed that only processes around
a supermassive black hole would be able to produce the
huge amount of energy emitted by these ultra-luminous
objects, the idea that such black holes exist in normal
galaxies is fairly recent. Even more surprising was the
finding that the black hole mass is closely related to
the other properties of its parent galaxy, thus providing
a clear indication that the evolution of supermassive
black holes is closely linked to that of their host galaxies.

Detailed studies of individual galaxies and of asso-
ciations of galaxies, which are called galaxy groups or
clusters of galaxies, led to the surprising result that these
objects contain considerably more mass than is visible
in the form of stars and gas. Analyses of the dynamics
of galaxies and clusters show that only 10-20% of their
mass consists of stars, gas and dust that we are able to
observe in emission or absorption. The largest fraction
of their mass, however, is invisible. Hence, this hidden
mass is called dark matter. We know of its presence

only through its gravitational effects. The dominance
of dark matter in galaxies and galaxy clusters was es-
tablished in recent years from observations with radio,
optical and X-ray telescopes, and it was also confirmed
and quantified by other methods. However, we do not
know what this dark matter consists of; the unambigu-
ous evidence for its existence is called the “dark matter
problem”.

The nature of dark matter is one of the central ques-
tions not only in astrophysics but also poses a challenge
to fundamental physics, unless the “dark matter prob-
lem” has an astronomical solution. Does dark matter
consist of non-luminous celestial bodies, for instance
burned-out stars? Or is it a new kind of matter? Have
astronomers indirectly proven the existence of a new el-
ementary particle which has thus far escaped detection
in terrestrial laboratories? If dark matter indeed con-
sists of a new kind of elementary particle, which is the
common presumption today, it should exist in the Milky
Way as well, in our immediate vicinity. Therefore, ex-
periments which try to directly detect the constituents of
dark matter with highly sensitive and sophisticated de-
tectors have been set up in underground laboratories.
Physicists and astronomers are eagerly awaiting the
commissioning of the Large Hadron Collider (LHC),
a particle accelerator at the European CERN research
center which, from 2007 on, will produce particles at
significantly higher energies than accessible today. The
hope is to find an elementary particle that could serve
as a candidate constituent of dark matter.

Without doubt, the most important development in
recent years is the establishment of a standard model of
cosmology, i.e., the science of the Universe as a whole.
The Universe is known to expand and it has a finite age;
we now believe that we know its age with a precision of
as little as a few percent — it is #p = 13.7 Gyr. The Uni-
verse has evolved from a very dense and very hot state,
the Big Bang, expanding and cooling over time. Even
today, echoes of the Big Bang can be observed, for ex-
ample in the form of the cosmic microwave background
radiation. Accurate observations of this background ra-
diation, emitted some 380 000 years after the Big Bang,
have made an important contribution to what we know
today about the composition of the Universe. However,
these results raise more questions than they answer:
only ~ 4% of the energy content of the Universe can
be accounted for by matter which is well-known from

3
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other fields of physics, the baryonic matter that consists
mainly of atomic nuclei and electrons. About 25% of
the Universe consists of dark matter, as we already dis-
cussed in the context of galaxies and galaxy clusters.
Recent observational results have shown that the mean
density of dark matter dominates over that of baryonic
matter also on cosmic scales.

Even more surprising than the existence of dark mat-
ter is the discovery that about 70% of the Universe
consists of something that today is called vacuum en-
ergy, or dark energy, and that is closely related to the
cosmological constant introduced by Albert Einstein.
The fact that various names do exist for it by no means
implies that we have any idea what this dark energy
is. It reveals its existence exclusively in its effect on
cosmic expansion, and it even dominates the expansion
dynamics at the current epoch. Any efforts to estimate
the density of dark energy from fundamental physics
have failed hopelessly. An estimate of the vacuum en-
ergy density using quantum mechanics results in a value
that is roughly 120 orders of magnitude larger than the
value derived from cosmology. For the foreseeable fu-
ture observational cosmology will be the only empirical
probe for dark energy, and an understanding of its phys-
ical nature will probably take a substantial amount of
time. The existence of dark energy may well pose the
greatest challenge to fundamental physics today.

In this book we will present a discussion of the ex-
tragalactic objects found in astronomy, starting with
the Milky Way which, being a typical spiral galaxy, is
considered a prototype of this class of stellar systems.
The other central topic in this book is a presentation
of modern astrophysical cosmology, which has expe-
rienced tremendous advances in recent years. Methods
and results will be discussed in parallel. Besides pro-
viding an impression of the fascination that arises from
astronomical observations and cosmological insights,
astronomical methods and physical considerations will
be our prime focus. We will start in the next section
with a concise overview of the fields of extragalactic
astronomy and cosmology. This is, on the one hand, in-
tended to whet the reader’s appetite and curiosity, and
on the other hand to introduce some facts and technical
terms that will be needed in what follows but which are
discussed in detail only later in the book. In Sect. 1.3
we will describe some of the most important telescopes
used in extragalactic astronomy today.

1.2 Overview

121 Our Milky Way as a Galaxy

The Milky Way is the only galaxy which we are able
to examine in detail. We can resolve individual stars
and analyze them spectroscopically. We can perform
detailed studies of the interstellar medium (ISM), such
as the properties of molecular clouds and star-forming
regions. We can quantitatively examine extinction and
reddening by dust. Furthermore, we can observe the
local dynamics of stars and gas clouds as well as the
properties of satellite galaxies (such the Magellanic
Clouds). Finally, the Galactic center at a distance of
only 8 kpc? gives us the unique opportunity to examine
the central region of a galaxy at very high resolution.
Only through a detailed understanding of our own Gal-
axy can we hope to understand the properties of other
galaxies. Of course, we implicitly assume that the phys-
ical processes taking place in other galaxies obey the
same laws of physics that apply to us. If this were not
the case, we would barely have a chance to understand
the physics of other objects in the Universe, let alone the
Universe as a whole. We will return to this point shortly.
We will first discuss the properties of our own Galaxy.
One of the main problems here, and in astronomy in
general, is the determination of the distance to an object.
Thus we will start by considering this topic. From the
analysis of the distribution of stars and gas in the Milky
Way we will then derive its structure. It is found that the
Galaxy consists of several distinct components:

e a thin disk of stars and gas with a radius of about
20kpc and a scale-height of about 300 pc, which
also hosts the Sun;

® a~ | kpc thick disk, which contains a different stellar
population compared to the thin disk;

® a central bulge, as is also found in other spiral
galaxies;

e and a nearly spherical halo which contains most of
the globular clusters and some old stars.

Figure 1.3 shows a schematic view of our Milky Way
and its various components. For a better visual impres-
sion, Figs. 1.1 and 1.2 show two spiral galaxies, the

20ne parsec (1 pc) is the common unit of distance in astronomy,
with 1 pc = 3.086 x 108 cm. Also used are 1 kpc = 103 pc, 1 Mpc =
10° pc, 1 Gpe = 10° pc. Other commonly used units and constants are
listed in Appendix C.
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Halo

Bulge
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Globular
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Fig.1.3. Schematic structure of the Milky Way consisting
of the disk, the central bulge with the Galactic center, and
the spherical halo in which most of the globular clusters are
located. The Sun orbits around the Galactic center at a distance
of about 8 kpc

former viewed from “above” (face-on) and the latter
from the “side” (edge-on). In the former case, the spi-
ral structure, from which this kind of galaxy derives
its name, is clearly visible. The bright knots in the spi-
ral arms are regions where young, luminous stars have
recently formed. The image shows an obvious color
gradient: the galaxy is redder in the center and bluest in
the spiral arms — while star formation is currently tak-
ing place in the spiral arms, we find mainly old stars
towards the center, especially in the bulge.

The Galactic disk rotates, with rotational velocity
V(R) depending on the distance R from the center. We
can estimate the mass of the Galaxy from the distri-
bution of the stellar light and the mean mass-to-light
ratio of the stellar population, since gas and dust repre-
sent less than ~ 10% of the mass of the stars. From this
mass estimate we can predict the rotational velocity as
a function of radius simply from Newtonian mechanics.
However, the observed rotational velocity of the Sun
around the Galactic center is significantly higher than
would be expected from the observed mass distribution.
If M(Ryp) is the mass inside a sphere around the Gal-
actic center with radius Ry &~ 8 kpc, then the rotational

Rotation Velocity (km/s)
@
o

N
[4)]
o

Observed

N
o
o

Difference:
Dark Matter halo

Vsun should be
~160 km/s

100 - Visible matter only |
50 -
0 1 1 1 1 1
0 5 10 15 20 25 30

Distance to Center (kpc)

Fig. 1.4. The upper curve is the observed rotation curve V(R)
of our Galaxy, i.e., the rotational velocity of stars and gas
around the Galactic center as a function of their galacto-centric
distance. The lower curve is the rotation curve that we would
predict based solely on the observed stellar mass of the Gal-
axy. The difference between these two curves is ascribed to
the presence of dark matter, in which the Milky Way disk is
embedded

3

velocity from Newtonian mechanics” is
G M(R
Vo = GMRo) (1.1)
Ro

From the visible matter in stars we would expect
a rotational velocity of ~ 160km/s, but we observe
Vo ~220km/s (see Fig.1.4). This, and the shape of
the rotation curve V(R) for larger distances R from the
Galactic center, indicates that our Galaxy contains sig-
nificantly more mass than is visible in the form of stars.*
This additional mass is called dark matter. Its physical
nature is still unknown. The main candidates are weakly
interacting elementary particles like those postulated by
some elementary particle theories, but they have yet not
been detected in the laboratory. Macroscopic objects
(i.e., celestial bodies) are also in principle possible can-
didates if they emit very little light. We will discuss ex-
periments which allow us to identify such macroscopic

3We use standard notation: G is the Newtonian gravitational constant,
¢ the speed of light.

4Strictly speaking, (1.1) is valid only for a spherically symmetric mass
distribution. However, the rotational velocity for an oblate density
distribution does not differ much, so we can use this relation as an
approximation.
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objects and come to the conclusion that the solution of
the dark matter problem probably can not be found in
astronomy, but rather most likely in particle physics.

The stars in the various components of our Gal-
axy have different properties regarding their age and
their chemical composition. By interpreting this fact
one can infer some aspects of the evolution of the
Galaxy. The relatively young age of the stars in the
thin disk, compared to that of the older population in
the bulge, suggests different phases in the formation
and evolution of the Milky Way. Indeed, our Galaxy is
a highly dynamic object that is still changing today. We
see cold gas falling into the Galactic disk and hot gas
outflowing. Currently the small neighboring Sagittarius
dwarf galaxy is being torn apart in the tidal gravita-
tional field of the Milky Way and will merge with it in
the (cosmologically speaking) near future.

One cannot see far through the disk of the Galaxy
at optical wavelengths due to extinction by dust. There-
fore, the immediate vicinity of the Galactic center can
be examined only in other wavebands, especially the
infrared (IR) and the radio parts of the electromag-

Radio Continuum

e

Atomic Hydrogen

ey, o

Radio Continuum 2.4-2

s

Molecular Hydrogen

Infrared

Near Infrared
Optical

X-Ray

b,

Gamma Ray

- b SRR o g R

1.25,2.2,3.5 ym COBE/DIRBE

Laustsen et al. Phc;tomosaic
R X

0.25,0.75, 1.5 keV ROSAT/PSPC

>100 MeV CGROJ/EGRET

netic spectrum (see also Fig. 1.5). The Galactic center
is a highly complex region but we have been able to
study it in recent years thanks to various substantial im-
provements in IR observations regarding sensitivity and
angular resolution. Proper motions, i.e., changes of the
positions on the sky with time, of bright stars close to
the center have been observed. They enable us to deter-
mine the mass M in a volume of radius ~ 0.1 pc to be
M(0.1 pc) ~ 3 x 10° Mg, Although the data do not al-
low us to make a totally unambiguous interpretation of
this mass concentration there is no plausible alternative
to the conclusion that the center of the Milky Way har-
bors a supermassive black hole (SMBH) of roughly this
mass. And yet this SMBH is far less massive than the
ones that have been found in many other galaxies.
Unfortunately, we are unable to look at our Galaxy
from the outside. This view from the inside renders it
difficult to observe the global properties of the Milky
Way. The structure and geometry of the Galaxy, e.g., its
spiral arms, are hard to identify from our location. In
addition, the extinction by dust hides large parts of the
Galaxy from our view (see Fig. 1.6), so that the global

408 MHz Bonn, Jodrell Banks, & Parkes

21 cm Leiden-Dwingeloo, Maryland-Parkes

.7 GHz Bonn & Parkes

e

115 GHz Columbia-GISS

12, 60, 100 um IRAS . o
Fig. 1.5. The Galactic disk ob-

served in nine different wavebands.
Its appearance differs strongly in
the various images; for example,
the distribution of atomic hydrogen
and of molecular gas is much more
concentrated towards the Galactic
plane than the distribution of stars
observed in the near-infrared, the
4 latter clearly showing the presence
- of a central bulge. The absorp-
tion by dust at optical wavelengths
is also clearly visible and can be
compared to that in Fig. 1.2

®

°
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Fig.1.6. The galaxy Dwingeloo 1 is only five times more
distant than our closest large neighboring galaxy, Andromeda,
yet it was not discovered until the 1990s because it hides
behind the Galactic center. The absorption in this direction and
numerous bright stars prevented it being discovered earlier.
The figure shows an image observed with the Isaac Newton
Telescope in the V-, R-, and I-bands

parameters of the Milky Way (like its total luminosity)
are difficult to measure. These parameters are estimated
much better from outside, i.e., in other similar spiral gal-
axies. In order to understand the large-scale properties
of our Galaxy, a comparison with similar galaxies which
we can examine in their entirety is extremely helpful.
Only by combining the study of the Milky Way with
that of other galaxies can we hope to fully understand
the physical nature of galaxies and their evolution.

1.2.2 The World of Galaxies

Next we will discuss the properties of other galaxies.
The two main types of galaxies are spirals (like the
Milky Way, see also Fig.1.7) and elliptical galaxies
(Fig. 1.8). Besides these, there are additional classes
such as irregular and dwarf galaxies, active galaxies, and
starburst galaxies, where the latter have a very high star-
formation rate in comparison to normal galaxies. These
classes differ not only in their morphology, which forms
the basis for their classification, but also in their physical
properties such as color (indicating a different stellar
content), internal reddening (depending on their dust

Fig. 1.7. NGC 2997 is a typical spiral gal-
axy, with its disk inclined by about 45° with
respect to the line-of-sight. Like most spi-
ral galaxies it has two spiral arms; they are
significantly bluer than other parts of the
galaxy. This is caused by ongoing star for-
mation in these regions so that young, hot
and thus blue stars are present in the arms,
whereas the center of the galaxy, especially
the bulge, consists mainly of old stars

7
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Fig.1.8. M87 is a very luminous elliptical galaxy in the
center of the Virgo Cluster, at a distance of about 18 Mpc.
The diameter of the visible part of this galaxy is about
40 kpc; it is significantly more massive than the Milky Way
(M >3 x 10'2Mg). We will frequently refer to this galaxy:
it is not only an excellent example of a central cluster galaxy
but also a representative of the family of “active galaxies”. It
is a strong radio emitter (radio astronomers also know it as
Virgo A), and it has an optical jet in its center

content), amount of interstellar gas, star-formation rate,
etc. Galaxies of different morphologies have evolved in
different ways.

Spiral galaxies are stellar systems in which active star
formation is still taking place today, whereas elliptical
galaxies consist mainly of old stars — their star forma-
tion was terminated a long time ago. The SO galaxies,
an intermediate type, show a disk similar to that of spi-
ral galaxies but like ellipticals they consist mainly of old
stars, i.e., stars of low mass and low temperature. Ellipti-
cals and SO galaxies together are often called early-type
galaxies, whereas spirals are termed late-type galaxies.
These names do not imply any interpretation but exist
only for historical reasons.

The disks of spiral galaxies rotate differentially. As
for the Milky Way, one can determine the mass from
the rotational velocity using the Kepler law (1.1). One
finds that, contrary to the expectation from the distribu-
tion of light, the rotation curve does not decline at larger
distances from the center. Like our own Galaxy, spiral
galaxies contain a large amount of dark matter; the vis-
ible matter is embedded in a halo of dark matter. We can
only get rough estimates of the extent of this halo, but
there are strong indications that it is substantially larger
than the extent of the visual matter. For instance, the ro-
tation curve is flat up to the largest radii where one still
finds gas to measure the velocity. Studying dark matter
in elliptical galaxies is more complicated, but the exis-
tence of dark halos has also been proven for ellipticals.

The Hertzsprung—Russell diagram of stars, or their
color-magnitude diagram (see Appendix B), has turned
out to be the most important diagram in stellar as-
trophysics. The fact that most stars are aligned along
a one-dimensional sequence, the main sequence, led to
the conclusion that, for main-sequence stars, the lumi-
nosity and the surface temperature are not independent
parameters. Instead, the properties of such stars are in
principle characterized by only a single parameter: the
stellar mass. We will also see that the various proper-
ties of galaxies are not independent parameters. Rather,
dynamical properties (such as the rotational velocity
of spirals) are closely related to the luminosity. These
scaling relations are of similar importance to the study
of galaxies as the Hertzsprung—Russell diagram is for
stars. In addition, they turn out to be very convenient
tools for the determination of galaxy distances.

Like our Milky Way, other galaxies also seem to har-
bor a SMBH in their center. We obtained the astonishing
result that the mass of such a SMBH is closely related
to the velocity distribution of stars in elliptical galax-
ies or in the bulge of spirals. The physical reason for
this close correlation is as yet unknown, but it strongly
suggests a joint evolution of galaxies and their SMBHs.

1.2.3 The Hubble Expansion of the Universe

The radial velocity of galaxies, measured by means of
the Doppler shift of spectral lines (Fig. 1.9), is positive
for nearly all galaxies, i.e., they appear to be moving
away from us. In 1928, Edwin Hubble discovered that
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this escape velocity v increases with the distance of
the galaxy. He identified a linear relation between the
radial velocity v and the distance D of galaxies, called
a Hubble law,

v:HoD ,

(1.2)

where H is a constant. If we plot the radial velocity of
galaxies against their distance, as is done in the Hubble
diagram of Fig. 1.10, the resulting points are approxi-
mated by a straight line, with the slope being determined
by the constant of proportionality, Hy, which is called
the Hubble constant. The fact that all galaxies seem

60,600 km/s

Fig. 1.9. The spectra of galaxies show char-
acteristic spectral lines, e.g., the H 4- K lines
of calcium. These lines, however, do not
appear at the wavelengths measured in the
laboratory but are in general shifted towards
longer wavelengths. This is shown here for
a set of sample galaxies, with distance in-
creasing from top to bottom. The shift in
the lines, interpreted as being due to the
Doppler effect, allows us to determine the
relative radial velocity — the larger it is,
the more distant the galaxy is. The discrete
lines above and below the spectra are for
calibration purposes only

to move away from us with a velocity which increases
linearly with their distance is interpreted such that the
Universe is expanding. We will see later that this Hub-
ble expansion of the Universe is a natural property of
cosmological world models.

The value of Hp has been determined with ap-
preciable precision only in recent years, yielding the
conservative estimate

60kms™ ! Mpc™' < Hy <80kms™!' Mpc™!, (1.3)

obtained from several different methods which will be
discussed later. The error margins vary for the differ-
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Fig. 1.10. The original 1929 version of the
Hubble diagram shows the radial velocity of
galaxies as a function of their distance. The

+1000 KM

500 KM

reader may notice that the velocity axis is
labeled with errornous units — of course they
should read km/s. While the radial (escape)
velocity is easily measured by means of the
Doppler shift in spectral lines, an accurate

Geschwindigkeit

determination of distances is much more
difficult; we will discuss methods of dis-
tance determination for galaxies in Sect. 3.6.
Hubble has underestimated the distances

considerably, resulting in too high a value
for the Hubble constant. Only very few
and very close galaxies show a blueshift,

0 10% Parsec
Entfernung

ent methods and also for different authors. The main
problem in determining Hj is in measuring the absolute
distance of galaxies, whereas Doppler shifts are easily
measurable. If one assumes (1.2) to be valid, the radial
velocity of a galaxy is a measure of its distance. One
defines the redshift, z, of an object from the wavelength
shift in spectral lines,

7= hobs 20 .+ hobs = (14+2)A0
Ao

with Ay denoting the wavelength of a spectral transition
in the rest-frame of the emitter and A, the observed
wavelength. For instance, the Lyman-« transition, i.e.,
the transition from the first excited level to the ground
state in the hydrogen atom is at Ag = 1216 A. For small
redshifts,

(1.4)

VR ZC,

(1.5)

whereas this relation has to be modified for large red-
shifts, together with the interpretation of the redshift
itself.> Combining (1.2) and (1.5), we obtain

zc 1
D~ — ~3000zh™" Mpc,
H, z pc

(1.6)

SWhat is observed is the wavelength shift of spectral lines. Depend-
ing on the context, it is interpreted either as a radial velocity of
a source moving away from us — for instance, if we measure the
radial velocity of stars in the Milky Way — or as a cosmological
escape velocity, as is the case for the Hubble law. It is in prin-
ciple impossible to distinguish between these two interpretations,
because a galaxy not only takes part in the cosmic expansion but it

2x10%Parsec

i.e., they move towards us; one of these is
Andromeda (= M31)

where the uncertainty in determining Hy is parametrized
by the scaled Hubble constant /4, defined as

Hy=h100kms~! Mpc™! (1.7)

Distance determinations based on redshift therefore al-
ways contain a factor of h~1, as seen in (1.6). It needs
to be emphasized once more that (1.5) and (1.6) are
valid only for z <« 1; the generalization for larger red-
shifts will be discussed in Sect. 4.3. Nevertheless, z is
also a measure of distance for large redshifts.

1.2.4 Active Galaxies and Starburst Galaxies

A special class of galaxies are the so-called active gal-
axies which have a very strong energy source in their
center (active galactic nucleus, AGN). The best-known
representatives of these AGNs are the quasars, ob-
jects typically at high redshift and with quite exotic
properties. Their spectrum shows strong emission lines
which can be extremely broad, with a relative width of
AA/A ~0.03. The line width is caused by very high

can, in addition, have a so-called peculiar velocity. We will there-
fore use the words “Doppler shift” and “redshift”, respectively, and
“radial velocity” depending on the context, but always keeping in
mind that both are measured by the shift of spectral lines. Only
when observing the distant Universe where the Doppler shift is
fully dominated by the cosmic expansion will we exclusively call
it “redshift”.
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random velocities of the gas which emits these line: if
we interpret the line width as due to Doppler broadening
resulting from the superposition of lines of emitting gas
with a very broad velocity distribution, we obtain veloc-
ities of typically Av ~ 10 000 km/s. The central source
of these objects is much brighter than the other parts of
the galaxy, making these sources appear nearly point-
like on optical images. Only with the Hubble Space
Telescope (HST) did astronomers succeed in detecting
structure in the optical emission for a large sample of
quasars (Fig. 1.11).

Many properties of quasars resemble those of Seyfert
type I galaxies, which are galaxies with a very luminous
nucleus and very broad emission lines. For this reason,
quasars are often interpreted as extreme members of
this class. The total luminosity of quasars is extremely
large, with some of them emitting more than a thou-
sand times the luminosity of our Galaxy. In addition,
this radiation must originate from a very small spatial
region whose size can be estimated, e.g., from the vari-
ability time-scale of the source. Due to these and other
properties which will be discussed in Chap. 5, it is con-
cluded that the nuclei of active galaxies must contain
a supermassive black hole as the central powerhouse.
The radiation is produced by matter falling towards this
black hole, a process called accretion, thereby convert-
ing its gravitational potential energy into kinetic energy.

If this kinetic energy is then transformed into internal
energy (i.e., heat) as happens in the so-called accre-
tion disk due to friction, it can get radiated away. This
is in fact an extremely efficient process of energy pro-
duction. For a given mass, the accretion onto a black
hole is about 10 times more efficient than the nuclear
fusion of hydrogen into helium. AGNs often emit radi-
ation across a very large portion of the electromagnetic
spectrum, from radio up to X-ray and gamma radiation.

Spiral galaxies still form stars today; indeed star
formation is a common phenomenon in galaxies. In ad-
dition, there are galaxies with a considerably higher star-
formation rate than “normal” spirals. These galaxies are
undergoing a burst of star formation and are thus known
as starburst galaxies. Their star-formation rates are typ-
ically between 10 and 300 Mg /yr, whereas our Milky
Way gives birth to about 2 M /yr of new stars. This
vigorous star formation often takes place in localized
regions, e.g., in the vicinity of the center of the respec-
tive galaxy. Starbursts are substantially affected, if not
triggered, by disturbances in the gravitational field of
the galaxy, such as those caused by galaxy interactions.
Such starburst galaxies (see Fig. 1.12) are extremely lu-
minous in the far-infrared (FIR); they emit up to 98% of
their total luminosity in this part of the spectrum. This
happens by dust emission: dust in these galaxies ab-
sorbs a large proportion of the energetic UV radiation

Fig.1.11. The quasar PKS 2349 is located at the center of
a galaxy, its host galaxy. The diffraction spikes (diffraction
patterns caused by the suspension of the telescope’s secondary
mirror) in the middle of the object show that the center of the
galaxy contains a point source, the actual quasar, which is
significantly brighter than its host galaxy. The galaxy shows

clear signs of distortion, visible as large and thin tidal tails.
The tails are caused by a neighboring galaxy that is visible in
the right-hand image, just above the quasar; it is about the size
of the Large Magellanic Cloud. Quasar host galaxies are often
distorted or in the process of merging with other galaxies. The
two images shown here differ in their brightness contrast
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produced in the star-formation region and then re-emits
this energy in the form of thermal radiation in the FIR.

1.2.5 Voids, Clusters of Galaxies, and Dark Matter

The likelihood of galaxies interacting (Fig.1.13) is
enhanced by the fact that galaxies are not randomly
distributed in space. The projection of galaxies on the
celestrial sphere, for instance, shows a distinct structure.
In addition, measuring the distances of galaxies allows
a determination of their three-dimensional distribution.
One finds a strong correlation of the galaxy positions.
There are regions in space that have a very high galaxy
density, but also regions where nearly no galaxies are
seen at all. The latter are called voids. Such voids can
have diameters of up to 30 2~! Mpc.

Fig. 1.12. Arp 220 is the most luminous object in the local

Universe. Originally cataloged as a peculiar galaxy, the in-

frared satellite IRAS later discovered its enormous luminosity
in the infrared (IR). Arp 220 is the prototype of ultra-luminous
infrared galaxies (ULIRGs). This near-IR image taken with
the Hubble Space Telescope (HST) unveils the structure of
this object. With two colliding spiral galaxies in the center of
Arp 220, the disturbances in the interstellar medium caused
by this collision trigger a starburst. Dust in the galaxy ab-

sorbs most of the ultraviolet (UV) radiation from the young
hot stars and re-emits it in the IR

Clusters of galaxies are gravitationally bound sys-
tems of a hundred or more galaxies in a volume of
diameter ~ 2 h~! Mpc. Clusters predominantly contain
early-type galaxies, so there is not much star formation
taking place any more. Some clusters of galaxies seem
to be circular in projection, others have a highly ellipti-
cal or irregular distribution of galaxies; some even have
more than one center. The cluster of galaxies closest to
us is the Virgo Cluster, at a distance of ~ 18 Mpc; it is
a cluster with an irregular galaxy distribution. The clos-
est regular cluster is Coma, at a distance of ~ 90 Mpc.°
Coma (Fig.1.14) contains about 1000 luminous
galaxies, of which 85% are early-type galaxies.

5The distances of these two clusters are not determined from red-
shift measurements, but by direct methods that will be discussed in
Sect. 3.6; such direct measurements are one of the most successful
methods of determining the Hubble constant.

Fig.1.13. Two spiral galaxies interacting

with each other. NGC 2207 (on the left)

and IC 2163 are not only close neighbors
in projection: the strong gravitational tidal
interaction they are exerting on each other
is clearly visible in the pronounced tidal

arms, particularly visible to the right of the
right-hand galaxy. Furthermore, a bridge of
stars is seen to connect these two galaxies,
also due to tidal gravitational forces. This
image was taken with the Hubble Space

Telescope



1.2 Overview

Fig.1.14. The Coma cluster of galaxies, at a distance of
roughly 90 Mpc from us, is the closest massive regular cluster
of galaxies. Almost all objects visible in this image are gal-
axies associated with the cluster — Coma contains more than
a thousand luminous galaxies

In 1933, Fritz Zwicky measured the radial velocities
of the galaxies in Coma and found that they have a dis-
persion of about 1000 km/s. From the total luminosity
of all its galaxies the mass of the cluster can be esti-
mated. If the stars in the cluster galaxies have an average
mass-to-light ratio (M/L) similar to that of our Sun,
we would conclude M = (Mg /Lg)L. However, stars
in early-type galaxies are on average slightly less mas-
sive than the Sun and thus have a slightly higher M/L.”
Thus, the above mass estimate needs to be increased by
a factor of ~ 10.

Zwicky then estimated the mass of the cluster by
multiplying the luminosity of its member galaxies with
the mass-to-light ratio. From this mass and the size
of the cluster, he could then estimate the velocity that
a galaxy needs to have in order to escape from the
gravitational field of the cluster — the escape velocity. He
found that the characteristic peculiar velocity of cluster
galaxies (i.e., the velocity relative to the mean velocity)
is substantially larger than this escape velocity. In this
case, the galaxies of the cluster would fly apart on a time-
scale of about 10° years — the time it takes a galaxy to

"In Chap.3 we will see that for stars in spiral galaxies M/L
~3Mg /L on average, while for those in elliptical galaxies a larger
value of M/L ~ 10 Mg /L applies. Here and throughout this book,
mass-to-light ratios are quoted in Solar units.

cross through the cluster once — and, consequently, the
cluster would dissolve. However, since Coma seems to
be a relaxed cluster, i.e., it is in equilibrium and thus
its age is definitely larger than the dynamical time-scale
of 10° years, Zwicky concluded that the Coma cluster
contains significantly more mass than the sum of the
masses of its galaxies. Using the virial theorem® he
was able to estimate the mass of the cluster from the
velocity distribution of the galaxies. This was the first
clear indicator of the existence of dark matter.

X-ray satellites later revealed that clusters of galaxies
are strong sources of X-ray radiation. They contain hot
gas, with temperatures ranging from 107 K up to 108 K
(Fig. 1.15). This gas temperature is another measure for
the depth of the cluster’s potential well, since the hot-
ter the gas is, the deeper the potential well has to be to
prevent the gas from escaping via evaporation. Mass es-
timates based on the X-ray temperature result in values
that are comparable to those from the velocity dispersion
of the cluster galaxies, clearly confirming the hypothe-
sis of the existence of dark matter in clusters. A third
method for determining cluster masses, the so-called
gravitational lensing effect, utilizes the fact that light
is deflected in a gravitational field. The angle through
which lightrays are bent due to the presence of a massive
object depends on the mass of that object. From obser-
vation and analysis of the gravitational lensing effect
in clusters of galaxies, cluster masses are derived that
are in agreement with those from the two other meth-
ods. Therefore, clusters of galaxies are a second class of
cosmic objects whose mass is dominated by dark matter.

Clusters of galaxies are cosmologically young struc-
tures. Their dynamical time-scale, i.e., the time in which
the mass distribution in a cluster settles into an equilib-
rium state, is estimated as the time it takes a member
galaxy to fully cross the cluster once. With a charac-
teristic velocity of v ~ 1000km/s and a diameter of
2R ~ 2 Mpc one thus finds

2R
fagn ~ — ~ 2 10° yr. (1.9)

8The virial theorem in its simplest form says that, for an isolated
dynamical system in a stationary state of equilibrium, the kinetic
energy is just half the potential energy,

1
Exin = ElEpul‘ . (1.8)

In particular, the system’s total energy is Eio = Exin + Epot =
Epol/z = —Exin-
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Fig. 1.15. The Hydra A cluster of galaxies. The left-hand fig-
ure shows an optical image, the one on the right an image
taken with the X-ray satellite Chandra. The cluster has a red-
shift of z 2 0.054 and is thus located at a distance of about

As we will later see, the Universe is about 14 x 10° years
old. During this time galaxies have not had a chance to
cross the cluster many times. Therefore, clusters still
contain, at least in principle, information about their
initial state. Most clusters have not had the time to fully
relax and evolve into a state of equilibrium that would be
largely independent of their initial conditions. Compar-
ing this with the time taken for the Sun to rotate around
the center of the Milky Way — about 2 x 10% years — gal-
axies thus have had plenty of time to reach their state of
equilibrium.

Besides massive clusters of galaxies there are also
galaxy groups, which sometimes contain only a few
luminous galaxies. Our Milky Way is part of such
a group, the Local Group, which also contains M31 (An-
dromeda) which is another dominant galaxy, as well as
some far less luminous galaxies such as the Magellanic
Clouds. Some groups of galaxies are very compact, i.e.,
their galaxies are confined within a very small volume
(Fig. 1.16). Interactions between these galaxies cause
the lifetimes of many such groups to be much smaller
than the age of the Universe, and the galaxies in such
groups will merge.

250 Mpc. The X-ray emission originates from gas at a temper-
ature of 40 x 10° K which fills the space between the cluster
galaxies. In the center of the cluster, the gas is cooler by about
15%

1.2.6 World Models and the Thermal History
of the Universe

Quasars, clusters of galaxies, and nowadays even sin-
gle galaxies are also found at very high redshifts where
the simple Hubble law (1.2) is no longer valid. It is
therefore necessary to generalize the distance—redshift
relation. This requires considering world models as
a whole, which are also called cosmological models.
The dominant force in the Universe is gravitation. On
the one hand, weak and strong interactions both have
an extremely small (subatomic) range, and on the other
hand, electromagnetic interactions do not play a role on
large scales since the matter in the Universe is on av-
erage electrically neutral. Indeed, if it was not, currents
would immediately flow to balance net charge densi-
ties. The accepted theory of gravitation is the theory of
General Relativity (GR), formulated by Albert Einstein
in 1915.

Based on the two postulates that (1) our place in
the Universe is not distinguished from other locations
and that (2) the distribution of matter around us is
isotropic, at least on large scales, one can construct
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Fig. 1.16. The galaxy group HCGS87 belongs to the class of
so-called compact groups. In this HST image we can see three
massive galaxies belonging to this group: an edge-on spi-
ral in the lower part of the image, an elliptical galaxy to
the lower right, and another spiral in the upper part. The
small spiral in the center is a background object and there-
fore does not belong to the group. The two lower galaxies
have an active galactic nucleus, whereas the upper spiral
seems to be undergoing a phase of star formation. The gal-
axies in this group are so close together that in projection
they appear to touch. Between the galaxies, gas streams can
be detected. The galaxies are disturbing each other, which
could be the cause of the nuclear activity and star formation.
The galaxies are bound in a common gravitational potential
and will heavily interfere and presumably merge on a cos-
mologically small time-scale, which means in only a few
orbits, with an orbit taking about 10® years. Such merging
processes are of utmost importance for the evolution of the
galaxy population

homogeneous and isotropic world models (so-called
Friedmann—Lemaitre models) that obey the laws of
General Relativity. Expanding world models that con-
tain the Hubble expansion result from this theory
naturally. Essentially, these models are characterized
by three parameters:

e the current expansion rate of the Universe, i.e., the
Hubble constant Hy;

e the current mean matter density of the Universe
Pm, often parametrized by the dimensionless density
parameter

871G

5 P

1.10
T (1.10)

m =

e and the density of the so-called vacuum energy, de-

scribed by the cosmological constant A or by the
corresponding density parameter of the vacuum

A

Qa=——.
4T 3H?

(1.11)

The cosmological constant was originally introduced
by Einstein to allow stationary world models within
GR. After the discovery of the Hubble expansion he
called the introduction of A into his equations his
greatest blunder. In quantum mechanics A attains a dif-
ferent interpretation, that of an energy density of the
vacuum.

The values of the cosmological parameters are known
quite accurately today (see Chap.8), with values of
2n,~0.3 and 24 ~0.7. The discovery of a non-
vanishing §2, came completely unexpectedly. To date,
all attempts have failed to compute a reasonable value
for §£2, from quantum mechanics. By that we mean
a value which has the same order-of-magnitude as the
one we derive from cosmological observations. In fact,
simple and plausible estimates lead to a value of A that
is ~ 10'2° times larger than that obtained from obser-
vation, a tremendously bad estimate indeed. This huge
discrepancy is probably one of the biggest challenges
in fundamental physics today.

According to the Friedmann—Lemaitre models, the
Universe used to be smaller and hotter in the past, and
it has continuously cooled down in the course of expan-
sion. We are able to trace back the cosmic expansion
under the assumption that the known laws of physics
were also valid in the past. From that we get the Big
Bang model of the Universe, according to which our
Universe has evolved out of a very dense and very
hot state, the so-called Big Bang. This world model
makes a number of predictions that have been verified
convincingly:

1. About 1/4 of the baryonic matter in the Universe
should consist of helium which formed about 3 min
after the Big Bang, while most of the rest consists
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of hydrogen. This is indeed the case: the mass frac-
tion of helium in metal-poor objects, whose chemical
composition has not been significantly modified by
processes of stellar evolution, is about 24%.

2. From the exact fraction of helium one can derive
the number of neutrino families — the more neutrino
species that exist, the larger the fraction of helium
will be. From this, it was derived in 1981 that there
are 3 kinds of neutrinos. This result was later con-
firmed by particle accelerator experiments.

3. Thermal radiation from the hot early phase of the
Universe should still be measurable today. Predicted
in 1946 by George Gamow, it was discovered by Arno
Penzias and Robert Wilson in 1965. The correspond-
ing photons have propagated freely after the Universe
cooled down to about 3000 K and the plasma con-
stituents combined to neutral atoms, an epoch called
recombination. As a result of cosmic expansion, this
radiation has cooled down to about T, ~ 2.73 K. This
microwave radiation is nearly perfectly isotropic,
once we subtract the radiation which is emitted
locally by the Milky Way (see Fig.1.17). Indeed,
measurements from the COBE satellite showed that
the cosmic microwave background (CMB) is the
most accurate blackbody spectrum ever measured.

4. Today’s structures in the Universe have evolved out
of very small density fluctuations in the early cos-
mos. The seeds of structure formation must have
already been present in the early phases of cosmic
evolution. These density fluctuations should also be
visible as small temperature fluctuations in the mi-
crowave background emitted about 380000 years
after the Big Bang at the epoch of recombination. In
fact, COBE was the first to observe these predicted
anisotropies (see Fig. 1.17). Later experiments, es-
pecially the WMAP satellite, observed the structure
of the microwave background at much improved an-
gular resolution and verified the theory of structure
formation in the Universe in detail (see Sect. 8.6).

With these predictions so impressively confirmed, in
this book we will exclusively consider this cosmolog-
ical model; currently there is no competing model of
the Universe that could explain these very basic cosmo-
logical observations in such a natural way. In addition,
this model does not seem to contradict any fundamental
observation in cosmology. However, as the existence of

Fig. 1.17. Temperature distribution of the cosmic microwave
background on the sky as measured by the COBE satellite.
The uppermost image shows a dipole distribution; it origi-
nates from the Earth’s motion relative to the rest-frame of the
CMB. We move at a speed of ~ 600 km/s relative to that sys-
tem, which leads to a dipole anisotropy with an amplitude
of AT/T ~ v/c~2x 1073 due to the Doppler effect. If this
dipole contribution is subtracted, we get the map in the mid-
dle which clearly shows the emission from the Galactic disk.
Since this emission has a different spectral energy distribution
(it is not a blackbody of T ~ 3 K), it can also be subtracted
to get the temperature map at the bottom. These are the pri-
mordial fluctuations of the CMB, with an amplitude of about
AT/T ~2x 1073

anon-vanishing vacuum energy density shows, together
with a matter density pp, that is about six times the mean
baryon density in the Universe (which can be derived
from the abundance of the chemical elements formed in
the Big Bang), the physical nature of about 95% of the
content of our Universe is not yet understood.
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The CMB photons we receive today had their last
physical interaction with matter when the Universe was
about 3.8 x 107 years old. Also, the most distant galax-
ies and quasars known today (at z ~ 6.5) are strikingly
young — we see them at a time when the Universe was
less than a tenth of its current age. The exact relation
between the age of the Universe at the time of the light
emission and the redshift depends on the cosmologi-
cal parameters Hy, §2n,, and £2,4. In the special case
that 2, =1 and 24 = 0, called the Einstein—de Sitter
model, one obtains

2 1
3Hy (1+2)3/2°

In particular, the age of the Universe today (i.e., at z = 0)
is, according to this model,

1z) = (1.12)

th = i ~6.5x10° h yr.
3H)y
The Einstein—de Sitter (EdS) model is the simplest
world model and we will sometimes use it as a refer-
ence, but recent observations suggest that £2,, < 1 and
24 > 0. The mean density of the Universe in the EdS
model is

(1.13)

3H?
00 = Por = ﬁ ~19x107¥ h2gem™3

hence it is really, really small.

(1.14)

1.2.7  Structure Formation and Galaxy Evolution

The low amplitude of the CMB anisotropies implies
that the inhomogeneities must have been very small
at the epoch of recombination, whereas today’s Uni-
verse features very large density fluctuations, at least on
scales of clusters of galaxies. Hence, the density field
of the cosmic matter must have evolved. This structure
evolution occurs because of gravitational instability, in
that an overdense region will expand more slowly than
the mean Universe due to its self-gravity. Therefore,
any relative overdensity becomes amplified in time. The
growth of density fluctuations in time will then cause
the formation of large-scale structures, and the gravita-
tional instability is also responsible for the formation of
galaxies and clusters. Our world model sketched above
predicts the abundance of galaxy clusters as a function
of redshift, which can be compared with the observed

cluster counts. This comparison can then be used to
determine cosmological parameters.

Another essential conclusion from the smallness of
the CMB anisotropies is the existence of dark matter
on cosmic scales. The major fraction of cosmic matter
is dark matter. The baryonic contribution to the matter
density is < 20% and to the total energy density < 5%.
The energy density of the Universe is dominated by the
vacuum energy.

Unfortunately, the spatial distribution of dark mat-
ter on large scales is not directly observable. We only
observe galaxies or, more precisely, their stars and
gas. One might expect that galaxies would be located
preferentially where the dark matter density is high.
However, it is by no means clear that local fluctuations
of the galaxy number density are strictly proportional
to the density of dark matter. The relation between the
dark and luminous matter distributions is currently only
approximately understood.

Eventually, this relation has to result from a detailed
understanding of galaxy formation and evolution. Lo-
cations with a high density of dark matter can support
the formation of galaxies. Thus we will have to examine
how galaxies form and why there are different kinds of
galaxies. In other words, what decides whether a form-
ing galaxy will become an elliptical or a spiral? This
question has not been definitively answered yet, but it is
supposed that ellipticals can form only by the merging
of galaxies. Indeed, the standard model of the Universe
predicts that small galaxies will form first; larger galax-
ies will be formed later through the ongoing merger of
smaller ones.

The evolution of galaxies can actually be observed
directly. Galaxies at high redshift (i.e., cosmologically
young galaxies) are in general smaller and bluer, and the
star-formation rate was significantly higher in the earlier
Universe than it is today. The change in the mean color
of galaxies as a function of redshift can be understood as
acombination of changes in the star formation processes
and an aging of the stellar population.

1.2.8 Cosmology as a Triumph
of the Human Mind

Cosmology, extragalactic astronomy, and astrophysics
as a whole are a heroic undertaking of the human mind
and a triumph of physics. To understand the Universe we
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apply physical laws that were found empirically under
completely different circumstances. All the known laws
of physics were derived “today” and, except for Gen-
eral Relativity, are based on experiments on a laboratory
scale or, at most, on observations in the Solar System,
such as Kepler’s laws which formed the foundation for
the Newtonian theory of gravitation. Is there any a pri-
ori reason to assume that these laws are also valid in
other regions of the Universe or at completely different
times? However, this is apparently indeed the case: nu-
clear reactions in the early Universe seem to obey the
same laws of strong interaction that are measured to-
day in our laboratories, since otherwise the prediction
of a 25% mass fraction of helium would not be possi-
ble. Quantum mechanics, describing the wavelengths of
atomic transitions, also seems to be valid at very large
distances — since even the most distant objects show
emission lines in their spectra with frequency ratios
(which are described by the laws of quantum mechanics)
identical to those in nearby objects.

By far the greatest achievement is General Relativ-
ity. It was originally formulated by Albert Einstein since
his Special Theory of Relativity did not allow him to
incorporate Newtonian gravitation. No empirical find-
ings were known at that time (1915) which would not
have been explained by the Newtonian theory of gravity.
Nevertheless, Einstein developed a totally new theory
of gravitation for purely theoretical reasons. The first
success of this theory was the correct description of the
gravitational deflection of light by the Sun, measured
in 1919, and of the perihelion rotation of Mercury.’
His theory permits a description of the expanding Uni-
verse, which became necessary after Hubble’s discovery
in 1928. Only with the help of this theory can we re-
construct the history of the Universe back into the past.
Today this history seems to be well understood up to the
time when the Universe was about 1076 s old and had
a temperature of about 10'3 K. Particle physics models
allow an extrapolation to even earlier epochs.

The cosmological predictions discussed above are
based on General Relativity describing an expanding
Universe, therefore providing a test of Einstein’s the-
ory. On the other hand, General Relativity also describes
much smaller systems and with much stronger gravita-

9This was already known in 1915, but it was not clear whether it
might not have any other explanation, e.g., a quadrupole moment of
the mass distribution of the Sun.

tional fields, such as neutron stars and black holes. With
the discovery of a binary system consisting of two neu-
tron stars, the binary pulsar PSR 1913+16, in the last
~ 25 years very accurate tests of General Relativity
have become possible. For example, the observed peri-
helion rotation in this binary system and the shrinking
of the binary orbit over time due to the radiation of en-
ergy by gravitational waves is very accurately described
by General Relativity. Together, General Relativity has
been successfully tested on length-scales from 10" cm
(the characteristic scale of the binary pulsar) to 10*® cm
(the size of the visible Universe), that is over more than
10'7 orders of magnitude — an impressive result indeed!

1.3 The Tools of Extragalactic
Astronomy

Extragalactic sources — galaxies, quasars, clusters of
galaxies — are at large distances. This means that in
general they appear to be faint even if they are intrinsi-
cally luminous. They are also seen to have a very small
angular size despite their possibly large linear extent.
In fact, just three extragalactic sources are visible to the
naked eye: the Andromeda galaxy (M31) and the Large
and Small Magellanic Clouds. Thus for extragalactic as-
tronomy, telescopes are needed that have large apertures
(photon collecting area) and a high angular resolution.
This applies to all wavebands, from radio astronomy to
gamma ray astronomy.

The properties of astronomical telescopes and their
instruments can be judged by different criteria, and we
will briefly describe the most important ones. The sen-
sitivity specifies how dim a source can be and still be
observable in a given integration time. The sensitivity
depends on the aperture of the telescope as well as on the
efficiency of the instrument and the sensitivity of the de-
tector. The sensitivity of optical telescopes, for instance,
was increased by a large factor when CCDs replaced
photographic plates as detectors in the early 1980s. The
sensitivity also depends on the sky background, i.e.,
the brightness of the sky caused by non-astronomical
sources. Artificial light in inhabited regions has forced
optical telescopes to retreat into more and more remote
areas of the world where light pollution is minimized.
Radio astronomers have similar problems caused by ra-
dio emission from the telecommunication infrastructure



1.3 The Tools of Extragalactic Astronomy

of modern civilization. The angular resolution of a tele-
scope specifies down to which angular separation two
sources in the sky can still be separated by the detec-
tor. For diffraction-limited observations like those made
with radio telescopes or space-born telescopes, the an-
gular resolution A6 is limited by the diameter D of the
telescope. For a wavelength A one has A6 = 1/D. For
optical and near-infrared observations from the ground,
the angular resolution is in general limited by turbu-
lence in the atmosphere, which explains the choice of
high mountain tops as sites for optical telescopes. These
atmospheric turbulences cause, due to scintillation, the
smearing of the images of astronomical sources, an ef-
fect that is called seeing. In interferometry, where one
combines radiation detected by several telescopes, the
angular resolution is limited by the spatial separation of
the telescopes. The spectral resolution of an instrument
specifies its capability to separate different wavelengths.
The throughput of a telescope/instrument system is of
particular importance in large sky surveys. For instance,
the efficiency of photometric surveys depends on the
number of spectra that can be observed simultaneously.
Special multiplex spectrographs have been constructed
for such tasks. Likewise, the efficiency of photomet-
ric surveys depends on the region of sky that can be
observed simultaneously, i.e., the field-of-view of the
camera. Finally, the efficiency of observations also de-
pends on factors like the number of clear nights at an
astronomical site, the fraction of an observing night in
which actual science data is taken, the fraction of time
an instrument cannot be used due to technical problems,
the stability of the instrumental set-up (which deter-
mines the time required for calibration measurements),
and many other such aspects.

In the rest of this section some telescopes will be
presented that are of special relevance to extragalac-
tic astronomy and to which we will frequently refer
throughout the course of this book.

1.3.1  Radio Telescopes

With the exception of optical wavelengths, the Earth’s
atmosphere is transparent only for very large wave-
lengths — radio waves. The radio window of the
atmosphere is cut off towards lower frequencies, at
about v ~ 10 MHz, because radiation of a wavelength
larger than A ~ 30m is reflected by the Earth’s iono-

sphere and therefore cannot reach the ground. Below
A ~ 5 mm radiation is increasingly absorbed by oxygen
and water vapor in the atmosphere. Therefore, below
about A ~ 0.3 mm ground-based observations are no
longer possible.

Mankind became aware of cosmic radio radiation —
in the early 1930s — only when noise in radio antennae
was found that would not vanish, no matter how quiet
the device was made. In order to identify the source
of this noise the AT&T Bell Labs hired Karl Jansky,
who constructed a movable antenna called “Jansky’s
Merry-Go-Round” (Fig. 1.18).

After some months Jansky had identified, besides
thunderstorms, one source of interference that rose and
set every day. However, it did not follow the course of
the Sun which was originally suspected to be the source.
Rather, it followed the stars. Jansky finally discovered
that the signal originated from the direction of the center
of the Milky Way. He published his result in 1933, but
this publication also marked the end of his career as the
world’s first radio astronomer.

Inspired by Jansky’s discovery, Grote Reber was the
first to carry out real astronomy with radio waves. When
AT&T refused to employ him, he built his own radio
“dish” in his garden, with a diameter of nearly 10 m.
Between 1938 and 1943, Reber compiled the first sky
maps in the radio domain. Besides strong radiation from
the center of the Milky Way he also identified sources
in Cygnus and in Cassiopeia. Through Reber’s research
and publications radio astronomy became an accepted
field of science after World War II.

The largest single-dish radio telescope is the Arecibo
telescope, shown in Fig. 1.19. Due to its enormous area,
and thus high sensitivity, this telescope, among other
achievements, detected the first pulsar in a binary sys-
tem, which is used as an important test laboratory for
General Relativity (see Sect.7.7). Also, the first extra-
solar planet, in orbit around a pulsar, was discovered
with the Arecibo telescope. For extragalactic astron-
omy Arecibo plays an important role in measuring the
redshifts and line widths of spiral galaxies, both deter-
mined from the 21-cm emission line of neutral hydrogen
(see Sect. 3.4).

The Effelsberg 100-m radio telescope of the Max-
Planck-Institut fiir Radioastronomie was, for many
years, the world’s largest fully steerable radio telescope,
but since 2000 this title has been claimed by the new
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Green Bank Telescope (see Fig. 1.20) after the old one
collapsed in 1988. With Effelsberg, for example, star-
formation regions can be investigated. Using molecular
line spectroscopy, one can measure their densities and
temperatures. Magnetic fields also play arole in star for-
mation, though many details still need to be clarified.
By measuring the polarized radio flux, Effelsberg has

Fig. 1.18. “Jansky’s Merry-Go-Round”. By
turning the structure in an azimuthal direc-
tion, a rough estimate of the position of
radio sources could be obtained

Fig.1.19. With a diameter of 305 m, the
Arecibo telescope in Puerto Rico is the
largest single-dish telescope in the world; it
may also be known from the James Bond
movie “Goldeneye”. The disadvantage of
its construction is its lack of steerability.
Tracking of sources is only possible within
narrow limits by moving the secondary
mirror

mapped the magnetic fields of numerous spiral galaxies.
In addition, due to its huge collecting area Effelsberg
plays an important role in interferometry at very long
baselines (see below).

Because of the long wavelength, the angular res-
olution of even large radio telescopes is fairly low,
compared to optical telescopes. For this reason, radio
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Fig. 1.20. The world’s two largest fully steerable radio tele-
scopes. Left: The 100-m telescope in Effelsberg. It was
commissioned in 1972 and is used in the wavelength range
from 3.5 mm to 35 cm. Eighteen different detector systems

astronomers soon began utilizing interferometric meth-
ods, where the signals obtained by several telescopes are
correlated to get an interference pattern. One can then
reconstruct the structure of the source from this pattern
using Fourier transformation. With this method one gets
the same resolution as one would achieve with a single
telescope of a diameter corresponding to the maximum
pair separation of the individual telescopes used.
Following the first interferometric measurements in
England (around 1960) and the construction of the large
Westerbork Synthesis Radio Telescope in the Nether-
lands (around 1970), at the end of the 1970s the Very
Large Array (VLA) in New Mexico (see Fig. 1.21) be-
gan operating. With the VLA one achieved an angular
resolution in the radio domain comparable to that of
optical telescopes at that time. For the first time, this al-
lowed the combination of radio and optical images with
the same resolution and thus the study of cosmic sources
over a range of several clearly separated wavelength

are necessary for this. Right: The Green Bank Telescope. It
does not have a rotationally symmetric mirror; one axis has a
diameter of 100 m and the other 110 m

regimes. With the advent of the VLA radio astronomy
experienced an enormous breakthrough, particularly in
the study of AGNSs. It became possible to examine the
large extended jets of quasars and radio galaxies in de-
tail (see Sect.5.1.2). Other radio interferometers must
also be mentioned here, such as the British MERLIN,
where seven telescopes with a maximum separation of
230 km are combined.

In the radio domain it is also possible to interconnect
completely independent and diverse antennae to form
an interferometer. For example, in Very Long Base-
line Interferometry (VLBI) radio telescopes on different
continents are used simultaneously. These frequently
also include Effelsberg and the VLA. In 1995 a sys-
tem of ten identical 25-m antennae was set up in the
USA, exclusively to be used in VLBI, the Very Long
Baseline Array (VLBA). Angular resolutions of bet-
ter than a milliarcsecond (mas) can be achieved with
VLBI. Therefore, in extragalactic astronomy VLBI is
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particularly used in the study of AGNs. With VLBI we
have learned a great deal about the central regions of
AGNs, such as the occurrence of apparent superluminal
velocities in these sources.

Some of the radio telescopes described above are
also capable of observing in the millimeter regime.
For shorter wavelengths the surfaces of the anten-
nae are typically too coarse, so that special telescopes
are needed for wavelengths of 1 mm and below. The
30-m telescope on Pico Veleta (Fig.1.22), with its
exact surface shape, allows observations in the mil-
limeter range. It is particularly used for molecular
spectroscopy at these frequencies. Furthermore, impor-
tant observations of high-redshift galaxies at 1.2 mm
have been made with this telescope using the bolometer
camera MAMBO. Similar observations are also con-
ducted with the SCUBA (Submillimeter Common-User
Bolometer Array) camera at the James Clerk Maxwell
Telescope (JCMT; Fig. 1.23) on Mauna Kea, Hawaii.
Due to its size and excellent location, the JCMT is
arguably the most productive telescope in the submil-
limeter range; it is operated at wavelengths between
3 mm and 0.3 mm. With the SCUBA-camera, operating
at 850 pum (0.85 mm), we can observe star-formation re-
gions in distant galaxies for which the optical emission
is nearly completely absorbed by dust in these sources.
These dusty star-forming galaxies can be observed in the
(sub-)millimeter regime of the electromagnetic spec-
trum even out to large redshifts, as will be discussed in
Sect.9.2.3.

Fig.1.21. The Very Large Array (VLA)

in New Mexico consists of 27 antennae

with a diameter of 25 m each that can be
moved on rails. It is used in four different
configurations that vary in the separation
of the telescopes; switching configurations
takes about two weeks

To measure the tiny temperature fluctuations of the
cosmic microwave background radiation one needs
extremely stable observing conditions and low-noise
detectors. In order to avoid the thermal radiation of
the atmosphere as much as possible, balloons and
satellites were constructed to operate instruments at
very high altitude or in space. The American COBE
(Cosmic Background Explorer) satellite measured the
anisotropies of the CMB for the first time, at wave-
lengths of a few millimeters. In addition, the frequency
spectrum of the CMB was precisely measured with
instruments on COBE. The WMAP (Wilkinson Mi-
crowave Anisotropy Probe) satellite obtained, like
COBE, a map of the full sky in the microwave regime,
but at a significantly improved angular resolution and
sensitivity. The first results from WMAP, published in
February 2003, were an enormously important mile-
stone for cosmology, as will be discussed in Sect. 8.6.5.
Besides observing the CMB these missions are also of
great importance for millimeter astronomy; these satel-
lites not only measure the cosmic background radiation
but of course also the microwave radiation of the Milky
Way and of other galaxies.

1.3.2 Infrared Telescopes

In the wavelength range 1 pm < A < 300 pum, observa-
tions from the Earth’s surface are always subject to very
difficult conditions, if they are possible at all. The at-
mosphere has some windows in the near-infrared (NIR,
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Fig.1.22. The 30-m telescope on Pico
Veleta was designed for observations in
the millimeter range of the spectrum. This
telescope, like all millimeter telescopes,
is located on a mountain to minimize the
column density of water in the atmosphere

o Fig. 1.23. The JCMT has a 15-m dish. It
is protected by the largest single piece of
Gore-Tex, which has a transmissivity of
97% at submillimeter wavelengths

Tpm <A <24 pum) which render ground-based ob-
servations possible. In the mid-infrared (MIR, 2.4 pm
SAS20wm) and far-infrared (FIR, 20 um S S
300 wm) regimes, observations need to be carried out
from outside the atmosphere, i.e., using balloons, high-
flying airplanes, or satellites. The instruments have to
be cooled to very low temperatures, otherwise their own
thermal radiation would outshine any signal.

The first noteworthy observations in the far-infrared
were made by the Kuiper Airborne Observatory (KAO),
an airplane equipped with a 91-cm mirror which oper-
ated at altitudes up to 15 km. However, the breakthrough
for IR astronomy had to wait until the launch of IRAS,
the InfraRed Astronomical Satellite (Fig. 1.24). In 1983,
with its 60-cm telescope, IRAS compiled the first IR
map of the sky at 12, 25, 60, and 100 jum, at an angular
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Fig. 1.24. The left-hand picture shows an artist’s impression
of IRAS in orbit. The project was a cooperation of the Nether-
lands, the USA, and Great Britain. IRAS was launched in 1983
and operated for 10 months; after that the supply of liquid he-
lium, needed to cool the detectors, was exhausted. During this

resolution of 30” (2') at 12 wm (100 pwm). It discovered
about a quarter of a million point sources as well as
about 20 000 extended sources. The positional accu-
racy for point sources of better than ~ 20" allowed an
identification of these sources at optical wavelengths.
Arguably the most important discovery by IRAS was
the identification of galaxies which emit the major frac-
tion of their energy in the FIR part of the spectrum.
These sources, often called IRAS galaxies, have a very
high star-formation rate where the UV light of the
young stars is absorbed by dust and then re-emitted
as thermal radiation in the FIR. IRAS discovered about
75000 of these so-called ultra-luminous IR galaxies
(ULIRGS).

In contrast to the IRAS mission with its prime task
of mapping the full sky, the Infrared Space Observa-
tory ISO (Fig. 1.24) was dedicated to observations of
selected objects and sky regions in a wavelength range
2.5-240 pm. Although the telescope had the same di-
ameter as IRAS its angular resolution at 12 um was
about a hundred times better than that of IRAS, since

time IRAS scanned 96% of the sky at four wavelengths. The
ISO satellite, shown on the right, was an ESA project and ob-
served between 1995 and 1998. Compared to IRAS it covered
a larger wavelength range, had a better angular resolution and
a thousand times higher sensitivity

the latter was limited by the size of the detector ele-
ments. The sensitivity of ISO topped that of IRAS by
afactor ~ 1000. ISO carried four instruments: two cam-
eras and two spectrographs. Among the most important
results from ISO in the extragalactic domain are the
spatially-resolved observations of the dust-enshrouded
star-formation regions of ULIRGs. Although the mis-
sion itself came to an end, the scientific analysis of the
data continues on a large scale, since to date the ISO
data are still unique in the infrared.

In 2003 a new infrared satellite was launched (the
Spitzer Space Telescope) with capabilities that by
far outperform those of ISO. With its 85-cm tele-
scope, Spitzer observes at wavelengths between 3.6
and 160 pwm. Its IRAC (Infrared Array Camera) camera,
operating at wavelengths below ~ 9 wm, has a field-of-
view of 5/2 x 5!2 and 256 x 256 pixels, significantly
more than the 32 x 32 pixels of ISOCAM on ISO
that had a comparable wavelength coverage. The spec-
tral resolution of the IRS (Infrared Spectrograph)
instrument in the MIR is about R = A/AA ~ 100.
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1.3.3 Optical Telescopes

The atmosphere is largely transparent in the optical part
of the electromagnetic spectrum (0.3 pm < A < 1 wm),
and thus we are able to conduct observations from the
ground. Since for the atmospheric windows in the NIR
one normally uses the same telescopes as for optical
astronomy, we will thus not distinguish between these
two ranges here.

Although optical astronomy has been pursued for
many decades, it has evolved very rapidly in recent
years. This is linked to a large number of technical
achievements. A good illustration of this is the 10-m
Keck telescope which was put into operation in 1993;
this was the first optical telescope with a mirror diam-
eter of more than 6 m. Constructing telescopes of this
size became possible by the development of adaptive
optics, a method to control the surface of the mirror.
A mirror of this size no longer has a stable shape but is
affected, e.g., by gravitational deformation as the tele-
scope is steered. It was also realized that part of the air
turbulence that generates the seeing is caused by the
telescope and its dome itself. By improving the thermal
condition of telescopes and dome structures a reduction
of the seeing could be achieved. The aforementioned
replacement of photographic plates by CCDs, together
with improvements to the latter, resulted in a vastly
enhanced quantum efficiency of ~ 70% (at maximum

even more than 90%), barely leaving room for further
improvements.

The throughput of optical telescopes has been
immensely increased by designing wide-field CCD
cameras, the largest of which nowadays have a field-of-
view of a square degree and ~ 16 000 x 16 000 pixels,
with a pixel scale of ~ 072. Furthermore, multi-object
spectrographs have been built which allow us to observe
the spectra of a large number of objects simultane-
ously. The largest of them are able to get spectra
for several hundred sources in one exposure. Finally,
with the Hubble Space Telescope the angular resolu-
tion of optical observations was increased by a factor
of ~ 10. Further developments that will revolutionize
the field even more, such as interferometry in the near
IR/optical and adaptive optics, will soon be added to
these achievements.

Currently, about 13 optical telescopes of the 4-m
class exist worldwide. They differ mainly in their
location and their instrumentation. For example, the
Canada—France—Hawaii Telescope (CFHT) on Mauna
Kea (Fig. 1.25) has been a leader in wide-field photom-
etry for many years, due to its extraordinarily good
seeing. This is again emphasized by the installation
of Megacam, a camera with 18000 x 18 000 pixels.
The Anglo-Australian Telescope (AAT) in Australia,
in contrast, has distinctly worse seeing and has there-
fore specialized, among other things, in multi-object

Fig.1.25. Telescopes at the summit of
Mauna Kea, Hawaii, at an altitude of
4200 m. The cylindrical dome to the left
and below the center of the image contains
the Subaru 8-m telescope; just behind it
are the two 10-m Keck telescopes. The two
large domes at the back house the Canada—
France-Hawaii telescope (CFHT, 3.6 m)
and the 8-m Gemini North. The telescope
at the lower right is the 15-m James Clerk
Maxwell submillimeter telescope (JCMT)
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spectroscopy, for which the 2dF (two-degree field) in-
strument was constructed. Most of these telescopes are
also equipped with NIR instruments. The New Tech-
nology Telescope (NTT, see Fig.1.26) is especially
noteworthy due to its SOFI camera, a near-IR instru-
ment that has a large field-of-view of ~ 5’ x 5’ and an
excellent image quality.

Hubble Space Telescope. To avoid the greatest problem
in ground-based optical astronomy, the rocket scientist
Hermann Oberth had already speculated in the 1920s
about telescopes in space which would not be affected
by the influence of the Earth’s atmosphere. In 1946 the
astronomer Lyman Spitzer took up this issue again and
discussed the possibilities for the realization of such
a project.

Shortly after NASA was founded in 1958, the con-
struction of a large telescope in space was declared
a long-term goal. After several feasibility studies and
ESA’s agreement to join the project, the HST was finally
built. However, the launch was delayed by the explosion
of the space shuttle Challenger in 1986, so that it did not
take place until April 24, 1990. An unpleasant surprise
came as soon as the firstimages were taken: it was found
that the 2.4-m main mirror was ground into the wrong
shape. This problem was remedied in December 1993
during the first “servicing mission” (a series of Space
Shuttle missions to the HST; see Fig. 1.27), when a cor-
rection lens was installed. After this, the HST became

one of the most successful and best-known scientific
instruments.

The refurbished HST has two optical cameras, the
WFPC2 (Wide-Field and Planetary Camera) and, since
2002, the ACS (Advanced Camera for Surveys). The lat-
ter has a field-of-view of 3/4 x 3/4, about twice as large
as WFPC2, and 4000 x 4000 pixels. Another instrument
was STIS (Space Telescope Imaging Spectrograph),
operating mainly in the UV and at short optical wave-
lengths. Due to a defect it was shut down in 2004. The
HST also carries a NIR instrument, NICMOS (Near
Infrared Camera and Multi-Object Spectrograph). The
greatly reduced thermal radiation, compared to that
on the surface of the Earth, led to progress in NIR
astronomy, albeit with a very small field-of-view.

HST has provided important insights into our Solar
System and the formation of stars, but it has achieved
milestones in extragalactic astronomy. With HST ob-
servations of the nucleus of M87 (Fig. 1.8), one has
derived from the Doppler shift of the gas emission that
the center of this galaxy contains a black hole of two
billion solar masses. HST has also proven that black
holes exist in other galaxies and AGNs. The enormously
improved angular resolution has allowed us to study gal-
axies to a hitherto unknown level of detail. In this book
we will frequently report on results that were achieved
with HST.

Arguably the most important contribution of the HST
to extragalactic astronomy are the Hubble Deep Fields.

Fig. 1.26. The La Silla Observatory of ESO
in Chile. On the peak in the middle, one can
see the New Technology Telescope (NTT),
a 3.5-m prototype of the VLT. The silvery
shining dome to its left is the MPG/ESO
2.2-m telescope that is currently equipped
with the Wide-Field Imager, a 80962 pixel
camera with a 0.5° field-of-view. The pic-
ture was taken from the location of the
3.6-m telescope, the largest on La Silla
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Fig. 1.27. Left: The HST mounted on the manipulator arm of
the Space Shuttle during one of the repair missions. Right: The
Hubble Deep Field (North) was taken in December 1995 and

Scientists managed to convince Robert Williams, then
director of the Space Telescope Science Institute, to
use the HST to take a very deep image in an empty
region of the sky, a field with (nearly) no foreground
stars and without any known clusters of galaxies. At
that time it was not clear whether anything interesting
at all would come from these observations. Using the
observing time that is allocated to the Director, the “di-
rector’s discretionary time”, in December 1995 HST
was pointed at such a field in the Big Dipper, taking
data for 10 days. The outcome was the Hubble Deep
Field North (HDFN), one of the most important as-
tronomical data sets, displayed in Fig. 1.27. From the
HDFN and its southern counterpart, the HDFS, one
obtains information about the early states of galaxies
and their evolution. One of the first conclusions was
that most of the early galaxies are classified as irreg-
ulars. In 2002, the Hubble Ultra-Deep Field (HUDF)
was observed with the then newly installed ACS cam-
era. Not only did it cover about twice the area of the
HDFN but it was even deeper, by about one magni-

Hubble Deep Field

ST Scl OPO January 15, 1996 R. Willliams and the HDF Team (ST Scl) and NASA
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the data released one month later. To compile this multicolor
image, which at that time was the deepest image of the sky,
images from four different filters were combined

tude, owing to the higher sensitivity of ACS compared
to WFPC2.

Large Telescopes. For more than 40 years the 5-m tele-
scope on Mt. Palomar was the largest telescope in the
western world — the Russian 6-m telescope suffered
from major problems from the outset. The year 1993
saw the birth of a new class of telescope, of which the
two Keck telescopes (see Fig. 1.28) were the first, each
with a mirror diameter of 10 m.

The site of the two Kecks at the summit of Mauna
Kea (at an altitude of 4200 m) provides ideal ob-
serving conditions for many nights per year. This
summit is now home to several large telescopes. The
new Japanese telescope Subaru, and Gemini North
are also located here, as well as the aforementioned
CFHT and JCMT. The significant increase in sensi-
tivity obtained by Keck, especially in spectroscopy,
permitted completely new insights, for instance through
absorption line spectroscopy of quasars. Keck was also
essential for the spectroscopic verification of innumer-
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Fig. 1.29. The left panel shows a map of the location of the
VLT on Cerro Paranal. It can be reached via Antofagasta,
about a two-hour flight north of Santiago de Chile. Then an-
other three-hour trip by car through a desert (see Fig. 1.30)
brings one to the site. Paranal is shown on the right during

able galaxies of redshift z > 3, which are normally
so dim that they cannot be examined with smaller
telescopes.

Fig.1.28. The two Keck telescopes on
Mauna Kea. With Keck I the era of large
telescopes was heralded in 1993
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the construction phase; in the foreground we can see the con-
struction camp. The top of the mountain was flattened to get
a leveled space (of diameter ~ 300 m) large enough to ac-
commodate the telescopes and the facilities used for optical
interferometry (VLTI)

The largest ground-based telescope project to date
was the construction of the Very Large Telescope (VLT)
of the European Southern Observatory (ESO), consist-
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ing of four telescopes each with a diameter of 8.2 m.
ESO already operates the La Silla Observatory in Chile
(see Fig. 1.26), but a better location was found for the
VLT, the Cerro Paranal (at an altitude of 2600 m). This
mountain is located in the Atacama desert, one of the
driest regions on Earth. To build the telescopes on the
mountain a substantial part of the mountain top first had
to be cut off (Fig. 1.29).

In contrast to the Keck telescopes, which have
a primary mirror that is segmented into 36 hexago-
nal elements, the mirrors of the VLT are monolithic,
i.e., they consist of a single piece. However, they are
very thin compared to the 5-m mirror on Mt. Palomar,
far too thin to be intrinsically stable against gravity
and other effects such as thermal deformations. There-
fore, as for the Kecks, the shape of the mirrors has to
be controlled electronically (see Fig.1.30, right). The
monolithic structure of the VLT mirrors results in better
image quality than that of the Keck telescopes, resulting
in an appreciably simpler point-spread function.

Each of the four telescopes has three accessible foci;
this way, 12 different instruments can be installed at
the VLT at any time. Switching between the three
instruments is done with a deflection mirror. The perma-

nent installation of the instruments allows their stable
operation.

The VLT (Fig.1.31) also marks the beginning of
a new form of ground-based observation with large op-
tical telescopes. Whereas until recently an astronomer
proposing an observation was assigned a certain number
and dates of nights in which she could observe with the
telescope, the VLT is mainly operated in the so-called
service mode. The observations are performed by lo-
cal astronomers according to detailed specifications that
must be provided by the principal investigator of the ob-
serving program and the data are then transmitted to the
astronomer at her home institution. A significant advan-
tage of this procedure is that one can better account for
special requirements for observing conditions. For ex-
ample, observations that require very good seeing can
be carried out during the appropriate atmospheric con-
ditions. With service observing the chances of getting
a useful data set are increased. At present about half
of the observations with the VLT are performed in ser-
vice mode. Another aspect of service observing is that
the astronomer does not have to make the long journey
(see Fig. 1.30), at the expense of also missing out on the
adventure and experience of observing.

Fig. 1.30. Left: Transport of one of the VLT mirrors from
Antofagasta to Paranal. The route passes through an extremely
dry desert, and large parts of the road are not paved. The
VLT thus clearly demonstrates that astronomers search for
ever more remote locations to get the best possible observing
conditions. Right: The active optics system at the VLT. Each
mirror is supported at 150 points; at these points, the mirror
is adjusted to correct for deformations. The primary mirror is
always shaped such that the light is focused in an optimal way,

with its form being corrected for the changing gravitational
forces when the telescope changes the pointing direction. In
adaptive optics, in contrast to active optics, the wavefront is
controlled: the mirrors are deformed with high frequencies
in such a way that the wavefront is as planar as possible
after passing through the optical system. In this way one can
correct for the permanently changing atmospheric conditions
and achieve images at diffraction-limited resolution, though
only across a fairly small region of the focal plane
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1.3.4 UV Telescopes

Radiation with a wavelength shorter than A < 0.3 pm =
3000 A cannot penetrate the Earth’s atmosphere but is
instead absorbed by the ozone layer, whereas radiation
at wavelengths below 912 A is absorbed by neutral hy-
drogen in the interstellar medium. The range between
these two wavelengths is the UV part of the spectrum,
in which observation is only possible from space.

The Copernicus satellite (also known as the Or-
biting Astronomical Observatory 3, OAO-3) was the
first long-term orbital mission designed to observe
high-resolution spectra at ultraviolet wavelengths. In
addition, the satellite contained an X-ray detector.
Launched on 21 August, 1972, it obtained UV spec-
tra of 551 sources until its decommissioning in 1981.
Among the achievements of the Copernicus mission are
the first detection of interstellar molecular hydrogen H;
and of CO, and measurements of the composition of the
interstellar medium as well as of the distribution of OVI,
i.e., five-time ionized oxygen.

Fig.1.31. The Paranal Observatory after
completion of the domes for the four VLT
unit telescopes. The tracks seen in the fore-
ground were installed for additional smaller
telescopes that are now jointly used with
the VLT unit telescopes for interferometric
observations in the NIR

The TUE (International Ultraviolet Explorer) op-
erated between 1978 and 1996 and proved to be
a remarkably productive observatory. During its more
than 18 years of observations more than 10° spectra
of galactic and extragalactic sources were obtained.
In particular, the IUE contributed substantially to our
knowledge of AGN.

The HST, with its much larger aperture, marks
the next substantial step in UV astronomy, although
no UV instrument is operational onboard HST af-
ter the failure of STIS in 2004. Many new insights
were gained with the HST, especially through spec-
troscopy of quasars in the UV, insights into both the
the quasars themselves and, through the absorption
lines in their spectra, into the intergalactic medium
along the line-of-sight towards the sources. In 1999
the FUSE (Far Ultraviolet Spectroscopic Explorer)
satellite was launched. From UV spectroscopy of
absorption lines in luminous quasars this satellite
provided us with a plethora of information on the
state and chemical composition of the intergalactic
medium.
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While the majority of observations with UV satellites
were dedicated to high-resolution spectroscopy of stars
and AGNs, the prime purpose of the GALEX satellite
mission, launched in 2003, is to compile an extended
photometric survey. GALEX observes at wavelengths
1350 A < A <2830 A and will perform a complete sky
survey as well as observe selected regions of the sky
with a longer exposure time. In addition, it will perform
several spectroscopic surveys. The results from GALEX
will be of great importance, especially for the study of
the star-formation rate in nearby and distant galaxies.

1.3.5 X-Ray Telescopes

As mentioned before, interstellar gas absorbs radiation
at wavelengths shortward of 912 A, the so-called Ly-
man edge. This corresponds to the ionization energy of
hydrogen in its ground state, which is 13.6 eV. Only at
energies about ten times this value does the ISM be-
come transparent again and this denotes the low-energy
limit of the domain of X-ray astronomy. Typically, X-
ray astronomers do not measure the frequency of light
in Hertz (or the wavelength in um), but instead photons
are characterized by their energy, measured in electron
volts (eV).

The birth of X-ray astronomy was in the 1960s.
Rocket and balloon-mounted telescopes which were
originally only supposed to observe the Sun in X-rays
also received signals from outside the Solar System.
UHURU, the first satellite to observe exclusively the
cosmic X-ray radiation, compiled the first X-ray map
of the sky, discovering about 340 sources. This cata-
log of point sources was expanded in several follow-up
missions, especially by NASA’s High-Energy Astro-
physical Observatory (HEAO-1) which also detected
adiffuse X-ray background radiation. On HEAQO-2, also
known as the Einstein satellite, the first Wolter telescope
was used for imaging, increasing the sensitivity by a fac-
tor of nearly a thousand compared to earlier missions.
The Einstein observatory also marked a revolution in
X-ray astronomy because of its high angular resolution,
about 2” in the range of 0.1 to 4 keV. Among the great
discoveries of the Einstein satellite is the X-ray emis-
sion of many clusters of galaxies that traces the presence
of hot gas in the space between the cluster galaxies. The
total mass of this gas significantly exceeds the mass

of the stars in the cluster galaxies and therefore repre-
sents the main contribution to the baryonic content of
clusters.

The next major step in X-ray astronomy was ROSAT
(ROentgen SATellite; Fig. 1.32), launched in 1990. Dur-
ing the first six months of its nine-year mission ROSAT
produced an all-sky map at far higher resolution than
UHURU; this is called the ROSAT All Sky Survey.
More than 10° individual sources were detected in
this survey, the majority of them being AGNSs. In
the subsequent period of pointed observations ROSAT
examined, among other types of sources, clusters of
galaxies and AGNs. One of its instruments (PSPC)
provided spectral information in the range between
0.1 and 2.4keV at an angular resolution of ~ 20",
while the other (HRI) instrument had a much better
angular resolution (~ 3”) but did not provide any spec-
tral information. The Japanese X-ray satellite ASCA
(Advanced Satellite for Cosmology and Astrophysics),
launched in 1993, was able to observe in a significantly
higher energy range 0.5-12keV and provided spectra
of higher energy resolution, though at reduced angular
resolution.

Since 1999 two new powerful satellites are in
operation: NASA’s Chandra observatory and ESA’s
XMM-Newton (X-ray Multi-Mirror Mission; see
Fig. 1.32). Both have a large photon-collecting area and
a high angular resolution, and they also set new stan-
dards in X-ray spectroscopy. Compared to ROSAT, the
energy range accessible with these two satellites has
been extended to 0.1-10 keV. The angular resolution of
Chandra is about 0”5 and thus, for the first time, com-
parable to that of optical telescopes. This high angular
resolution already led to major discoveries in the early
years of operation. For instance, well-defined sharp
structures in the X-ray emission from gas in clusters of
galaxies were discovered, and X-ray radiation from the
jets of AGNs which had been previously observed in the
radio was detected. Furthermore, Chandra discovered
aclass of X-ray sources, termed ultra-luminous compact
X-ray sources (ULXs), in which we may be observing
the formation of black holes (Sect. 9.6). XMM-Newton
has a larger sensitivity compared to Chandra, however
at a somewhat smaller angular resolution. Among the
most important observations of XMM-Newton at the be-
ginning of its operation was the spectroscopy of AGNs
and of clusters of galaxies.
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Fig. 1.32. Left: ROSAT, a German—-US-British cooperation,
was in orbit from 1990 to 1999 and observed in the energy
range between 0.1 and 2.5keV (soft X-ray). Upper right:
Chandra was launched in July 1999. The energy range of
its instruments lies between 0.1 and 10keV. Its highly el-

1.3.6 Gamma-Ray Telescopes

The existence of gamma radiation was first postulated
in the 1950s. This radiation is absorbed by the atmo-
sphere, which is fortunate for the lifeforms on Earth.
The first observations, carried out from balloons, rock-
ets, and satellites, have yielded flux levels of less than
100 photons. Those gamma photons had energies in the
GeV range and above.

Detailed observations became possible with the satel-
lites SAS-2 and COS-B. They compiled a map of
the galaxy, confirmed the existence of a gamma back-
ground radiation, and for the first time observed pulsars
in the gamma range. The first Gamma Ray Bursts
(GRB), extremely bright and short-duration flashes
on the gamma-ray sky, were detected in the 1970s

liptical orbit permits long uninterrupted exposures. Lower
right: XMM-Newton was launched in December 1999 and
is planned to be used for 10 years. Observations are car-
ried out with three telescopes at energies between 0.1 and
15 keV

by military satellites. Only the Italian-Dutch satellite
Beppo-SAX (1996 to 2002) managed to localize a GRB
with sufficient accuracy to allow an identification of the
source in other wavebands, and thus to reveal its phys-
ical nature; we will come back to this subject later, in
Sect. 9.7.

An enormous advance in high-energy astronomy was
made with the launch of the Compton Gamma Ray Ob-
servatory (CGRO; Fig. 1.33) in 1991; the observatory
was operational for nine years. It carried four differ-
ent instruments, among them the Burst And Transient
Source Experiment (BATSE) and the Energetic Gamma
Ray Experiment Telescope (EGRET). During its life-
time BATSE discovered more than 2000 GRBs and
contributed substantially to the understanding of the
nature of these mysterious gamma-ray flashes. EGRET
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Fig. 1.33. The left image shows the Compton Gamma Ray Ob-
servatory (CGRO) mounted on the Space Shuttle manipulator
arm. This NASA satellite carried out observations between
1991 and 2000. It was finally shut down after a gyroscope

discovered many AGNs at very high energies above
20 MeV, which hints at extreme processes taking place
in these objects.

The successor of the CGRO, the Integral satellite,
was put into orbit as an ESA mission by a Russian Proton

failed, and it burned up in the Earth’s atmosphere in a con-
trolled re-entry. ESA’s Integral observatory, in operation since
2002, is shown on the right

rocket at the end of 2002. At a weight of two tons, itis the
heaviest ESA satellite that has been launched thus far. It
is primarily observing at energies of 15 keV to 10 MeV
in the gamma range, but has additional instruments for
observation in the optical and X-ray regimes.
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2. The Milky Way as a Galaxy

The Earth is orbiting around the Sun, which itself is
orbiting around the center of the Milky Way. Our Milky
Way, the Galaxy, is the only galaxy in which we are able
to study astrophysical processes in detail. Therefore, our
journey through extragalactic astronomy will begin in
our home Galaxy, with which we first need to become
familiar before we are ready to take off into the depths
of the Universe. Knowing the properties of the Milky
Way is indispensable for understanding other galaxies.

2.1 Galactic Coordinates

On a clear night, and sufficiently far away from cities,
one can see the magnificent band of the Milky Way
on the sky (Fig.2.1). This observation suggests that the
distribution of light, i.e., that of the stars in the Galaxy,
is predominantly that of a thin disk. A detailed analy-
sis of the geometry of the distribution of stars and gas
confirms this impression. This geometry of the Galaxy
suggests the introduction of two specially adapted co-
ordinate systems which are particularly convenient for
quantitative descriptions.

Spherical Galactic Coordinates (£, b). We consider
a spherical coordinate system, with its center being
“here”, at the location of the Sun (see Fig.2.2). The
Galactic plane is the plane of the Galactic disk, i.e., it
is parallel to the band of the Milky Way. The two Gal-
actic coordinates € and b are angular coordinates on
the sphere. Here, b denotes the Galactic latitude, the

angular distance of a source from the Galactic plane,
with b € [-90°, 4+90°]. The great circle b = 0° is then
located in the plane of the Galactic disk. The direc-
tion b =90° is perpendicular to the disk and denotes
the North Galactic Pole (NGP), while b = —90° marks
the direction to the South Galactic Pole (SGP). The
second angular coordinate is the Galactic longitude ¢,
with £ € [0°, 360°]. It measures the angular separation
between the position of a source, projected perpendic-
ularly onto the Galactic disk (see Fig.2.2), and the
Galactic center, which itself has angular coordinates
b =0°and £ = 0°. Given £ and b for a source, its loca-
tion on the sky is fully specified. In order to specify its
three-dimensional location, the distance of that source
from us is also needed.

The conversion of the positions of sources given in
Galactic coordinates (b, £) to that in equatorial coordi-
nates (o, ) and vice versa is obtained from the rotation
between these two coordinate systems, and is described
by spherical trigonometry.! The necessary formulae can
be found in numerous standard texts. We will not re-
produce them here, since nowadays this transformation
is done nearly exclusively using computer programs.
Instead, we will give some examples. The following
figures refer to the Epoch 2000: due to the precession

I'The equatorial coordinates are defined by the direction of the Earth’s
rotation axis and by the rotation of the Earth. The intersections of the
Earth’s axis and the sphere define the northern and southern poles. The
great circles on the sphere through these two poles, the meridians, are
curves of constant right ascension «. Curves perpendicular to them
and parallel to the projection of the Earth’s equator onto the sky are
curves of constant declination 5, with the poles located at § = £90°.

Fig.2.1. An unusual op-
tical image of the Milky
Way. This total view of
the Galaxy is composed
of a large number of
individual images
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Fig.2.2. The Sun is at the origin of the Galactic coordinate
system. The directions to the Galactic center and to the North
Galactic Pole (NGP) are indicated and are located at £ = (°
and b = 0°, and at b = 90°, respectively

of the rotation axis of the Earth, the equatorial coor-
dinate system changes with time, and is updated from
time to time. The position of the Galactic center (at
£=0°=b)is o =17"45.6™, § = —28°56/2 in equato-
rial coordinates. This immediately implies that at the La
Silla Observatory, located at geographic latitude —29°,
the Galactic center is found near the zenith at local
midnight in May/June. Because of the high stellar den-
sity in the Galactic disk and the large extinction due
to dust this is therefore not a good season for extra-
galactic observations from La Silla. The North Galactic
Pole has coordinates angp = 192.85948° ~ 12h51™,
Sngp = 27.128 25° ~ 27°7!17.

Zone of Avoidance. As already mentioned, the absorp-
tion by dust and the presence of numerous bright stars
render optical observations of extragalactic sources in
the direction of the disk difficult. The best observing
conditions are found at large |b|, while it is very hard
to do extragalactic astronomy in the optical regime at
|b] < 10°; this region is therefore often called the “Zone
of Avoidance”. An illustrative example is the galaxy
Dwingeloo 1, which was already mentioned in Sect. 1.1
(see Fig. 1.6). This galaxy was only discovered in the
1990s despite being in our immediate vicinity: it is
located at low |b|, right in the Zone of Avoidance.

Cylindrical Galactic Coordinates (R, 6, z). The an-
gular coordinates introduced above are well suited to
describing the angular position of a source relative to the

Galactic disk. However, we will now introduce another
three-dimensional coordinate system for the descrip-
tion of the Milky Way geometry that will prove very
convenient in the study of the kinematic and dynamic
properties of the Milky Way. It is a cylindrical coor-
dinate system, with the Galactic center at the origin
(see also Fig.2.13). The radial coordinate R measures
the distance of an object from the Galactic center in
the disk, and z specifies the height above the disk (ob-
jects with negative z are thus located below the Galactic
disk, i.e., south of it). For instance, the Sun has a dis-
tance from the Galactic center of R &~ 8 kpc. The angle
6 specifies the angular separation of an object in the disk
relative to the position of the Sun, seen from the Gal-
actic center. The distance of an object with coordinates
R, 6, z from the Galactic center is then «/ R? 4 z2, inde-
pendent of 6. If the matter distribution in the Milky Way
were axially symmetric, the density would then depend
only on R and z, but not on 6. Since this assumption
is a good approximation, this coordinate system is very
well suited for the physical description of the Galaxy.

2.2 Determination of Distances
Within Our Galaxy

A central problem in astronomy is the estimation of dis-
tances. The position of sources on the sphere gives us
a two-dimensional picture. To obtain three-dimensional
information, measurements of distances are required.
Furthermore, we need to know the distance to a source
if we want to draw conclusions about its physical param-
eters. For example, we can directly observe the angular
diameter of an object, but to derive the physical size we
need to know its distance. Another example is the de-
termination of the luminosity L of a source, which can
be derived from the observed flux S only by means of
its distance D, using

L =458 D? 2.1

It is useful to consider the dimensions of the physical
parameters in this equation. The unit of the luminosity
is[L]=erg s~!, and that of the flux [S] = erg slem™2.
The flux is the energy passing through a unit area per
unit time (see Appendix A). Of course, the physical
properties of a source are characterized by the lumi-
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nosity L and not by the flux S, which depends on its
distance from the Sun.

In the following section we will review various meth-
ods for the estimation of distances in our Milky Way,
postponing the discussion of methods for estimating
extragalactic distances to Sect. 3.6.

2.21 Trigonometric Parallax

The most important method of distance determination
is the trigonometric parallax, and not only from a his-
torical point-of-view. This method is based on a purely
geometric effect and is therefore independent of any
physical assumptions. Due to the motion of the Earth
around the Sun the positions of nearby stars on the
sphere change relative to those of very distant sources
(e.g., extragalactic objects such as quasars). The latter
therefore define a fixed reference frame on the sphere
(see Fig.2.3). In the course of a year the apparent po-
sition of a nearby star follows an ellipse on the sphere,
the semimajor axis of which is called the parallax p.
The axis ratio of this ellipse depends on the direc-
tion of the star relative to the ecliptic (the plane that
is defined by the orbits of the planets) and is of no
further interest. The parallax depends on the radius r
of the Earth’s orbit, hence on the Earth—Sun distance
which is, by definition, one astronomical unit.? Further-
more, the parallax depends on the distance D of the
star,

i
—=tanp~p,
D p=p

2.2)
where we used p < 1 in the last step, and p is measured
in radians as usual. The trigonometric parallax is also
used to define the common unit of distance in astron-
omy: one parsec (pc) is the distance of a hypothetical
source for which the parallax is exactly p = 1”. With
the conversion of arcseconds to radians (1”7 ~ 4.848 x
10~® radians) one gets p/1” = 206265 p, which for
a parsec yields

1 pc = 206265 AU = 3.086 x 10'® cm (2.3)

2To be precise, the Earth’s orbit is an ellipse and one astronomical
unit is its semimajor axis, being 1 AU = 1.496 x 103 cm.
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Fig. 2.3. Illustration of the parallax effect: in the course of the
Earth’s orbit around the Sun the apparent positions of nearby
stars on the sky seem to change relative to those of very distant
background sources

The distance corresponding to a measured parallax is
then calculated as

-1
o= (2)
To determine the parallax p, precise measurements of
the position of an object at different times are needed,
spread over a year, allowing us to measure the ellipse
drawn on the sphere by the object’s apparent posi-
tion. For ground-based observation the accuracy of this
method is limited by the atmosphere. The seeing causes
a blurring of the images of astronomical sources and
thus limits the accuracy of position measurements. From
the ground this method is therefore limited to parallaxes
larger than ~ 0”701, implying that the trigonometric
parallax yields distances to stars only within ~ 30 pc.
An extension of this method towards smaller p, and
thus larger distances, became possible with the as-
trometric satellite HIPPARCOS. It operated between
November 1989 and March 1993 and measured the po-
sitions and trigonometric parallaxes of about 120 000
bright stars, with a precision of ~ 07001 for the brighter
targets. With HIPPARCOS the method of trigonomet-

2.4
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ric parallax could be extended to stars up to distances
of ~300pc. The satellite GAIA, the successor mis-
sion to HIPPARCOS, is scheduled to be launched in
2012. GAIA will compile a catalog of ~ 10° stars up
to V & 20 in four broad-band and eleven narrow-band
filters. It will measure parallaxes for these stars with
an accuracy of ~ 2 x 10~* arcsec, with the accuracy
for brighter stars even being considerably better. GAIA
will thus determine the distances for ~ 2 x 10% stars
with a precision of 10%, and tangential velocities (see
next section) with a precision of better than 3 km/s.

The trigonometric parallax method forms the basis
of nearly all distance determinations owing to its purely
geometrical nature. For example, using this method the
distances to nearby stars have been determined, allow-
ing the production of the Hertzsprung—Russell diagram
(see Appendix B.2). Hence, all distance measures that
are based on the properties of stars, such as will be
described below, are calibrated by the trigonometric
parallax.

2.2.2 Proper Motions

Stars are moving relative to us or, more precisely, rel-
ative to the Sun. To study the kinematics of the Milky
Way we need to be able to measure the velocities of
stars. The radial component v, of the velocity is easily
obtained from the Doppler shift of spectral lines,

(2.5)

<

S
I
o

where X¢ is the rest-frame wavelength of an atomic
transition and AX = Aqps — Ao the Doppler shift of the
wavelength due to the radial velocity of the source. The
sign of the radial velocity is defined such that v, > 0
corresponds to a motion away from us, i.e., to a redshift
of spectral lines.

In contrast, the determination of the other two veloc-
ity components is much more difficult. The tangential
component, v, of the velocity can be obtained from the
proper motion of an object. In addition to the motion
caused by the parallax, stars also change their posi-
tions on the sphere as a function of time because of
the transverse component of their velocity relative to
the Sun. The proper motion u is thus an angular veloc-
ity, e.g., measured in milliarcseconds per year (mas/yr).

This angular velocity is linked to the tangential velocity
component via

Ut D nw
vw=Du or =474 —
km/s Ipc 17 /yr

(2.6)

Therefore, one can calculate the tangential velocity from
the proper motion and the distance. If the latter is derived
from the trigonometric parallax, (2.6) and (2.4) can be
combined to yield

Ut [ P!
=4.74 - .
km/s <1”/yr) (1”)

HIPPARCOS measured proper motions for ~ 10° stars
with an accuracy of up to a few mas/yr; however, they
can be translated into physical velocities only if their
distance is known.

Of course, the proper motion has two components,
corresponding to the absolute value of the angular ve-
locity and its direction on the sphere. Together with v,
this determines the three-dimensional velocity vector.
Correcting for the known velocity of the Earth around
the Sun, one can then compute the velocity vector v
of the star relative to the Sun, called the heliocentric
velocity.

2.7)

2.2.3 Moving Cluster Parallax

The stars in an (open) star cluster all have a very similar
spatial velocity. This implies that their proper motion
vectors should be similar. To what extent the proper
motions are aligned depends on the angular extent of the
star cluster on the sphere. Like two railway tracks that
run parallel but do not appear parallel to us, the vectors
of proper motions in a star cluster also do not appear
parallel. They are directed towards a convergence point,
as depicted in Fig. 2.4. We shall demonstrate next how
to use this effect to determine the distance to a star
cluster.

We consider a star cluster and assume that all stars
have the same spatial velocity v. The position of the i-th

star as a function of time is then described by
ri(t)=r;+ut, (2.8)

where #; is the current position if we identify the origin
of time, t =0, with “today”. The direction of a star
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n
conv
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Fig. 2.4. The moving cluster parallax is a projection effect,
similar to that known from viewing railway tracks. The di-
rections of velocity vectors pointing away from us seem to
converge and intersect at the convergence point. The connect-
ing line from the observer to the convergence point is parallel
to the velocity vector of the star cluster

relative to us is described by the unit vector
ri ()
|ri (0]
From this, one infers that for large times, t — o0, the
direction vectors are identical for all stars in the cluster,

v
ni(t) —> — =!Rcony - (2.10)

[v]

Hence for large times all stars will appear at the same
point n.yyy: the convergence point. This only depends
on the direction of the velocity vector of the star cluster.
In other words, the direction vector of the stars is such
that they are all moving towards the convergence point.
Thus, neony (and hence v/|v]) can be measured from
the direction of the proper motions of the stars in the
cluster, and so can v/|v|. On the other hand, one compo-
nent of v can be determined from the (easily measured)
radial velocity v;. With these two observables the three-
dimensional velocity vector v is completely determined,
as is easily demonstrated: let ¥ be the angle between the
line-of-sight n towards a star in the cluster and v. The
angle v is directly read off from the direction vector n
and the convergence point, cos ¥ =n-v/|v| = RBcopy - R.
With v = |v| one then obtains

ni(f) == 2.9)

vy=vcosy, v =vsiny,
and so
vy = v tan s . 2.11)

This means that the tangential velocity v, can be mea-
sured without determining the distance to the stars in
the cluster. On the other hand, (2.6) defines a relation
between the proper motion, the distance, and v;. Hence,
adistance determination for the star is now possible with
v uetanyr
D D
This method yields accurate distance estimates of star
clusters within ~ 200 pc. The accuracy depends on the
measurability of the proper motions. Furthermore, the
cluster should cover a sufficiently large area on the sky
for the convergence point to be well defined. For the
distance estimate, one can then take the average over
a large number of stars in the cluster if one assumes that
the spatial extent of the cluster is much smaller than its
distance to us. Targets for applying this method are the
Hyades, a cluster of about 200 stars at a mean distance
of D = 45 pc, the Ursa-Major group of about 60 stars
at D = 24 pc, and the Pleiades with about 600 stars at
D ~ 130 pc.

Historically the distance determination to the
Hyades, using the moving cluster parallax, was ex-
tremely important because it defined the scale to all
other, larger distances. Its constituent stars of known
distance are used to construct a calibrated Hertzsprung—
Russell diagram which forms the basis for determining
the distance to other star clusters, as will be discussed in
Sect. 2.2.4. In other words, it is the lowest rung of the so-
called distance ladder that we will discuss in Sect. 3.6.
With HIPPARCOS, however, the distance to the Hyades
stars could also be measured using the trigonometric
parallax, yielding more accurate values. HIPPARCOS
was even able to differentiate the “near” from the “far”
side of the cluster — this star cluster is too close for the
assumption of an approximately equal distance of all
its stars to be still valid. A recent value for the mean
distance of the Hyades is

Dhiyades = 46.3+0.3 pc .

vy tan

(2.12)

(2.13)

2.2.4 Photometric Distance;
Extinction and Reddening

Most stars in the color—magnitude diagram are located
along the main sequence. This enables us to com-
pile a calibrated main sequence of those stars whose
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trigonometric parallaxes are measured, thus with known
distances. Utilizing photometric methods, it is then pos-
sible to derive the distance to a star cluster, as we will
demonstrate in the following.

The stars of a star cluster define their own main
sequence (color-magnitude diagrams for some star
clusters are displayed in Fig.2.5); since they are all
located at the same distance, their main sequence is al-
ready defined in a color—-magnitude diagram in which
only apparent magnitudes are plotted. This cluster
main sequence can then be fitted to a calibrated main
sequence’ by a suitable choice of the distance, i.e., by
adjusting the distance modulus m — M,

m—M =5log(D/pc)—5,

where m and M denote the apparent and absolute
magnitude, respectively.

In reality this method cannot be applied so easily
since the position of a star on the main sequence does
not only depend on its mass but also on its age and
metallicity. Furthermore, only stars of luminosity class
V (i.e., dwarf stars) define the main sequence, but with-
out spectroscopic data it is not possible to determine the
luminosity class.

Extinction and Reddening. Another major problem is
extinction. Absorption and scattering of light by dust af-
fect the relation of absolute to apparent magnitude: for
a given M, the apparent magnitude m becomes larger
(fainter) in the case of absorption, making the source
appear dimmer. Also, since extinction depends on wave-
length, the spectrum of the source is modified and the
observed color of the star changes. Because extinction
by dust is always associated with such a change in color,
one can estimate the absorption — provided one has suf-
ficient information on the intrinsic color of a source or
of an ensemble of sources. We will now demonstrate
how this method can be used to estimate the distance to
a star cluster.

We consider the equation of radiative transfer for
pure absorption or scattering (see Appendix A),

dr,

- (2.14)

= -1,

3i.e., to the main sequence in a color—magnitude diagram in which
absolute magnitudes are plotted
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Fig. 2.5. Color-magnitude diagram (CMD) for different star
clusters. Such a diagram can be used for the distance deter-
mination of star clusters because the absolute magnitudes of
main-sequence stars are known (by calibration with nearby
clusters, especially the Hyades). One can thus determine the
distance modulus by vertically “shifting” the main sequence.
Also, the age of a star cluster can be estimated from a CMD:
luminous main-sequence stars have a shorter lifetime on the
main sequence than less luminous ones. The turn-off point in
the stellar sequence away from the main sequence therefore
corresponds to that stellar mass for which the lifetime on the
main sequence equals the age of the star cluster. Accordingly,
the age is specified on the right axis as a function of the posi-
tion of the turn-off point; the Sun will leave the main sequence
after about 10 x 10° years

16 20

where I, denotes the specific intensity at frequency v,
the absorption coefficient, and s the distance coordinate
along the light beam. The absorption coefficient has the
dimension of an inverse length. Equation (2.14) says
that the amount by which the intensity of a light beam
is diminished on a path of length ds is proportional to
the original intensity and to the path length ds. The
absorption coefficient is thus defined as the constant of
proportionality. In other words, on the distance interval
ds, a fraction «, ds of all photons at frequency v is
absorbed or scattered out of the beam. The solution of
the transport equation (2.14) is obtained by writing it
in the form dIn/, =dI,/I, = —«, ds and integrating
from O to s,
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s

Inl,(s)—In1,(0) = — f ds’ 1, (s) = —71,(5) ,
0
where in the last step we defined the optical depth, 1,
which depends on frequency. This yields

I,(s) = 1,(0) e ™® (2.15)

The specific intensity is thus reduced by a factor e™*
compared to the case of no absorption taking place.
Accordingly, for the flux we obtain

S, = S,(0)e ™

(2.16)

where S, is the flux measured by the observer at a dis-
tance s from the source, and S, (0) is the flux of the
source without absorption. Because of the relation be-
tween flux and magnitude m = —2.5 log § 4 const, or
S o 10794 one has

i — 10—0.4(m—m()) —e ™ — lo—log(e)rv ,

Sv.O
or

A, :=m—my=—2.51og(S,/Sv,0)
= 2.5 log(e) t, = 1.0867, . 2.17)

Here, A, is the extinction coefficient describing the
change of apparent magnitude m compared to that with-
out absorption, mg. Since the absorption coefficient «,
depends on frequency, absorption is always linked to
a change in color. This is described by the color excess
which is defined as follows:

E(X-Y):=Ax—Ay=(X—-Xo)— (¥ —Yp)
=(X—Y)—(X=Y). (2.18)

The color excess describes the change of the color index
(X —Y), measured in two filters X and Y that define the
corresponding spectral windows by their transmission
curves. The ratio Ay /Ay = t,(x)/Tu(y) depends only on
the optical properties of the dust or, more specifically,
on the ratio of the absorption coefficients in the two
frequency bands X and Y considered here. Thus, the
color excess is proportional to the extinction coefficient,

Ay
E(XX—Y)=Ax—Ay=Ay(1-2X
Ax

= Ay Ry’ :

(2.19)

where in the last step we introduced the factor of pro-
portionality Ry between the extinction coefficient and
the color excess, which depends only on the properties
of the dust and the choice of the filters. Usually, one
uses a blue and a visual filter (see Appendix A.4.2 for

a description of the filters commonly used) and writes
Ay =Ry EB-V). (2.20)

For example, for dust in our Milky Way we have the
characteristic relation

Ay=B.1x0.1)EB-V) (2.21)

This relation is not a universal law, but the factor of pro-
portionality depends on the properties of the dust. They
are determined, e.g., by the chemical composition and
the size distribution of the dust grains. Fig. 2.6 shows the
wavelength dependence of the extinction coefficient for
different kinds of dust, corresponding to different val-
ues of Ry. In the optical part of the spectrum we have

Fig. 2.6. Wavelength dependence of the extinction coefficient
A,, normalized to the extinction coefficient A; at A = 9000 A.
Different kinds of clouds, characterized by the value of Ry,
i.e., by the reddening law, are shown. On the x-axis we
have plotted the inverse wavelength, so that the frequency
increases to the right. The solid line specifies the mean Galac-
tic extinction curve. The extinction coefficient, as determined
from the observation of an individual star, is also shown;
clearly the observed law deviates from the model in some
details. The figure insert shows a detailed plot at relatively
large wavelengths in the NIR range of the spectrum; at these
wavelengths the extinction depends only weakly on the value
of R 4
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B, VI

Fig.2.7. These images of the molecular cloud Barnard 68
show the effects of extinction and reddening: the left im-
age is a composite of exposures in the filters B, V, and L
At the center of the cloud essentially all the light from the
background stars is absorbed. Near the edge it is dimmed

approximately t, o v, i.e., blue light is absorbed (or
scattered) more strongly than red light. The extinction
therefore always causes a reddening.*

In the Solar neighborhood the extinction coefficient
for sources in the disk is about

Ay =~ lmag (2.22)

lkpc’
but this relation is at best a rough approximation, since
the absorption coefficient can show strong local devi-
ations from this law, for instance in the direction of
molecular clouds (see, e.g., Fig. 2.7).

Color—color diagram. We now return to the distance
determination for a star cluster. As a first step in this
measurement, it is necessary to determine the degree
of extinction, which can only be done by analyzing
the reddening. The stars of the cluster are plotted in
a color—color diagram, for example by plotting the col-
ors (U — B) and (B — V) on the two axes (see Fig. 2.8).
A color—color diagram also shows a main sequence
along which the majority of the stars are aligned. The
wavelength—dependent extinction causes a reddening in
both colors. This shifts the positions of the stars in the

4With what we have just learned we can readily answer the question
of why the sky is blue and the setting Sun red.

B, ILK
and visibly shifted to the red. In the right-hand image ob-
servations in the filters B, I, and K have been combined
(red is assigned here to the near-infrared K-band filter); we
can clearly see that the cloud is more transparent at longer
wavelengths

diagram. The direction of the reddening vector depends
only on the properties of the dust and is here assumed
to be known, whereas the amplitude of the shift de-
pends on the extinction coefficient. In a similar way to
the CMD, this amplitude can now be determined if one
has access to a calibrated, unreddened main sequence
for the color—color diagram which can be obtained from
the examination of nearby stars. From the relative shift
of the main sequence in the two diagrams one can then
derive the reddening and thus the extinction. The essen-
tial point here is the fact that the color—color diagram is
independent of the distance.

This then defines the procedure for the distance deter-
mination of a star cluster using photometry: in the first
step we determine the reddening E(B — V), and thus
with (2.21) also Ay, by shifting the main sequence in
a color—color diagram along the reddening vector until it
matches a calibrated main sequence. In the second step
the distance modulus is then determined by vertically
(i.e., in the direction of M) shifting the main sequence
in the color-magnitude diagram until it matches a cal-
ibrated main sequence. From this, the distance is then
obtained according to

m—M =5log(D/1pc)—5+ A (2.23)
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Fig. 2.8. Color—color diagram for main-sequence stars. Spec-
tral types and absolute magnitudes are specified. Black bodies
(T/10% K) would be located along the upper line. Interstellar
reddening shifts the measured stellar locations parallel to the
reddening vector indicated by the arrow
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2.2.5 Spectroscopic Distance

From the spectrum of a star, the spectral type as well
as the luminosity class can be determined. The former
is determined from the strength of various absorption
lines in the spectrum, while the latter is obtained from
the width of the lines. From the line width the surface
gravity of the star can be derived, and from that its ra-
dius (more precisely, M/R?). From the spectral type and
the luminosity class the position of the star in the HRD
follows unambiguously. By means of stellar evolution
models, the absolute magnitude My can then be de-
termined. Furthermore, the comparison of the observed
color with that expected from theory yields the color ex-
cess E(B—V), and from that we obtain Ay. With this
information we are then able to determine the distance
using

V—-Ay—My=5log(D/pc)—5 (2.24)
2.2.6 Distances of Visual Binary Stars
Kepler’s third law for a two-body problem,
4 2
= LS (2.25)
G(my+my)

specifies the relation between the orbital period P of
a binary star, the masses m; of the two components,
and the semimajor axis a of the ellipse. The latter is
defined by the distance vector between the two stars
in the course of one period. This law can be used to
determine the distance to a visual binary star. For such
a system, the period P and the angular diameter 26
of the orbit are direct observables. If one additionally
knows the mass of the two stars, for instance from their
spectral classification, a can be determined according to
(2.25), and from this the distance follows with D = a/6.

2.2.7 Distances of Pulsating Stars

Several types of pulsating stars show periodic changes in
their brightnesses, where the period of a star is related
to its mass, and thus to its luminosity. This period—
luminosity (PL) relation is ideally suited for distance
measurements: since the determination of the period is
independent of distance, one can obtain the luminosity
directly from the period. The distance is thus directly de-
rived from the measured magnitude using (2.24), if the
extinction can be determined from color measurements.

The existence of a relation between the luminosity
and the pulsation period can be expected from simple
physical considerations. Pulsations are essentially ra-
dial density waves inside a star that propagate with the
speed of sound, c;. Thus, one can expect that the pe-
riod is comparable to the sound crossing time through
the star, P ~ R/cs. The speed of sound ¢ in a gas is of
the same order of magnitude as the thermal velocity of
the gas particles, so that kg7 ~ mpcf, where m, is the
proton mass (and thus a characteristic mass of particles
in the stellar plasma) and kg is Boltzmann’s constant.
According to the virial theorem, one expects that the
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gravitational binding energy of the star is about twice
the kinetic (i.e., thermal) energy, so that for a proton

Combining these relations, for the pulsation period we
obtain

R Rym, R¥?

¢ kT JGM

where p is the mean density of the star. This is a remark-
able result — the pulsation period depends only on the
mean density. Furthermore, the stellar luminosity is re-
lated to its mass by approximately L o< M. If we now
consider stars of equal effective temperature T (Where
L o< R?T%,), we find that

R3/2
P x —

xp 12,

(2.26)

o L2 (2.27)
which is the relation between period and luminosity that
we were aiming for.

One finds that a well-defined period—luminosity
relation exists for three types of pulsating stars:

® § Cepheid stars (classical Cepheids). These are young
stars found in the disk population (close to the Gal-
actic plane) and in young star clusters. Owing to
their position in or near the disk, extinction always
plays a role in the determination of their lumi-
nosity. To minimize the effect of extinction it is
particularly useful to look at the period—luminosity
relation in the near-IR (e.g., in the K-band at
A ~ 2.4 um). Furthermore, the scatter around the
period—luminosity relation is smaller for longer
wavelengths of the applied filter, as is also shown
in Fig.2.9. The period-luminosity relation is also
steeper for longer wavelengths, resulting in a more
accurate determination of the absolute magnitude.

® W Virginis stars, also called Population II Cepheids
(we will explain the term of stellar populations in
Sect.2.3.2). These are low-mass, metal-poor stars
located in the halo of the Galaxy, in globular clusters,
and near the Galactic center.

® RR Lyrae stars. These are likewise Population II stars
and thus metal-poor. They are found in the halo, in
globular clusters, and in the Galactic bulge. Their ab-
solute magnitudes are confined to a narrow interval,
My € (0.5, 1.0], with a mean value of about 0.6. This

obviously makes them very good distance indicators.
More precise predictions of their magnitudes are pos-
sible with the following dependence on metallicity
and period:

(Mg) = — (2.0£0.3) log(P/1d)

+(0.06 2 0.04)[Fe/H] — 0.7 0.1 .
(2.28)

Metallicity. In the last equation, the metallicity of a star
was introduced, which needs to be defined. In astro-
physics, all chemical elements heavier than helium are
called metals. These elements, with the exception of
some traces of lithium, were not produced in the early
Universe but rather later in the interior of stars. The
metallicity is thus also a measure of the chemical evolu-
tion and enrichment of matter in a star or gas cloud. For
an element X, the metallicity index of a star is defined as

(MO0 o (0
[X/H]:k’g(n(H))* 1°g<n(H))@ ’

thus it is the logarithm of the ratio of the fraction of X
relative to hydrogen in the star and in the Sun, where
n is the number density of the species considered. For
example, [Fe/H] = —1 means that iron has only a tenth
of its Solar abundance. The metallicity Z is the total
mass fraction of all elements heavier than helium; the
Sun has Z ~ 0.02, meaning that about 98% of the Solar
mass are contributed by hydrogen and helium.

The period—luminosity relations are not only of sig-
nificant importance for distance determination within
our Galaxy. They also play an important role in ex-
tragalactic astronomy, since by far the most luminous
of the three types of pulsating stars listed above, the
Cepheids, are also found and observed in other gal-
axies; they therefore enable us to directly determine
the distances of other galaxies, which is essential for
measuring the Hubble constant. These aspects will be
discussed in detail in Sect. 3.6.

(2.29)

2.3 The Structure of the Galaxy

Roughly speaking, the Galaxy consists of the disk, the
central bulge, and the Galactic halo —aroughly spherical
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distribution of stars and globular clusters that surrounds
the disk. The disk, whose stars form the visible band
of the Milky Way, contains spiral arms similar to those
observed in other galaxies. The Sun, together with its
planets, orbits around the Galactic center on an approx-
imately circular orbit. The distance Ry to the Galactic
center is not very well known, as we will discuss later.
To have a reference value, the International Astronom-

2.0

ical Union (IAU) officially defined the value of Ry in
1985,

official value, IAU 1985 .

Ro = 8.5 kpe (2.30)

More recent examinations have, however, found that
the real value is slightly smaller, Ry = 8.0 kpc. The di-
ameter of the disk of stars, gas, and dust is ~ 40 kpc.
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A schematic depiction of our Galaxy is shown in
Fig. 1.3. Its most important structural parameters are
listed in Table 2.1.

2.3.1 The Galactic Disk: Distribution of Stars

By measuring the distances of stars in the Solar neigh-
borhood one can determine the three-dimensional stellar
distribution. From these investigations, one finds that
there are different stellar components, as we will discuss
below. For each of them, the number density in the direc-
tion perpendicular to the Galactic disk is approximately
described by an exponential law,

n(z) «exp (—i—') ,

where the scale-height h specifies the thickness of the
respective component. One finds that / varies between
different populations of stars, motivating the definition
of different components of the Galactic disk. In princi-
ple, three components need to be distinguished: (1) The
young thin disk contains the largest fraction of gas and
dust in the Galaxy, and in this region star formation is
still taking place today. The youngest stars are found in
the young thin disk, which has a scale-height of about
hya ~ 100 pe. (2) The old thin disk is thicker and has
a scale-height of about hqg ~ 325 pc. (3) The thick disk
has a scale-height of Apick ~ 1.5 kpc. The thick disk
contributes only about 2% to the total mass density in the
Galactic plane at z = 0. This separation into three disk
components is rather coarse and can be further refined
if one uses a finer classification of stellar populations.

(2.31)

Table 2.1. Parameters and characteristic values for the compo-
nents of the Milky Way. The scale-height denotes the distance
from the Galactic plane at which the density has decreased

Molecular gas, out of which new stars are born, has
the smallest scale-height, /1, ~ 65 pc, followed by the
atomic gas. This can be clearly seen by comparing
the distributions of atomic and molecular hydrogen in
Fig. 1.5. The younger a stellar population is, the smaller
its scale-height. Another characterization of the differ-
ent stellar populations can be made with respect to the
velocity dispersion of the stars, i.e., the amplitude of
the components of their random motions. As a first
approximation, the stars in the disk move around the
Galactic center on circular orbits. However, these orbits
are not perfectly circular: besides the orbital velocity
(which is about 220 km/s in the Solar vicinity), they
have additional random velocity components.

The formal definition of the components of the veloc-
ity dispersion is as follows: let f(v)d*v be the number
density of stars (of a given population) at a fixed loca-
tion, with velocities in a volume element d>v around v
in the vector space of velocities. If we use Cartesian co-
ordinates, for example v = (vy, vz, v3), then f(v)d3v is
the number of stars with the i-th velocity component
in the interval [v;, v; +dv;], and dv= dvidvodvs. The
mean velocity (v) of the population then follows from
this distribution via

(v) =n*1/d3vf(v)v, where n=/d3v f(v)

R3 R3
(2.32)

denotes the total number density of stars in the pop-
ulation. The velocity dispersion o then describes the
mean squared deviations of the velocities from (v). For

to 1/e of its central value. o is the velocity dispersion in the
direction perpendicular to the disk

Neutral Thin Thick Stellar Dm
gas disk disk bulge halo halo

M (10'°M¢) 0.5 6 0.2 to 0.4 1 0.1 55
Lg (10'0L) = 1.8 0.02 0.3 0.1 0
M/Lg Mo/Lo) = 3 - 3 ~1 =
diam. (kpc) 50 50 50 2 100 > 200
form eha/z ehz/z ehz/z bar? T @@ +r3)~!
scale-height (kpc) 0.13 0.325 1.5 0.4 3 2.8
o, (kms™1) 7 20 40 120 100 -
[Fe/H] >0.1 —0.5t0 +0.3 —1.6to —0.4 —1to+1 —4.5t0 —0.5 -
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a component i of the velocity vector, the dispersion o;
is defined as

o = (v — (ui)?) = (v} — (v)?)
=pn! /dSU f(v) ( ,-2_(Ui>2) .

R3

(2.33)

The larger o; is, the broader the distribution of the
stochastic motions. We note that the same concept ap-
plies to the velocity distribution of molecules in a gas.
The mean velocity (v) at each point defines the bulk
velocity of the gas, e.g., the wind speed in the atmo-
sphere, whereas the velocity dispersion is caused by
thermal motion of the molecules and is determined by
the temperature of the gas.

The random motion of the stars in the direction
perpendicular to the disk is the reason for the finite
thickness of the population; it is similar to a thermal
distribution. Accordingly, it has the effect of a pressure,
the so-called dynamical pressure of the distribution.
This pressure determines the scale-height of the dis-
tribution, which corresponds to the law of atmospheres.
The larger the dynamical pressure, i.e., the larger the
velocity dispersion o, perpendicular to the disk, the
larger the scale-height /# will be. The analysis of stars
in the Solar neighborhood yields o, ~ 16 km/s for stars
younger than ~ 3 Gyr, corresponding to a scale-height
of h ~ 250 pc, whereas stars older than ~ 6 Gyr have
a scale-height of ~ 350 pc and a velocity dispersion of
o, ~25km/s.

The density distribution of the total star population,
obtained from counts and distance determinations of
stars, is to a good approximation described by

n(R, 2) = no (e*\ZI/hmm +0_026*|Z‘/hthick) e R/Mr :

(2.34)

here, R and z are the cylinder coordinates introduced
above (see Sect.2.1), with the origin at the Galactic
center, and hpin & hog & 325 pe is the scale-height of
the thin disk. The distribution in the radial direction can
also be well described by an exponential law, where
hg ~ 3.5kpc denotes the scale-length of the Galactic
disk. The normalization of the distribution is determined
by the density n & 0.2 stars/pc’ in the Solar neighbor-
hood, for stars in the range of absolute magnitudes of
4.5 < My <9.5. The distribution described by (2.34) is

not smooth at z = 0; it has a kink at this point and it is
therefore unphysical. To get a smooth distribution which
follows the exponential law for large z and is smooth in
the plane of the disk, the distribution is slightly modi-
fied. As an example, for the luminosity density of the
old thin disk (that is proportional to the number density
of the stars), we can write:

Loe_R/hR

LR )=
(R = s /h)

(2.35)

with h, = 2hgi, and Lo~ 0.05Lg/pc’. The Sun is
a member of the young thin disk and is located above
the plane of the disk, at z =30 pc.

The Galactic Disk:
Chemical Composition and Age

2.3.2

Stellar Populations. The chemical composition of stars
in the thin and the thick disks differs: we observe the
clear tendency that stars in the thin disk have a higher
metallicity than those in the thick disk. In contrast, the
metallicity of stars in the Galactic halo and in the bulge
is smaller. To paraphrase these trends, one distinguishes
between stars of Population I (Pop I) which have a Solar-
like metallicity (Z ~ 0.02) and are mainly located in
the thin disk, and stars of Population II (Pop II) that
are metal-poor (Z ~ 0.001) and predominantly found
in the thick disk, in the halo, and in the bulge. In reality,
stars cover a wide range in Z, and the figures above
are only characteristic values. For stellar populations
a somewhat finer separation was also introduced, such
as “extreme Population I, “intermediate Population I1”,
and so on. The populations also differ in age (stars of
Pop I are younger than those of Pop II), in scale-height
(as mentioned above), and in the velocity dispersion
perpendicular to the disk (o, is larger for Pop II stars
than for Pop I stars).

We shall now attempt to understand the origin of
these different metallicities and their relation to the
scale-height and to age. We start with a brief discus-
sion of the phenomenon that is the main reason for the
metal enrichment of the interstellar medium.

Metallicity and Supernovae. Supernovae (SNe) are
explosive events. Within a few days, a SN can reach
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a luminosity of 10° L, which is a considerable fraction
of the total luminosity of a galaxy; after that the lumi-
nosity decreases again with a time-scale of weeks. In the
explosion, a star is disrupted and (most of) the matter of
the star is driven into the interstellar medium, enriching
it with metals that were produced in the course of stellar
evolution or in the process of the supernova explosion.

Classification of Supernovae. Depending on their
spectral properties, SNe are divided into several classes.
SNe of Type I do not show any Balmer lines of hydro-
gen in their spectrum, in contrast to those of Type II.
A further subdivision of Type I SNe is based on spec-
tral properties: SNe Ia show strong emission of Sill A
6150 A whereas no Sill at all is visible in spectra of
Type Ib,c. Our current understanding of the supernova
phenomenon differs from this spectral classification.’
Following various observational results and also the-
oretical analyses, we are confident today that SNe Ia
are a phenomenon which is intrinsically different from
the other supernova types. For this interpretation, it is
of particular importance that SNe Ia are found in all
types of galaxies, whereas we observe SNe II and SNe
Ib,c only in spiral and irregular galaxies, and here only
in those regions in which blue stars predominate. As
we will see in Chap. 3, the stellar population in ellip-
tical galaxies consists almost exclusively of old stars,
while spirals also contain young stars. From this ob-
servational fact it is concluded that the phenomenon of
SNe II and SNe Ib,c is linked to a young stellar popula-
tion, whereas SNe Ia occur in older stellar populations.
We shall discuss the two classes of supernovae next.

Core-Collapse Supernovae. SNe II and SNe Ib,c are
the final stages in the evolution of massive (Z 8My)
stars. Inside these stars, ever heavier elements are gener-
ated by fusion: once all the hydrogen is used up, helium
will be burned, then carbon, oxygen, etc. This chain
comes to an end when the iron nucleus is reached, the
atomic nucleus with the highest binding energy per nu-

5This notation scheme (Type Ia, Type II, and so on) is characteristic for
phenomena that one wishes to classify upon discovery, but for which
no physical interpretation is available at that time. Other examples are
the spectral classes of stars, which are not named in alphabetical order
according to their mass on the main sequence, or the division of Seyfert
galaxies into Type 1 and Type 2. Once such a notation is established,
it often becomes permanent even if a later physical understanding of
the phenomenon suggests a more meaningful classification.

cleon. After this no more energy can be gained from
fusion to heavier elements so that the pressure, which
is normally balancing the gravitational force in the star,
can no longer be maintained. The star will thus collapse
under its own gravity. This gravitational collapse will
proceed until the innermost region reaches a density
about three times the density of an atomic nucleus. At
this point the so-called rebounce occurs: a shock wave
runs towards the surface, thereby heating the infalling
material, and the star explodes. In the center, a compact
object probably remains — a neutron star or, possibly,
depending on the mass of the iron core, a black hole.
Such neutron stars are visible as pulsars® at the location
of some historically observed SNe, the most famous of
which is the Crab pulsar which has been identified with
a supernovae explosion seen by Chinese astronomers in
1054. Presumably all neutron stars have been formed in
such core-collapse supernovae.

The major fraction of the binding energy released
in the formation of the compact object is emitted in
the form of neutrinos: about 3 x 10°? erg. Underground
neutrino detectors were able to trace about 10 neutrinos
originating from SN 1987A in the Large Magellanic
Cloud. Due to the high density inside the star after
the collapse, even neutrinos, despite their very small
cross-section, are absorbed and scattered, so that part
of their outward-directed momentum contributes to the
explosion of the stellar envelope. This shell expands at
v ~ 10 000 km/s, corresponding to a kinetic energy of
Eyin ~ 10°! erg. Of this, only about 10* erg is converted
into photons in the hot envelope and then emitted — the
energy of a SN that is visible in photons is thus only
a small fraction of the total energy produced.

Owing to the various stages of nuclear fusion in the
progenitor star, the chemical elements are arranged in
shells: the light elements (H, He) in the outer shells, and
the heavier elements (C, O, Ne, Mg, Si, Ar, Ca, Fe, Ni) in
the inner ones — see Fig. 2.10. The explosion ejects them
into the interstellar medium which is thus chemically
enriched. It is important to note that mainly nuclei with
an even number of protons and neutrons are formed.
This is a consequence of the nuclear reaction chains
©Pulsars are sources which show a very regular periodic radiation,
most often seen at radio frequencies. Their periods lie in the range
from ~ 1073 s (millisecond pulsars) to ~ 5s. Their pulse period is
identified as the rotational period of the neutron star — an object with

about one Solar mass and a radius of ~ 10 km. The matter density in
neutron stars is about the same as that in atomic nuclei.
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involved, where successive nuclei in this chain are ob-
tained by adding an a-particle (or “He-nucleus), i.e.,
two protons and two neutrons. Such elements are there-
fore called «-elements. The dominance of w-elements
in the chemical abundance of the interstellar medium
is thus a clear indication of nuclear fusion occurring in
the He-rich zones of stars where the hydrogen has been
burnt.

Supernovae Type Ia. SNe Ia are most likely the ex-
plosions of white dwarfs (WDs). These compact stars
which form the final evolutionary stages of less mas-
sive stars no longer maintain their internal pressure by
nuclear fusion. Rather, they are stabilized by the degen-
eracy pressure of the electrons — a quantum mechanical
phenomenon. Such a white dwarf can only be stable
if its mass does not exceed a limiting mass, the Chan-
drasekhar mass; it has a value of Mcy, ~ 1.44M,. For
M > Mcy, the degeneracy pressure can no longer bal-
ance the gravitational force. If matter falls onto a WD
with mass below Mcy, as may happen by accretion
in close binary systems, its mass will slowly increase
and approach the limiting mass. At about M =~ 1.3M,,
carbon burning will ignite in its interior, transforming
about half of the star into iron-group elements, i.e.,
iron, cobalt, and nickel. The resulting explosion of the
star will enrich the ISM with ~ 0.6 M of Fe, while
the WD itself will be torn apart completely, leaving no
remnant star.

Since the initial conditions are probably very homo-
geneous for the class of SNe Ia (defined by the limiting
mass prior to the trigger of the explosion), they are good
candidates for standard candles: all SNe la have approx-
imately the same luminosity. As we will discuss later
(see Sect. 8.3.1), this is not really the case, but neverthe-
less SNe Ia play an important role in the cosmological

Fig. 2.10. Chemical shell structure of a mas-
sive star at the end of its life. The elements
that have been formed in the various stages
of the nuclear burning are ordered in a struc-
ture resembling that of an onion. This is the
initial condition for a supernova explosion

25 M/M,,

distance determination, and thus in the determination of
cosmological parameters.

This interpretation of the different types of SNe ex-
plains why one finds core-collapse SNe only in galaxies
in which star formation occurs. They are the final stages
of massive, i.e., young, stars which have a lifetime of
not more than 2 x 107 yr. By contrast, SNe Ia can occur
in all types of galaxies.

In addition to SNe, metal enrichment of the interstel-
lar medium (ISM) also takes place in other stages of
stellar evolution, by stellar winds or during phases in
which stars eject part of their envelope which is then
visible, e.g., as a planetary nebula. If the matter in the
star has been mixed by convection prior to such a phase,
so that the metals newly formed by nuclear fusion in the
interior have been transported towards the surface of the
star, these metals will then be released into the ISM.

Age-Metallicity Relation. Assuming that at the begin-
ning of its evolution the Milky Way had a chemical
composition with only low metal content, the metal-
licity should be strongly related to the age of a stellar
population. With each new generation of stars, more
metals are produced and ejected into the ISM, partially
by stellar winds, but mainly by SN explosions. Stars that
are formed later should therefore have a higher metal
content than those that were formed in the early phase
of the Galaxy. One would therefore expect that a re-
lation should exists between the age of a star and its
metallicity.

For instance, under this assumption [Fe/H] can be
used as an age indicator for a stellar population, with the
iron predominantly being produced and ejected in SNe
of type la. Therefore, newly formed stars have a higher
fraction of iron when they are born than their prede-
cessors, and the youngest stars should have the highest
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iron abundance. Indeed one finds [Fe/H] = —4.5 for
extremely old stars (i.e., 3 X 1073 of the Solar iron abun-
dance), whereas very young stars have [Fe/H] =1, so
their metallicity can significantly exceed that of the Sun.

However, this age-metallicity relation is not very
tight. On the one hand, SNe Ia occur only > 10° years
after the formation of a stellar population. The exact
time-span is not known because even if one accepts the
scenario for SN Ia described above, it is unclear in what
form and in what systems the accretion of material onto
the white dwarf takes place and how long it typically
takes until the limiting mass is reached. On the other
hand, the mixing of the SN ejecta in the ISM occurs only
locally, so that large inhomogeneities of the [Fe/H] ra-
tio may be present in the ISM, and thus even for stars
of the same age. An alternative measure for metallic-
ity is [O/H], because oxygen, which is an «-element,
is produced and ejected mainly in supernova explo-
sions of massive stars. These begin only ~ 107 yr after
the formation of a stellar population, which is virtually
instantaneous.

Characteristic values for the metallicity are —0.5
< [Fe/H] < 0.3 in the thin disk, while for the thick disk
—1.0 < [Fe/H] < —0.4 is typical. From this, one can
deduce that stars in the thin disk must be significantly
younger on average than those in the thick disk. This
result can now be interpreted using the age—metallicity
relation. Either star formation has started earlier, or
ceased earlier, in the thick disk than in the thin disk,
or stars that originally belonged to the thin disk have
migrated into the thick disk. The second alternative is
favored for various reasons. It would be hard to under-
stand why molecular gas, out of which stars are formed,
was much more broadly distributed in earlier times than
it is today, where we find it well concentrated near the
Galactic plane. In addition, the widening of an initially
narrow stellar distribution in time is also expected. The
matter distribution in the disk is not homogeneous and,
along their orbits around the Galactic center, stars expe-
rience this inhomogeneous gravitational field caused by
other stars, spiral arms, and massive molecular clouds.
Stellar orbits are perturbed by such fluctuations, i.e.,
they gain a random velocity component perpendicular
to the disk from local inhomogeneities of the gravita-
tional field. In other words, the velocity dispersion o, of
a stellar population grows in time, and the scale-height
of a population increases. In contrast to stars, the gas

keeps its narrow distribution around the Galactic plane
due to internal friction.

This interpretation is, however, not unambiguous.
Another scenario for the formation of the thick disk
is also possible, where the stars of the thick disk were
formed outside the Milky Way and only became con-
stituents of the disk later, through accretion of satellite
galaxies. This model is supported, among other reasons,
by the fact that the rotational velocity of the thick disk
around the Galactic center is smaller by ~ 50 km/s than
that of the thin disk. In other spirals, in which a thick
disk component was found and kinematically analyzed,
the discrepancy between the rotation curves of the thick
and thin disks is sometimes even stronger. In one case,
the thick disk has been observed to rotate around the
center of the galaxy in the opposite direction to the gas
disk. In such a case, the aforementioned model of the
evolution of the thick disk by kinematic heating of stars
would definitely not apply.

Mass-to-Light Ratio. The total stellar mass of the thin
disk is ~ 6 x 10'°M, to which ~ 0.5 x 10'° M, in the
form of dust and gas has to be added. The luminosity of
the stars in the thin disk is Lz ~ 1.8 x 10'°L . Together,
this yields a mass-to-light ratio of

in thin disk (2.36)

The M/L ratio in the thick disk is higher. For this com-
ponent, one has M ~ 3 x 10°Mg and Ly ~2 x 103L,
so that M/Lg ~ 15 in Solar units. The thick disk thus
does not play any significant role for the total mass
budget of the Galactic disk, and even less for its total
luminosity. On the other hand, the thick disk is invalu-
able for the diagnosis of the dynamical evolution of the
disk. If the Milky Way were to be observed from the
outside, one would find a M/L value for the disk of
about 4 in Solar units; this is a characteristic value for
spiral galaxies.

2.3.3 The Galactic Disk: Dust and Gas

The spiral structure of the Milky Way and other spiral
galaxies is delineated by very young objects like O- and
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B-stars and HiI regions.” This is the reason why spi-
ral arms appear blue. Obviously, star formation in our
Milky Way takes place mainly in the spiral arms. Here,
the molecular clouds — gas clouds which are sufficiently
dense and cool for molecules to form in large abun-
dance — contract under their own gravity and form new
stars. The spiral arms are much less prominent in red
light. Emission in the red is dominated by an older stel-
lar population, and these old stars have had time to move
away from the spiral arms. The Sun is located close to,
but not in, a spiral arm — the so-called Orion arm.

Observing the gas in the Galaxy is made possible
mainly by the 21-cm line emission of HI (neutral atomic
hydrogen) and by the emission of CO, the second-most
abundant molecule after H, (molecular hydrogen). H,
is a symmetric molecule and thus has no electric dipole
moment, which is the reason why it does not radiate
strongly. In most cases it is assumed that the ratio of
CO to H; is a universal constant (called the “X-factor”).
Under this assumption, the distribution of CO can be
converted into that of the molecular gas. The Milky Way
is optically thin at 21 cm, i.e., 21-cm radiation is not
absorbed along its path from the source to the observer.
With radio-astronomical methods it is thus possible to
observe atomic gas throughout the entire Galaxy.

To examine the distribution of dust, two options are
available. First, dust is detected by the extinction it
causes. This effect can be analyzed quantitatively, for in-
stance by star counts or by investigating the reddening of
stars (an example of this can be seen in Fig. 2.7). Second,
dust emits thermal radiation observable in the FIR part
of the spectrum, which was mapped by several satellites
such as IRAS and COBE. By combining the sky maps of
these two satellites at different frequencies the Galactic
distribution of dust was determined. The dust tempera-
ture varies in a relatively narrow range between ~ 17 K
and ~ 21 K, but even across this small range, the dust
emission varies, for fixed column density, by a factor
~ 5 at a wavelength of 100 wm. Therefore, one needs
to combine maps at different frequencies in order to de-
termine column densities and temperatures. In addition,
the zodiacal light caused by the reflection of solar radia-
tion by dust inside our Solar system has to be subtracted

"Hn regions are nearly spherical regions of fully ionized hydrogen
(thus the name Hi region) surrounding a young hot star which pho-
toionizes the gas. They emit strong emission lines of which the Balmer
lines of hydrogen are strongest.

before the Galactic FIR emission can be analyzed. This
is possible with multifrequency data because of the dif-
ferent spectral shapes. The resulting distribution of dust
is displayed in Fig.2.11. It shows the concentration of
dust around the Galactic plane, as well as large-scale
anisotropies at high Galactic latitudes. The dust map
shown here is routinely used for extinction correction
when observing extragalactic sources.

Besides a strong concentration towards the Galac-
tic plane, gas and dust are preferentially found in spiral
arms where they serve as raw material for star formation.
Molecular hydrogen (H;) and dust are generally found
at3kpc < R < 8 kpe, within |z| < 90 pc of both sides of
the Galactic plane. In contrast, the distribution of atomic
hydrogen (HI) is observed out to much larger distances
from the Galactic center (R < 25kpc), with a scale-
height of ~ 160 pc inside the Solar orbit, R < Rj. At
larger distances from the Galactic center, R = 12 kpc,
the scale-height increases substantially to ~ 1 kpc. The
gaseous disk is warped at these large radii though the
origin of this warp is unclear. For example, it may
be caused by the gravitational field of the Magellanic
Clouds. The total mass in the two components of hydro-
genis about M(HI) ~ 4 x 10° Mg and M(H,) ~ 10° M,
respectively, i.e., the gas mass in our Galaxy is less than
~ 10% of the stellar mass. The density of the gas in the
Solar neighborhood is about p(gas) ~ 0.04M¢,/pc>.

2.3.4 CosmicRays

The Magnetic Field of the Galaxy. Like many other
cosmic objects, the Milky Way has a magnetic field. The
properties of this field can be analyzed using a variety
of methods and we list some of them in the following.

e Polarization of stellar light. The light of distant stars
is partially polarized, with the degree of polarization
being strongly related to the extinction, or reddening,
of the star. This hints at the polarization being linked
to the dust causing the extinction. The light scat-
tered by dust particles is partially linearly polarized,
with the direction of polarization depending on the
alignment of the dust grains. If their orientation were
random, the superposition of the scattered radiation
from different dust particles would add up to a van-
ishing net polarization. However, a net polarization
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Fig. 2.11. Distribution of dust in the Galaxy, derived from
a combination of IRAS and COBE sky maps. The northern
Galactic sky in Galactic coordinates is displayed on the left,
the southern on the right. We can clearly see the concentra-

is measured, so the orientation of dust particles can-
not be random, rather it must be coherent on large
scales. Such a coherent alignment is provided by
a large-scale magnetic field, whereby the orientation
of dust particles, measurable from the polarization
direction, indicates the (projected) direction of the
magnetic field.

® The Zeeman effect. The energy levels in an atom
change if the atom is placed in a magnetic field. Of
particular importance in the present context is the fact
that the 21-cm transition line of neutral hydrogen is
split in a magnetic field. Because the amplitude of
the line split is proportional to the strength of the
magnetic field, the field strength can be determined
from observations of this Zeeman effect.

® Synchrotron radiation. When relativistic electrons
move in a magnetic field they are subject to the
Lorentz force. The corresponding acceleration is per-
pendicular both to the velocity vector of the particles
and to the magnetic field vector. As a result, the elec-
trons follow a helical (i.e., corkscrew) track, which is
a superposition of circular orbits perpendicular to the
field lines and a linear motion along the field. Since
accelerated charges emit electromagnetic radiation,
this helical movement is the source of the so-called
synchrotron radiation (which will be discussed in

a0

tion of dust towards the Galactic plane, as well as regions
with a very low column density of dust; these regions in the
sky are particularly well suited for very deep extragalactic
observations

more detail in Sect.5.1.2). This radiation, which is
observable at radio frequencies, is linearly polarized,
with the direction of the polarization depending on
the direction of the magnetic field.

e Faraday rotation. If polarized radiation passes
through a magnetized plasma, the direction of the
polarization rotates. The rotation angle depends
quadratically on the wavelength of the radiation,

AO =RMA?. (2.37)

The rotation measure RM is the integral along the
line-of-sight towards the source over the electron
density and the component By of the magnetic field
in direction of the line-of-sight,

D
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The dependence of the rotation angle (2.37) on A al-
lows us to determine the rotation measure RM, and
thus to estimate the product of electron density and
magnetic field. If the former is known, one imme-
diately gets information about B. By measuring the
RM for sources in different directions and at differ-
ent distances the magnetic field of the Galaxy can be
mapped.
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From applying the methods discussed above, we know
that a magnetic field exists in the disk of our Milky Way.
This field has a strength of about 4 x 10~ G and mainly
follows the spiral arms.

Cosmic Rays. We obtain most of the information about
our Universe from the electromagnetic radiation that
we observe. However, we receive an additional radia-
tion component, the energetic cosmic rays. They consist
primarily of electrically charged particles, mainly elec-
trons and nuclei. In addition to the particle radiation that
is produced in energetic processes at the Solar surface,
amuch more energetic cosmic ray component exists that
can only originate in sources outside the Solar system.

The energy spectrum of the cosmic rays is, to
a good approximation, a power law: the flux of par-
ticles with energy larger than E can be written as
S(> E) x E74, with ¢ =~ 1.7. However, the slope of
the spectrum changes slightly, but significantly, at some
energy scales: at E ~ 103 eV the spectrum becomes
steeper, and at E > 10'3 eV it flattens again.® Measure-
ments of the spectrum at these high energies are rather
uncertain, however, because of the strongly decreasing
flux with increasing energy. This implies that only very
few particles are detected.

Cosmic Ray Acceleration and Confinement. To ac-
celerate particles to such high energies, highly energetic
processes are necessary. For energies below 10'° eV,
very convincing arguments suggest SN remnants as
the sites of the acceleration. The SN explosion drives
a shock front’ into the ISM with an initial velocity of
~ 10000 km/s. Plasma processes in a shock front can
accelerate some particles to very high energies. The
theory of this diffuse shock acceleration predicts that

8These energies should be compared with those reached in par-
ticle accelerators: LEP at CERN reached ~ 100GeV = 10!! eV.
Hence, cosmic accelerators are much more efficient than man-made
machines.

9Shock fronts are surfaces in a gas flow where the parameters of
state for the gas, such as pressure, density, and temperature, change
discontinuously. The standard example for a shock front is the bang in
an explosion, where a spherical shock wave propagates outwards from
the point of explosion. Another example is the sonic boom caused, for
example, by airplanes that move at a speed exceeding the velocity of
sound. Such shock fronts are solutions of the hydrodynamic equations.
They occur frequently in astrophysics, e.g., in explosion phenomena
such as supernovae or in rapid (i.e., supersonic) flows such as those
we will discuss in the context of AGNs.

the resulting energy spectrum of the particles follows
a power law, the slope of which depends only on the
strength of the shock (i.e., the ratio of the densities on
both sides of the shock front). This power law agrees
very well with the slope of the observed cosmic ray spec-
trum, if additional propagation processes in the Milky
Way are taken into account. The presence of very en-
ergetic electrons in SN remnants is observed directly
by their synchrotron emission, so that the slope of the
produced spectrum is also directly observable.
Accelerated particles then propagate through the
Galaxy where, due to the magnetic field, they move
along complicated helical tracks. Therefore, the direc-
tion from which a particle arrives at Earth cannot be
identified with the direction to its source of origin.
The magnetic field is also the reason why particles do
not leave the Milky Way along a straight path, but in-
stead are stored for a long time (~ 107 yr) before they
eventually diffuse out, an effect also called confinement.
The sources of the particles with energy between
~ 10" eV and ~ 10'8 eV are likewise presumed to be
located inside our Milky Way, because the magnetic
field is sufficiently strong to confine them in the Gal-
axy. However, SN remnants are not likely sources for
particles at these energies; in fact, the origin of these
rays is largely unknown. Particles with energies larger
than ~ 10'8 eV are probably of extragalactic origin. The
radius of the helical tracks in the magnetic field of the
Galaxy, i.e., their Larmor radius, is larger than the ra-
dius of the Milky Way itself, so they cannot be confined.
Their origin is also unknown, but AGNs are the most
probable source of these particles. Finally, one of the
largest puzzles of high-energy astrophysics is the ori-
gin of cosmic rays with E > 10'° eV. The energy of
these particles is so large that they are able to inter-
act with the cosmic microwave background to produce
pions and other particles, losing much of their energy
in this process. These particles cannot propagate much
further than ~ 10 Mpc through the Universe before they
lose most of their energy. This implies that their accel-
eration sites should be located in the close vicinity of
the Milky Way. Since the curvature of the orbits of such
highly energetic particles is very small, it should, in
principle, be possible to identify their origin: there are
not many AGNs within 10 Mpc that are promising can-
didates for the origin of these ultra-high-energy cosmic
rays. However, the observed number of these particles
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is so small that no reliable information on these sources
has thus far been obtained.

Energy Density. It is interesting to realize that the en-
ergy densities of cosmic rays, the magnetic field, the
turbulent energy of the ISM, and the electromagnetic
radiation of the stars are about the same — as if an equi-
librium between these different components has been
established. Since these components interact with each
other — e.g., the turbulent motions of the ISM can am-
plify the magnetic field, and vice versa, the magnetic
field affects the velocity of the ISM and of cosmic rays —
it is not improbable that these interaction processes can
establish an equipartition of the energy densities.

Gamma Radiation from the Milky Way. The Milky
Way emits y-radiation, as can be seen in Fig. 1.5. There
is diffuse y-ray emission which can be traced back to
the cosmic rays in the Galaxy. When these energetic
particles collide with nuclei in the interstellar medium,
radiation is released. This gives rise to a continuum ra-
diation which closely follows a power-law spectrum,
such that the observed flux S, is oc v™¢, with & ~ 2. The
quantitative analysis of the distribution of this emis-
sion provides the most important information about the
spatial distribution of cosmic rays in the Milky Way.

Gamma-Ray Lines. In addition to the continuum ra-
diation, one also observes line radiation in y-rays, at
energies below ~ 10 MeV. The first detected and most
prominent line has an energy of 1.809 MeV and corre-
sponds to a radioactive decay of the Al%® nucleus. The
spatial distribution of this emission is strongly concen-
trated towards the Galactic disk and thus follows the
young stellar population in the Milky Way. Since the
lifetime of the Al%° nucleus is short (~ 10° yr), it must
be produced near the emission site, which then implies
that it is produced by the young stellar population. It
is formed in hot stars and released to the interstellar
medium either through stellar winds or core-collapse
supernovae. Gamma lines from other radioactive nuclei
have been detected as well.

Annihilation Radiation from the Galaxy. Further-
more, line radiation with an energy of 511 keV has been
detected in the Galaxy. This line is produced when an
electron and a positron annihilate into two photons, each

with an energy corresponding to the rest-mass energy of
an electron, i.e., 511 keV.!0 This annihilation radiation
was identified first in the 1970s. With the Integral satel-
lite, its emission morphology has been mapped with an
angular resolution of ~ 3°. The 511 keV line emission
is detected both from the Galactic disk and the bulge.
The angular resolution is not sufficient to tell whether
the annihilation line traces the young stellar popula-
tion (i.e., the thin disk) or the older population in the
thick disk. However, one can compare the distribution
of the annihilation radiation with that of AI*® and other
radioactive species. In about 85% of all decays Al*
emits a positron. If this positron annihilates close to its
production site one can predict the expected annihila-
tion radiation from the distribution of the 1.809 MeV
line. In fact, the intensity and angular distribution of
the 511 keV line from the disk is compatible with this
scenario for the generation of positrons.

The origin of the annihilation radiation from the
bulge, which has a luminosity larger than that from
the disk by a factor ~ 5, is unknown. One needs to find
a plausible source for the production of positrons in
the bulge. There is no unique answer to this problem at
present, but Type Ia supernovae and energetic processes
near low-mass X-ray binaries are prime candidates for
this source.

2.3.5 The Galactic Bulge

The Galactic bulge is the central thickening of our Gal-
axy. Figure 1.2 shows another spiral galaxy from its
side, with its bulge clearly visible. The characteristic
scale-length of the bulge is ~ 1 kpc. Owing to the strong
extinction in the disk, the bulge is best observed in the
IR, for instance with the IRAS and COBE satellites.
The extinction to the Galactic Center in the visual is
Ay ~ 28 mag. However, some lines-of-sight close to the
Galactic center exist where Ay is significantly smaller,
so that observations in optical and near IR light are pos-
sible, e.g., in Baade’s window, located about 4° below
the Galactic center at £ ~ 1°, for which Ay ~ 2 mag
(also see Sect. 2.6).

From the observations by COBE, and also from Gal-
actic microlensing experiments (see Sect. 2.5), we know
10 1 addition to the two-photon annihilation, there is also an annihila-

tion channel in which three photons are produced; the corresponding
radiation forms a continuum spectrum, i.e., no spectral lines.
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that our bulge has the shape of a bar, with the major axis
pointing away from us by about 30°. The scale-height
of the bulge is ~ 400 pc, with an axis ratio of ~ 0.6.

As is the case for the exponential profiles that de-
scribe the light distribution in the disk, the functional
form of the brightness distribution in the bulge is also
suggested from observations of other spiral galaxies.
The profiles of their bulges, observed from the outside,
are much better determined than in our Galaxy where
we are located amid its stars.

The de Vaucouleurs Profile. The brightness profile
of our bulge can be approximated by the de Vau-
couleurs law which describes the surface brightness 1
as a function of the distance R from the center,

1/4
log <I(IR)> = —3.3307 |:<R£) — 1}
(2.39)

with I(R) being the measured surface brightness, e.g.,
in[l]=Lg /pcz. R. is the effective radius, defined such
that half of the luminosity is emitted from within R.,

Re o)
/dR RI(R) = % /dR RI(R). (2.40)
0 0

This definition of R. also leads to the numerical fac-
tor on the right-hand side of (2.39). As one can easily
see from (2.39), I. = I(R.) is the surface brightness
at the effective radius. An alternative form of the de
Vaucouleurs law is

I(R) = I.exp (—7.669 [(R/R)* —1]) |. (241

Because of its mathematical form, it is also called an /4
law. The r!/4 law falls off significantly more slowly than
an exponential law for large R. For the Galactic bulge,
one finds an effective radius of R, ~ 0.7 kpc. With the
de Vaucouleurs profile, a relation between luminosity,
effective radius, and surface brightness is obtained by
integrating over the surface brightness,

o0
L= / dR 27R I(R) =7.2157I, R? (2.42)
0

Stellar Age Distribution in the Bulge. The stars in
the bulge cover a large range in metallicity, —1 <
[Fe/H] < +1, with a mean of about 0.3, i.e., the mean
metallicity is about twice that of the Sun. This high
metallicity hints at a contribution by a rather young
population, whereas the color of the bulge stars points
towards a predominantly old stellar population. The
bulge also contains about 108 M, in molecular gas. On
the other hand, one finds very metal-poor RR Lyrae
stars, i.e., old stars. However, the distinction in mem-
bership between bulge and disk stars is not easy, so it
is possible that the young component may actually be
part of the inner disk.

The mass of the bulge is about Miyiee ~ 10'°M, and
its luminosity is L g pulge ~ 3 X 109L@, which results in
a mass-to-light ratio of

M
%3—6

in the bulge |,
L Lo

(2.43)

very similar to that of the thin disk.

2.3.6 The Visible Halo

The visible halo of our Galaxy consists of about 150
globular clusters and field stars with a high velocity
component perpendicular to the Galactic plane. A glob-
ular cluster is a collection of typically several hundred
thousand stars, contained within a spherical region of ra-
dius ~ 20 pc. The stars in the cluster are gravitationally
bound and orbit in the common gravitational field. The
old globular clusters with [Fe/H] < —0.8 have an ap-
proximately spherical distribution around the Galactic
center. A second population of globular clusters exists
that contains younger stars with a higher metallicity,
[Fe/H] > —0.8. They have a more oblate geometri-
cal distribution and are possibly part of the thick disk
because they show roughly the same scale-height.

Most globular clusters are at a distance of r < 35 kpc
(with r = v/ R? 4 z2) from the Galactic center, but some
are also found at » > 60 kpc. At these distances it is hard
to judge whether these objects are part of the Galaxy
or whether they have been captured from a neighboring
galaxy, such as the Magellanic Clouds. Also, field stars
have been found at distances out to » ~ 50 kpc, which
is the reason why one assumes a characteristic value of
Thalo ~ 30 kpc for the extent of the visible halo.

55



2. The Milky Way as a Galaxy

56

The density distribution of metal-poor globular
clusters and field stars in the halo is described by

-3 (2.44)

Alternatively, one can fit a de Vaucouleurs profile to the
density distribution, which results in an effective radius
of r. ~ 2.7 kpc.

At large distances from the disk, neutral hydrogen
is also found, in the form of clouds. Most of these
clouds, visible in 21-cm line emission, have a nega-
tive radial velocity, i.e., they are moving towards us,
with velocities of up to v, ~ —400 km/s. These high-
velocity clouds (HVCs) cannot be following the general
Galactic rotation. We have virtually no means of de-
termining the distances of these clouds, and thus their
origin and nature are still subject to discussion. There is
one exception, however: the Magellanic Stream is a nar-
row band of HI emission which follows the Magellanic
Clouds along their orbit around the Galaxy (also see
Fig. 6.6). This gas stream may be the result of a close
encounter of the Magellanic Clouds with the Milky Way
in the past. The (tidal) gravitational force that the Milky
Way had imposed on our neighboring galaxies in such
an encounter could strip away part of the interstellar gas
from them.

n(r)o«r

2.3.7 The Distance to the Galactic Center

As already mentioned, our distance from the Galactic
center is rather difficult to measure and thus not very
precisely known. The general problem with such a mea-
surement is the high extinction in the disk, prohibiting
measurements of the distance of individual stars close
to the Galactic center. Thus, one has to rely on more
indirect methods, and the most important ones will be
outlined here.

The visible halo of our Milky Way is populated by
globular clusters and also by field stars. They have
a spherical, or, more generally, a spheroidal distribution.
The center of this distribution is obviously the center of
gravity of the Milky Way, around which the halo objects
are moving. If one measures the three-dimensional dis-
tribution of the halo population, the geometrical center
of this distribution should correspond to the Galactic
center.

This method can indeed be applied because, due to
their extended distribution, halo objects can be observed

at relatively large Galactic latitudes where they are not
too strongly affected by extinction. As was discussed
in Sect. 2.2, the distance determination of globular clus-
ters is possible using photometric methods. On the other
hand, one also finds RR Lyrae stars in globular clusters
to which the period-luminosity relation can be applied.
Therefore, the spatial distribution of the globular clus-
ters can be determined. However, at about 150, the
number of known globular clusters is relatively small,
resulting in a fairly large statistical error for the deter-
mination of the common center. Much more numerous
are the RR Lyrae field stars in the halo, for which dis-
tances can be measured using the period—luminosity
relation. The statistical error in determining the cen-
ter of their distribution is therefore much smaller. On
the other hand, this distance to the Galactic center is
based only on the calibration of the period—luminosity
relation, and any uncertainty in this will propagate into
a systematic error on Ry. Effects of the extinction add
to this. However, such effects can be minimized by ob-
serving the RR Lyrae stars in the NIR, which in addition
benefits from the narrower luminosity distribution of RR
Lyrae stars in this wavelength regime. These analyses
yield a value of Ry ~ 8.0 kpc (see Fig.2.12).
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Fig. 2.12. The number of RR Lyrae stars as a function of dis-
tance, measured in a direction that closely passes the Galactic
center, at £ =0° and b = —8°. If we assume a spherically
symmetric distribution of the RR Lyrae stars, concentrated to-
wards the center, the distance to the Galactic center can be
identified with the maximum of this distribution
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Unlike a solid body, the Galaxy rotates differentially.
This means that the angular velocity is a function of the
distance R from the Galactic center. Seen from above,
i.e., from the NGP, the rotation is clockwise. To de-
scribe the velocity field quantitatively we will in the
following introduce velocity components in the coordi-
nate system (R, 6, z), as shown in Fig. 2.13. An object
following a track [R(), 6(¢), z(f)] then has the velocity
components

dR dz
=—, V:=R—, =—

dr dr dr
For example, the Sun is not moving on a simple circular
orbit around the Galactic center, but currently inwards,
U < 0, and with W > 0, so that it is moving away from
the Galactic plane.

In this section we will examine the rotation of the
Milky Way. We start with the determination of the ve-
locity components of the Sun. Then we will consider
the rotation curve of the Galaxy, which describes the
rotational velocity V(R) as a function of the distance
R from the Galactic center. We will find the intrigu-
ing result that the velocity V does not decline towards
large distances, but that it virtually remains constant.
Because this result is of extraordinary importance, we
will discuss the methods needed to derive it in some
detail.

do

U: (2.45)

W

/V

Star

z

ﬁg\  Rotation =
() .

Galactic
Center

Fig.2.13. Cylindrical coordinate system (R, 6, z) with the
Galactic center at its origin. Note that 6 increases in the
clockwise direction if the disk is viewed from above. The
corresponding velocity components (U, V, W) of a star are
indicated

2.4.1 Determination of the Velocity of the Sun
Local Standard of Rest. To link local measurements
to the Galactic coordinate system (R, 6, 7), the local
standard of rest is defined. It is a fictitious rest-frame
in which velocities are measured. For this purpose, we
consider a point that is located today at the position of
the Sun and that moves along a perfectly circular orbit in
the plane of the Galactic disk. The velocity components
in the LSR are then by definition,

Usge=0, Vise=W, Wwsr=0/|, (246)

with Vy = V(Ry) being the orbital velocity at the loca-
tion of the Sun. Although the LSR changes over time,
the time-scale of this change is so large (the orbital
period is ~ 230 x 10° yr) that this effect is negligible.

Peculiar Velocity. The velocity of an object relative to
the LSR is called its peculiar velocity. It is denoted by
v, and its components are given as

v=(u,v,w) = U —Ursg, V—Visr, W — Wisr)
- (U7 V_ VO’ W)

(2.47)

The velocity of the Sun relative to the LSR is denoted by
V. If vg is known, any velocity measured relative to the
Sun can be converted into a velocity relative to the LSR:
let Av be the velocity of a star relative to the Sun, which
is directly measurable using the methods discussed in
Sect. 2.2, then the peculiar velocity of this star is

V=15 +Av. (2.48)

Peculiar Velocity of the Sun. We consider now an en-
semble of stars in the immediate vicinity of the Sun, and
assume the Galaxy to be axially symmetric and station-
ary. Under these assumptions, the number of stars that
move outwards to larger radii R equals the number of
stars moving inwards. Likewise, as many stars move up-
wards through the Galactic plane as downwards. If these
conditions are not satisfied, the assumption of a station-
ary distribution would be violated. The mean values of
the corresponding peculiar velocity components must
therefore vanish,

(2.49)

57



2. The Milky Way as a Galaxy

58

where the brackets denote an average over the ensemble
considered. The analog argument is not valid for the v
component because the mean value of v depends on the
distribution of the orbits: if only circular orbits in the
disk existed, we would also have (v) = O (this is trivial,
since then all stars would have v = 0), but this is not
the case. From a statistical consideration of the orbits in
the framework of stellar dynamics, one deduces that (v)
is closely linked to the radial velocity dispersion of the
stars: the larger it is, the more (v) deviates from zero.
One finds that

vy =-Cu?), (2.50)

where C is a positive constant that depends on the den-
sity distribution and on the local velocity distribution
of the stars. The sign in (2.50) follows from noting that
a circular orbit has a higher tangential velocity than el-
liptical orbits, which in addition have a non-zero radial
component. Equation (2.50) expresses the fact that the
mean rotational velocity of a stellar population around
the Galactic center deviates from the corresponding cir-
cular orbit velocity, and that the deviation is stronger for
a larger radial velocity dispersion. This phenomenon is
also known as asymmetric drift. From the mean of (2.48)
over the ensemble considered and by using (2.49) and
(2.50), one obtains

vo = (— (Au), —C(u?)— (Av), — (Aw))

2.51)

One still needs to determine the constant C in order
to make use of this relation. This is done by consider-
ing different stellar populations and measuring (u2) and
(Av) separately for each of them. If these two quanti-
ties are then plotted in a diagram (see Fig. 2.14), a linear
relation is obtained, as expected from (2.50). The slope
C can be determined directly from this diagram. Fur-
thermore, from the intersection with the (Av)-axis, vg
is readily read off. The other velocity components in
(2.51) follow by simply averaging, yielding the result:

vo = (10,5, 7) km/s (2.52)

Hence, the Sun is currently moving inwards, upwards,
and faster than it would on a circular orbit at its location.
We have therefore determined vg, so we are now able
to analyze any measured stellar velocities relative to the

LSR. However, we have not yet discussed how Vj, the
rotational velocity of the LSR itself, is determined.

Velocity Dispersion of Stars. The dispersion of the stel-
lar velocities relative to the LSR can now be determined,
i.e., the mean square deviation of their velocities from
the velocity of the LSR. For young stars (A stars, for
example), this dispersion happens to be small. For older
K giants it is larger, and is larger still for old, metal-
poor red dwarf stars. We observe a very well-defined
velocity-metallicity relation. When this is combined
with the age—metallicity relation it appears that the
oldest stars have the highest peculiar velocities. This
effect is observed in all three coordinates. This re-
sult is in agreement with the relation between the age
of a stellar population and its scale-height (discussed
in Sect.2.3.1), the latter being linked to the velocity
dispersion via o.

Asymmetric Drift. If one considers high-velocity stars,
only a few are found that have v > 65 km/s and which
are thus moving much faster around the Galactic center
than the LSR. However, quite a few stars are found that
have v < —250 km/s, so their orbital velocity is oppo-
site to the direction of rotation of the LSR. Plotted in
a (u — v)-diagram, a distribution is found which is nar-
rowly concentrated around ¥ = 0 km/s = v for young
stars, as already mentioned above, and which gets in-
creasingly wider for older stars. For the oldest stars,

1 " 1
1500 2000

<u2>(km23‘2)
Fig. 2.14. The velocity components (Av) = (v) — v are plot-
ted against <u2> for stars in the Solar neighborhood. Because

of the linear relation, v, can be read off from the intersection
with the x-axis, and C from the slope

|
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R |
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which belong to the halo population, one obtains a cir-
cular envelope with its center located at u = 0 km/s and
v~ —220km/s (see Fig.2.15). If we assume that the
Galactic halo, to which these high-velocity stars belong,
does not rotate (or only very slowly), this asymmetry in
the v-distribution can only be caused by the rotation of
the LSR. The center of the envelope then has to be at
—Vo. This yields the orbital velocity of the LSR

Vo = V(Ry) =220 km/s

(2.53)

Knowing this velocity, we can then compute the mass
of the Galaxy inside the Solar orbit. A circular orbit
is characterized by an equilibrium between centrifugal
and gravitational acceleration, V2/R = GM(< R)/R?,
so that

ViR

M(< Ry) = =8.8x10"M, (2.54)

Furthermore, for the orbital period of the LSR, which is
similar to that of the Sun, one obtains

_ 27TRO
0

P =230 x 10° yr

(2.55)

Hence, during the lifetime of the Solar System, esti-
mated to be ~ 4.6 x 10° yr, it has completed about 20
orbits around the Galactic center.

2.4.2 The Rotation Curve of the Galaxy

From observations of the velocity of stars or gas around
the Galactic center, the rotational velocity V can be
determined as a function of the distance R from the
Galactic center. In this section, we will describe methods
to determine this rofation curve and discuss the result.

We consider an object at distance R from the Galactic
center which moves along a circular orbit in the Galactic
plane, has a distance D from the Sun, and is located at
a Galactic longitude ¢ (see Fig.2.16). In a Cartesian
coordinate system with the Galactic center at the origin,
the positional and velocity vectors (we only consider
the two components in the Galactic plane because we
assume a motion in the plane) are given by

cos 6

r=r( ). veizww _ ,
cos 6 —sin@

where 6 denotes the angle between the Sun and the ob-
ject as seen from the Galactic center. From the geometry
shown in Fig. 2.16 it follows that

D sin/

r= .
(RO—D cosﬂ)

If we now identify the two expressions for the com-
ponents of r, we obtain

sinf = (D/R) sin? ,
cost = (Ro/R)— (D/R)cos? .

1 Fig. 2.15. The motion of the Sun around the
. Galactic center is reflected in the asymmetric
drift: while young stars in the Solar vicinity
have velocities very similar to the Solar ve-
locity, i.e., small relative velocities, members
of other populations (and of other Milky Way
; components) have different velocities — e.g.,
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for halo objects v = —220 km/s on average.
Thus, different velocity ellipses show up in a
(u — v)-diagram
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If we disregard the difference between the velocities of
the Sun and the LSR we get Vo = Vi.sr = (Vy, 0) in this
coordinate system. Thus the relative velocity between
the object and the Sun is, in Cartesian coordinates,

GC
Fig. 2.16. Geometric derivation of the formalism of differen-
tial rotation:

v = v;‘—v?:v* sin¢* —vgsiné,

v = vf —v® = vy cos* —vgcos .
One has:

Rsinf = Dsint ,
Rcos6+ Dcost =Ry,

v
Ry W _ Yo sin ¢
R Ro

= (.Q—.Q())R()Sine,

Ro e _Yo cosE—DE
R Ry R

(22— 20)Rycosl — 2D .

which implies

Ur =

Ut

AV =V-V,

_ [ V(Ro/R)—V (D/R)cost—Vy
B —V (D/R)sin? '
With the angular velocity defined as
V(R)

Q(R)ZT’

we obtain for the relative velocity

AV — Ro(£2—829)— 2 D cost ’
—D £2 sint

where 29 = Vp/ Ry is the angular velocity of the Sun.
The radial and tangential velocities of this relative mo-
tion then follow by projection of AV along the direction
parallel or perpendicular, respectively, to the separation
vector,

(2.56)

b= AV sin £
—cost

) = (.Q — .Q())R() sin £

(2.57)

sin £

vw=AV. <°05£> = (2—20)Rocosl— 2D

(2.58)

A purely geometric derivation of these relations is given
in Fig. 2.16.

Rotation Curve near Rg; Oort Constants. Using
(2.57) one can derive the angular velocity by means
of measuring v;, but not the radius R to which it cor-
responds. Therefore, by measuring the radial velocity
alone £2(R) cannot be determined. If one measures
vy and, in addition, the proper motion u = v /D of
stars, then £2 and D can be determined from the
equations above, and from D and ¢ one obtains

R= { R3+ D? — 2R D cos {. The effects of extinction
prohibits the use of this method for large distances
D, since we have considered objects in the Galac-
tic disk. For small distances D < Ry, which implies
|R — Ro| < Ry, we can make a local approximation by
evaluating the expressions above only up to first order
in (R— Ro)/Ryo. In this linear approximation we get

ds2
-0~ — (R—Ry),
dR Ro

(2.59)
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where the derivative has to be evaluated at R = Ry.
Hence

(R R)(dg) Ry sin ¢
Ur = —Ko) | 75 oSk,
dR 1Ro

and furthermore, with (2.56),
(dﬂ) Ro [ (dV) V]
R|[—) ==|(—=) -=
dR ) \x, R |\dR/, R

N (dV) Vo
dR /g, Ro ’

in zeroth order in (R — Ry)/ Ry. Combining the last two
equations yields

()
dR /g,

in analogy to this, we obtain for the tangential velocity

'(dv) Vo |
dR ) e, Ro
2.61)

For |R — Ry| < Ry it follows that Ry — R = D cos ¥; if
we insert this into (2.60) and (2.61) we get

.
— 21 (R=Ry)sint; (2.60)
Ro

Uy =

V= (R—Rp)cosl— 829D .

v~ADsin2¢ , vw~ADcos2{+BD |,

(2.62)
where A and B are the Oort constants
1 <dV) Vo
A=—||— -—— |,
2 dR Ro Ry
1 dv \%
B=—|(—=) +=2 (2.63)
2 dR Ro Ry

The radial and tangential velocity fields relative to the
Sun show a sine curve with period 7, where v; and v,
are phase-shifted by /4. This behavior of the velocity
field in the Solar neighborhood is indeed observed (see
Fig.2.17). By fitting the data for v, (£) and v(¢) for stars
of equal distance D one can determine A and B, and

thus
dv
A—B, (—) =—(A+B)
dR /g,

(2.64)
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Fig. 2.17. The radial velocity v, of stars at a fixed distance
D is proportional to sin 2¢; the tangential velocity vy is a lin-
ear function of cos 2¢. From the amplitude of the oscillating
curves and from the mean value of v; the Oort constants A
and B can be derived, respectively (see (2.62))

The Oort constants thus yield the angular velocity of
the Solar orbit and its derivative, and therefore the
local kinematical information. If our Galaxy was ro-
tating rigidly so that £2 was independent of the radius,
A = 0 would follow. But the Milky Way rotates differ-
entially, i.e., the angular velocity depends on the radius.
Measurements yield the following values for A and B,

A= (148+0.8) kms 'kpc!,

B=(—12.440.6) kms 'kpc! (2.65)

Galactic Rotation Curve for R < Rg; Tangent Point
Method. To measure the rotation curve for radii that are
significantly smaller than Ry, one has to turn to large
wavelengths due to extinction in the disk. Usually the
21-cm emission line of neutral hydrogen is used, which
can be observed over large distances, or the emission of
CO in molecular gas. These gas components are found
throughout the disk and are strongly concentrated to-
wards the plane. Furthermore, the radial velocity can
easily be measured from the Doppler effect. However,
since the distance to a hydrogen cloud cannot be deter-
mined directly, a method is needed to link the measured
radial velocities to the distance of the gas from the Gal-
actic center. For this purpose the tangent point method
is used.
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Consider a line-of-sight at fixed Galactic longitude ¢,
with cos £ > 0 (thus “inwards”). The radial velocity v,
along this line-of-sight for objects moving on circu-
lar orbits is a function of the distance D, according to
(2.57). If £2(R) is a monotonically decreasing function,
v; attains a maximum where the line-of-sight is tangent
to the local orbit, and thus its distance R from the Gal-
actic center attains the minimum value Ry;,. This is the
case at

D =Ry cost, Ryin= Rysint (2.66)

(see Fig.2.18). The maximum radial velocity there,
according to (2.57), is

Ur,max = [$2(Rmin) — §20] Ro sin¥

= V(Rmin) — Vo sin ¢, (2.67)

so that from the measured value of v; max as a func-
tion of direction ¢, the rotation curve inside Rj can be
determined,

. (2.68)

R .
V(R) = (R—> Vo4 Vrmax (sin £ = R/ Ro)
0

In the optical regime of the spectrum this method
can only be applied locally, i.e., for small D, due to
extinction. This is the case if one observes in a direc-
tion nearly tangential to the orbit of the Sun, i.e., if

Intensity

szlactic Dartar

O<m/2—0Klor0<f—3m/2«K1,o0r |sinl|~1,
so that Ry — Rnyin < Rp. In this case we get, to first
order in (Ry — Rpin), using (2.66),

dv
V(Rmin) ~Vot |5 (Rmin - RO)
dR /g,
dv .
=W—[— Ry (1 —sin¥) (2.69)
dR ) ¢
0
so that with (2.67)
dv .
Vrmax = | Vo— | = Ry | (1 —sin?)
dR /g,
=2ARy(1—sin¥) , (2.70)

where (2.63) was used in the last step. This relation can
also be used for determining the Oort constant A.

To determine V(R) for smaller R by employing the
tangent point method, we have to observe in wavelength
regimes in which the Galactic plane is transparent, us-
ing radio emission lines of gas. In Fig.2.18, a typical
intensity profile of the 21-cm line along a line-of-
sight is sketched; according to the Doppler effect this
can be converted directly into a velocity profile us-
ing vy = (A — Ag)/Ao. It consists of several maxima that
originate in individual gas clouds. The radial velocity of
each cloud is defined by its distance R from the Galactic

Fig.2.18. The ISM is optically thin for

21-cm radiation, and thus we receive the

21-cm emission of HI regions from every-
where in the Galaxy. Due to the motion of
an HI cloud relative to us, the wavelength
is shifted. This can be used to measure

the radial velocity of the cloud. With the
assumption that the gas is moving on a cir-
cular orbit around the Galactic center, one
expects that for the cloud in the tangent

point (cloud 4), the full velocity is pro-

jected along the line-of-sight so that this

cloud will therefore have the largest radial
velocity. If the distance of the Sun to the
Galactic center is known, the velocity of
a cloud and its distance from the Galactic
center can then be determined
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center (if the gas follows the Galactic rotation), so that
the largest radial velocity will occur for gas closest to
the tangent point, which will be identified with vy max (€).
Figure 2.19 shows the observed intensity profile of the
12CO line as a function of the Galactic longitude, from
which the rotation curve for R < Ry can be read off.

With the tangent point method, applied to the 21-cm
line of neutral hydrogen or to radio emission lines
of molecular gas, the rotation curve of the Galaxy
inside the Solar orbit can be measured.

Rotation Curve for R > R,. The tangent point
method cannot be applied for R > R, because for lines-
of-sightat w/2 < £ < 37/2, the radial velocity v, attains
no maximum. In this case, the line-of-sight is nowhere
parallel to a circular orbit.

Measuring V(R) for R > Ry requires measuring vy
for objects whose distance can be determined directly,
e.g., Cepheids, for which the period—luminosity relation
(Sect.2.2.7) is used, or O- and B-stars in HII regions.
With ¢ and D known, R can then be calculated, and
with (2.57) we obtain £2(R) or V(R), respectively. Any
object with known D and v, thus contributes one data
point to the Galactic rotation curve. Since the distance
estimates of individual objects are always affected by

uncertainties, the rotation curve for large values of R is
less accurately known than that inside the Solar circle.

It turns out that the rotation curve for R > R does
not decline outwards (see Fig.2.20) as we would ex-
pect from the distribution of visible matter in the Milky
Way. Both the stellar density and the gas density of
the Galaxy decline exponentially for large R —e.g., see
(2.34). This steep radial decline of the visible matter
density should imply that M(R), the mass inside R, is
nearly constant for R 2 Ry, from which a velocity pro-
file like V oc R~'/2 would follow, according to Kepler’s
law. However, this is not the case: V(R) is virtually con-
stant for R > Ry, indicating that M(R) o R. Thus, to
get a constant rotational velocity of the Galaxy much
more matter has to be present than we observe in gas
and stars.

The Milky Way contains, besides stars and gas,
an additional component of matter that dominates
the mass at R 2 Ry but which has not yet been
observed directly. Its presence is known only by its
gravitational effect — hence, it is called dark matter.

In Sect. 3.3.3 we will see that this is a common phe-
nomenon. The rotation curves of spiral galaxies are flat
at large radii up to the maximum radius at which it can
be measured; spiral galaxies contain dark matter.

2001 j

Vi sr(kms™")
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Fig.2.19. '2CO emission of molecular gas
in the Galactic disk. For each ¢, the intensity
of the emission in the ¢ — v, plane is plot-
ted, integrated over the range —2° < b <2°
(i.e., very close to the middle of the plane).
Since v; depends on the distance along each
- line-of-sight, characterized by ¢, this dia-
gram contains information on the rotation
curve of the Galaxy as well as on the spa-
tial distribution of the gas. The maximum
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velocity at each ¢ is rather well defined and
forms the basis for the tangent point method
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Fig.2.20. Rotation curve of the Milky

Way. Inside the “Solar circle”, that is at
R < Ry, the radial velocity is determined
quite accurately using the tangent point
method; the measurements outside have
larger uncertainties
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The nature of dark matter is thus far unknown; in
principle, we can distinguish two totally different kinds
of dark matter candidates:
® Astrophysical dark matter, consisting of compact

objects — e.g., faint stars like white dwarfs, brown

dwarfs, black holes, etc. Such objects were assigned
the name MACHOs, which stands for “MAssive

Compact Halo Objects”.
® Farticle physics dark matter, consisting of elemen-

tary particles which have thus far escaped detection

in accelerator laboratories.

Although the origin of astrophysical dark matter would
be difficult to understand (not least because of the
baryon abundance in the Universe —see Sect. 4.4.4 —and
because of the metal abundance in the ISM), a direct
distinction between the two alternatives through ob-
servation would be of great interest. In the following
section we will describe a method which is able to
probe whether the dark matter in our Galaxy consists of
MACHO:s.

2.5 The Galactic Microlensing Effect:
The Quest for Compact
Dark Matter

In 1986, Bohdan Paczyiniski proposed to test the possi-
ble presence of MACHOs by performing microlensing
experiments. As we will soon see, this was a daring idea

at that time, but since then such experiments have been
carried out. In this section we will mainly summarize
and discuss the results of these searches for MACHOs.
We will start with a description of the microlensing ef-
fect and then proceed with its specific application to the
search for MACHO:s.

2.5.1  The Gravitational Lensing Effect |

Einstein’s Deflection Angle. Light, just like massive
particles, is deflected in a gravitational field. This is one
of the specific predictions by Einstein’s theory of grav-
ity, General Relativity. Quantitatively it predicts that
a light beam which passes a point mass M at a distance
& is deflected by an angle &, which amounts to

4GM
&

The deflection law (2.71) is valid as long as & < 1,
which is the case for weak gravitational fields. If we
now set M = Mg, R = Ry in the foregoing equation,
we obtain

2.71)

&=

ao ~ 174

for the light deflection at the limb of the Sun. This de-
flection of light was measured during a Solar eclipse in
1919 from the shift of the apparent positions of stars
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close to the shaded Solar disk. Its agreement with the
value predicted by Einstein made him world-famous
over night, because this was the first real and challeng-
ing test of General Relativity. Although the precision
of the measured value back then was only ~ 30%, it
was sufficient to confirm Einstein’s theory. By now the
law (2.71) has been measured in the Solar System with
a precision of about 0.1%, and Einstein’s prediction has
been confirmed.

Not long after the discovery of gravitational light
deflection at the Sun, the following scenario was con-
sidered. If the deflection of the light were sufficiently
strong, light from a very distant source could be vis-
ible at two positions in the sky: one light ray could
pass a mass concentration, located between us and the
source, “to the right”, and the second one “to the left”, as
sketched in Fig. 2.21. The astrophysical consequence of
this gravitational light deflection is also called the grav-
itational lens effect. We will discuss various aspects of

Source

Observer

Fig. 2.21. Sketch of a gravitational lens system. If a sufficiently
massive mass concentration is located between us and a distant
source, it may happen that we observe this source at two
different positions on the sphere

the lens effect in the course of this book, and we will
review its astrophysical applications.

The Sun is not able to cause multiple images of dis-
tant sources. The maximum deflection angle & is much
smaller than the angular radius of the Sun, so that two
beams of light that pass the Sun to the left and to the
right cannot converge by light deflection at the position
of the Earth. Given its radius, the Sun is too close to pro-
duce multiple images, since its angular radius is (far)
larger than the deflection angle & . However, the light
deflection by more distant stars (or other massive ce-
lestial bodies) can produce multiple images of sources
located behind them.

Lens Geometry. The geometry of a gravitational lens
system is depicted in Fig.2.22. We consider light rays
from a source at distance D from us that pass a mass
concentration (called a lens or deflector) at a separa-
tion &. The deflector is at a distance Dy from us. In Fig.
2.22 p denotes the true, two-dimensional position of the
source in the source plane, and f is the true angular po-
sition of the source, that is the angular position at which
it would be observed in the absence of light deflection,
n

B= D (2.72)
The position of the light ray in the lens plane is denoted
by &, and @ is the corresponding angular position,

o=

Dy
Hence, 0 is the observed position of the source on the
sphere relative to the position of the “center of the lens”
which we have chosen as the origin of the coordinate
system, & = 0. Dy is the distance of the source plane
from the lens plane. As long as the relevant distances are
much smaller than the “radius of the Universe” ¢/ Hj,
which is certainly the case within our Galaxy and in
the Local Group, we have D4 = Ds — D4. However,
this relation is no longer valid for cosmologically dis-
tant sources and lenses; we will come back to this in
Sect. 4.3.3.

(2.73)

Lens Equation. From Fig. 2.22 we can deduce the con-
dition that a light ray from the source will reach us from
the direction @ (or &),

D .
n= _g - Ddsa(g) ,

D (2.74)
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Fig. 2.22. Geometry of a gravitational lens system. Consider
a source to be located at a distance Dg from us and a mass
concentration at distance Dg4. An optical axis is defined that
connects the observer and the center of the mass concentration;
its extension will intersect the so-called source plane, a plane
perpendicular to the optical axis at the distance of the source.
Accordingly, the lens plane is the plane perpendicular to the
line-of-sight to the mass concentration at distance Dy from
us. The intersections of the optical axis and the planes are
chosen as the origins of the respective coordinate systems.
Let the source be at the point  in the source plane; a light
beam that encloses an angle 6 to the optical axis intersects the
lens plane at the point & and is deflected by an angle & (). All
these quantities are two-dimensional vectors. The condition
that the source is observed in the direction @ is given by
the lens equation (2.74) which follows from the theorem of
intersecting lines

or, after dividing by Dy and using (2.72) and (2.73):

D
B=0— Dds &(Dgh) .

(2.75)

S

Due to the factor multiplying the deflection angle in
(2.75), it is convenient to define the reduced deflection
angle

ds A

ad) = ll)) a(Dqy0) (2.76)

S

so that the lens equation (2.75) attains the simple form

B=6—ad) (2.77)

The deflection angle «(@) depends on the mass distri-
bution of the deflector. We will discuss the deflection
angle for an arbitrary density distribution of a lens in
Sect. 3.8. Here we will first concentrate on point masses,
which is — in most cases — a good approximation for the
lensing effect on stars.

For a point mass, we get —see (2.71)

Dy 4GM
o) =—= 2
|ee(6)] D. 2Dy f]

or, if we account for the direction of the deflection (the
deflection angle always points towards the point mass),

4GM Dy 6

O =—5" D p; 0P

(2.78)

Multiple Images of a source occur if the lens equa-
tion (2.77) has multiple solutions 6; for a (true) source
position 8 — in this case, the source is observed at the
positions ; on the sphere.

Explicit Solution of the Lens Equation for a Point
Mass. The lens equation for a point mass is simple
enough to be solved analytically which means that for
each source position B the respective image positions 6;
can be determined. If we define the so-called Einstein
angle of the lens,

4G M Dy
O := 5 ,
C DS Dd

then the lens equation (2.77) for the point-mass lens
with a deflection angle (2.78) can be written as

0
101

(2.79)

B=0-6;

Obviously, 6g is a characteristic angle in this equation,
so that for practical reasons we will use the scaling

B 0
yi=—; Xx:=—.
O O
Hence the lens equation simplifies to

X

Fih (2.80)

y=x
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After multiplication with x, this becomes a quadratic
equation, whose solutions are

1
x= (Iyli\/4+|ylz) 2
2 |yl

From this solution of the lens equation one can
immediately draw a number of conclusions:

(2.81)

e For each source position y, the lens equation for
a point-mass lens has two solutions — any source is
(formally, at least) imaged twice. The reason for this
is the divergence of the deflection angle for 6 — 0.
This divergence does not occur in reality because of
the finite geometric extent of the lens (e.g., the radius
of the star), as the solutions are of course physically
relevant only if £ = Dy6g|x]| is larger than the radius
of the star. We need to point out again that we ex-
plicitly exclude the case of strong gravitational fields
such as the light deflection near a black hole or a neu-
tron star, for which the equation for the deflection
angle has to be modified.

® The two images x; are collinear with the lens and the
source. In other words, the observer, lens, and source
define a plane, and light rays from the source that
reach the observer are located in this plane as well.
One of the two images is located on the same side of
the lens as the source (x -y > 0), the second image is
located on the other side — as is already indicated in
Fig.2.21.

e If y =0, so that the source is positioned exactly be-
hind the lens, the full circle |x| =1, or |@| = O, is
a solution of the lens equation (2.80) — the source
is seen as a circular image. In this case, the source,
lens, and observer no longer define a plane, and the
problem becomes axially symmetric. Such a circular
image is called an Einstein ring. Ring-shaped im-
ages have indeed been observed, as we will discuss
in Sect. 3.8.3.

® The angular diameter of this ring is then 20g.
From the solution (2.81), one can easily see that
the distance between the two images is about
Ax = |x; —x2| 2 2 (as long as |y| < 1), hence

AB Z 20]3 5

the Einstein angle thus specifies the characteristic
image separation. Situations with |y| >> 1, and hence
angular separations significantly larger than 26g, are

astrophysically of only minor relevance, as will be
shown below.

Magnification: The Principle. Light beams are not
only deflected as a whole, but they are also subject
to differential deflection. For instance, those rays of
a light beam (also called light bundle) that are closer to
the lens are deflected more than rays at the other side of
the beam. The differential deflection is an effect of the
tidal component of the deflection angle; this is sketched
in Fig.2.23. By differential deflection, the solid an-
gle which the image of the source subtends on the sky
changes. Let wg be the solid angle the source would
subtend if no lens were present, and w the observed
solid angle of the image of the source in the presence
of a deflector. Since gravitational light deflection is not
linked to emission or absorption of radiation, the sur-

Fig. 2.23. Light beams are deflected differentially, leading to
changes of the shape and the cross-sectional area of the beam.
As a consequence, the observed solid angle subtended by the
source, as seen by the observer, is modified by gravitational
light deflection. In the example shown, the observed solid an-
gle A1/ D?j is larger than the one subtended by the undeflected
source, g/ Dg — the image of the source is thus magnified
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face brightness (or specific intensity) is preserved. The
flux of a source is given as the product of surface bright-
ness and solid angle. Since the former of the two factors
is unchanged by light deflection, but the solid angle
changes, the observed flux of the source is modified. If
So is the flux of the unlensed source and S the flux of
an image of the source, then

ui=—= (2.82)

So

w
(O

describes the change in flux that is caused by a magnifi-
cation (or a diminution) of the image of a source. Obvi-
ously, the magnification is a purely geometrical effect.

Magnification for “Small” Sources. For sources and
images that are much smaller than the characteristic
scale of the lens, the magnification p is given by the
differential area distortion of the lens mapping (2.77),

-1
det <%> = ’det (%>

a0 00;
Hence for small sources, the ratio of solid angles of the
lensed image and the unlensed source is described by
the determinant of the local Jacobi matrix.!!

The magnification can therefore be calculated for
each individual image of the source, and the total mag-
nification of a source, given by the ratio of the sum of
the fluxes of the individual images and the flux of the

unlensed source, is the sum of the magnifications for
the individual images.

-1

o= (2.83)

Magnification for the Point-Mass Lens. For a point-
mass lens, the magnifications for the two images (2.81)

are
LY DR T e P
+=- .
4\Vy2+4 y

From this it follows that for the “4-"-image py > 1 for
all source positions y = |y|, whereas the “—"-image can

(2.84)

1'The determinant in (2.83) is a generalization of the derivative in one
spatial dimension to higher dimensional mappings. Consider a scalar
mapping y = y(x); through this mapping, a “small” interval Ax is
mapped onto a small interval Ay, where Ay~ (dy/dx) Ax. The
Jacobian determinant occurring in (2.83) generalizes this result for
a two-dimensional mapping from the lens plane to the source plane.

have magnification either larger or less than unity, de-
pending on y. The magnification of the two images is
illustrated in Fig. 2.24, while Fig.2.25 shows the mag-
nification for several different source positions y. For
y> 1, one has 4 > 1 and pw_ ~ 0, from which we
draw the following conclusion: if the source and lens
are not sufficiently well aligned, the secondary image is
strongly demagnified and the primary image has mag-
nification very close to unity. For this reason, situations
with y > 1 are of little relevance since then essentially
only one image is observed which has about the same
flux as the unlensed source.

For y — 0, the two magnifications diverge,
n+ — o0. The reason for this is purely geometric: in
this case, out of a zero-dimensional point source a one-
dimensional image, the Einstein ring, is formed. This
divergence is not physical, of course, since infinite mag-
nifications do not occur in reality. The magnifications
remain finite even for y = 0, for two reasons. First, real
sources have a finite extent, and for these the magnifi-
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Fig. 2.24. Tllustration of the lens mapping by a point mass M.
The unlensed source S and the two images /; and I of the
lensed source are shown. We see that the two images have
a solid angle different from the unlensed source, and they also
have a different shape. The dashed circle shows the Einstein
radius of the lens
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Fig.2.25. Image of a circular source with
a radial brightness profile — indicated by

colors — for different relative positions of
the lens and source. y decreases from left to
right; in the rightmost figure y = 0 and an
Einstein ring is formed

cation is finite. Second, even if one had a point source,
wave effects of the light (interference) would lead to
a finite value of p. The total magnification of a point
source by a point-mass lens follows from the sum of the
magnifications (2.84),

¥y +2

Y=y U= ———— (2.85)
w(y) = py+p Wiid

2.5.2 Galactic Microlensing Effect

After these theoretical considerations we will now re-
turn to the starting point of our discussion, employing
the lensing effect as a potential diagnostic for dark mat-
ter in our Milky Way, if this dark matter were to consist
of compact mass concentrations, e.g., very faint stars.

Image Splitting. Considering a star in our Galaxy as
the lens, (2.79) yields the Einstein angle

M\ 2
Og =0.902mas | —
Mg

Dy \ "2 D\ 2
X 1——
10 kpc Dy

Since the angular separation A6 of the two images is
about 26, the typical image splittings are about a mil-
liarcsecond (mas) for lens systems including Galactic
stars; such angular separations are as yet not observable
with optical telescopes. This insight made Einstein be-
lieve in 1936, after he conducted a detailed quantitative
analysis of gravitational lensing by point masses, that
the lens effect will not be observable.'?

(2.86)

Magnification. Bohdan Paczynski pointed out in 1986
that, although image splitting was unobservable, the
magnification by the lens should nevertheless be mea-
surable. To do this, we have to realize that the absolute
magnification is observable only if the unlensed flux of
the source is known — which is not the case, of course
(for nearly all sources). However, the magnification,
and therefore also the observed flux, changes with time
by the relative motion of source, lens, and ourselves.
Therefore, the flux is a function of time, caused by the
time-dependent magnification.

Characteristic Time-Scale of the Variation. Let v be
a typical transverse velocity of the lens, then its angular
velocity is

, Dy \ '
= v 4.22 masyr*1 ( v ) d )
Dy 200 km/s/ \10 kpc

(2.87)

if we consider the source and the observer to be at rest.
The characteristic time-scale of the variability is then
given by

M\ 2 D 1/2
e = @:o.zmyr — d
0 Mg 10 kpc

172 _
(-2) i)
Dy 200 km/s
(2.88)

This time-scale is of the order of a month for lenses
with M ~ Mg and typical Galactic velocities. Hence,

12 The expression “microlens” has its origin in the angular scale (2.86)
that was discussed in the context of the lens effect on quasars by stars
at cosmological distances, for which one obtains image splittings of
about one microarcsecond.
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the effect is measurable in principle. In the general case
that source, lens, and observer are all moving, v has
to be considered as an effective velocity. Alternatively,
the motion of the source in the source plane can be
considered.

Light Curves. In most cases, the relative motion can be
considered linear, so that the position of the source in
the source plane can be written as

B=PBo+Bt—1).

Using the scaled position y = 8/6g, for y = |y| we
obtain

2
! —Imax
y0) =,/p*+ (—d) ;

g

(2.89)

where p = ynin specifies the minimum distance from
the optical axis, and fy,x is the time at which y=p
attains this minimum value, thus when the magnification
U= u(p) = Umax 1S maximized. From this, and using
(2.85), one obtains the light curve

V2 +2

() V() +4

Examples for such light curves are shown in Fig. 2.26.
They depend on only four parameters: the flux of the
unlensed source Sy, the time of maximum magnifica-
tion #pyax, the smallest distance of the source from the
optical axis p, and the characteristic time-scale 7. All
these values are directly observable in a light curve. One
obtains fy,,x from the time of the maximum of the light
curve, Sy is the flux that is measured for very large
and small times, So = S(t — F00), or Sp =~ S(¢) for
|t — tmax| > tg. Furthermore, p follows from the max-
imum magnification pmax = Smax/So by inversion of
(2.85), and fg from the width of the light curve.

Only #g contains information of astrophysical rele-
vance, because the time of the maximum, the unlensed
flux of the source, and the minimum separation p
provide no information about the lens. Since #g
M Dg/v, this time-scale contains the combined in-
formation on the lens mass, the distances to the lens and
the source, and the transverse velocity: Only the com-
bination tg X /M Dg/v can be derived from the light
curve, but not mass, distance, or velocity individually.

S(0) = So u(y(®) = So (2.90)

Paczyniski’s idea can be expressed as follows: if the
halo of our Milky Way consists (partially) of compact
objects, a distant compact source should, from time to
time, be lensed by one of these MACHOs and thus show
characteristic changes in flux, corresponding to a light
curve similar to those in Fig. 2.26. The number density
of MACHOs is proportional to the probability or abun-
dance of lens events, and the characteristic mass of the
MACHOs is proportional to the square of the typical
variation time-scale fg. All one has to do is measure
the light curves of a sufficiently large number of back-
ground sources and extract all lens events from those
light curves to obtain information on the population of
potential MACHOs in the halo. A given halo model
predicts the spatial density distribution and the distribu-
tion of velocities of the MACHOs and can therefore be
compared to the observations in a statistical way. How-
ever, one faces the problem that the abundance of such
lensing events is very small.

Probability of a Lens Event. In practice, a system of
a foreground object and a background source is con-
sidered a lens system if p < 1 and hence fpm,x > 3/ V5
~ 1.34,i.e., if the relative trajectory of the source passes
within the Einstein circle of the lens.

If the dark halo of the Milky Way consisted solely of
MACHO:s, the probability that a very distant source is
lensed (in the sense of | 8] < 6g) would be ~ 10~7, where
the exact value depends on the direction to the source.
At any one time, one of ~ 107 distant sources would be
located within the Einstein radius of a MACHO in our
halo. The immediate consequence of this is that the light
curves of millions of sources have to be monitored to
detect this effect. Furthermore, these sources have to be
located within a relatively small region on the sphere to
keep the total solid angle that has to be photometrically
monitored relatively small. This condition is needed to
limit the required observing time, so that many such
sources should be present within the field-of-view of
the camera used. The stars of the Magellanic Clouds
are well suited for such an experiment: they are close
together on the sphere, but can still be resolved into
individual stars.

Problems, and their Solution. From this observational
strategy, a large number of problems arise immediately;
they were discussed in Paczyriski’s original paper. First,
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Fig. 2.26. [llustration of a Galactic microlensing event: In the
upper left panel a source (depicted by the open circles) moves
behind a point-mass lens; for each source position two images
of the source are formed, which are indicated by the black
ellipses. The identification of the corresponding image pair
with the source position follows from the fact that, in pro-
jection, the source, the lens, and the two images are located
on a straight line, which is indicated for one source position.
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the photometry of so many sources over many epochs
produces a huge amount of data that need to be handled;
they have to be stored and reduced. Second, one has the
problem of “crowding”: the stars in the Magellanic
Clouds are densely packed on the sky, which renders
the photometry of individual stars difficult. Third, stars
also show intrinsic variability — about 1% of all stars
are variable. This intrinsic variability has to be distin-
guished from that due to the lens effect. Due to the

ALANS (LN S BN N AL (N S A BN AL B

i p=0.1 ]

p

U I UN S I U AT U UD U U Ul AT U U U U

-1 -05 0 0.5 1
t/te

The dashed circle represents the Einstein ring. In the lower left
panel, different trajectories of the source are shown, each char-
acterized by the smallest projected separation p to the lens.
The light curves resulting from these relative motions, which
can be calculated using equation (2.90), are then shown in the
right-hand panel for different values of p. The smaller p is,
the larger the maximum magnification will be, here measured
in magnitudes

small abundance of the latter, selecting the lens events
is comparable to searching for a needle in a haystack.
Finally, it should be mentioned that one has to ensure
that the experiment is indeed sensitive enough to detect
lens events. A “calibration experiment” would therefore
be desirable.

Faced with these problems, it seemed daring to seri-
ously think about the realization of such an observing
program. However, a fortunate event helped, in the mag-
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nificent time of the easing of tension between the US
and the Soviet Union, and their respective allies, at the
end of the 1980s. Physicists and astrophysicists, partly
occupied with issues concerning national security, then
saw an opportunity to meet new challenges. In addition,
scientists in national laboratories had much better ac-
cess to sufficient computing power and storage capacity
than those in other research institutes, attenuating some
of the aforementioned problems. While the expected
data volume was still a major problem in 1986, it could
be handled a few years later. Also, wide-field cameras
were constructed, with which large areas of the sky
could be observed simultaneously. Software was devel-
oped which specializes in the photometry of objects in
crowded fields, so that light curves could be measured
even if individual stars in the image were no longer
cleanly separated.

To distinguish between lensing events and intrin-
sic variablity of stars, we note that the microlensing
light curves have a characteristic shape that is described
by only four parameters. The light curves should be
symmetric and achromatic because gravitational light
deflection is independent of the frequency of the radia-
tion. Furthermore, due to the small lensing probability,
any source should experience at most one microlens-
ing event and show a constant flux before and after,
whereas intrinsic variations of stars are often periodic
and in nearly all cases chromatic.

And finally a control experiment could be performed:
the lensing probability in the direction of the Galactic
bulge is known, or at least, we can obtain a lower limit
for it from the observed density of stars in the disk. If
a microlens experiment is carried out in the direction
of the Galactic bulge, we have to find lens events if the
experiment is sufficiently sensitive.

2.5.3 Surveys and Results

In the early 1990s, two collaborations (MACHO and
EROS) began the search for microlensing events to-
wards the Magellanic clouds. Another group (OGLE)
started searching in an area of the Galactic bulge. Fields
in the respective survey regions were observed regu-
larly, typically once every night if weather conditions
permitted. From the photometry of the stars in the fields,
light curves for many millions of stars were generated
and then checked for microlensing events.

First Detections. In 1993, all three groups reported their
first results. The MACHO collaboration found one event
in the Large Magellanic Cloud (LMC), the EROS group
two events, and the OGLE group observed one event in
the bulge. The light curve of the first MACHO event
is plotted in Fig. 2.27. It was observed in two different
filters, and the fit to the data, which corresponds to
a standard light curve (2.90), is the same for both filters,
proving that the event is achromatic. Together with the
quality of the fit to the data, this is very strong evidence
for the microlensing nature of the event.

Statistical Results. In the years since 1993, all three
aforementioned teams have proceeded with their ob-
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Fig. 2.27. Light curve of the first observed microlensing event
in the LMC, in two broad-band filters. The solid curve is
the best-fit microlens light curve as described by (2.90), with
MUmax = 6.86. The ratio of the magnifications in both filters is
displayed at the bottom, and it is compatible with 1. Some of
the data points deviate significantly from the curve; this means
that either the errors in the measurements were underesti-
mated, or this event is more complicated than one described
by a point-mass lens — see Sect. 2.5.4
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servations and analysis (Fig.2.28), and more groups
have begun the search for microlensing events, choos-
ing various lines-of-sight. The most important results
from these experiments can be summarized as follows:

About 20 events have been found in the direction
of the Magellanic Clouds, and of the order a thousand
in the direction of the bulge. The statistical analysis of
the data revealed the lensing probability towards the
bulge to be higher than originally expected. This can
be explained by the fact that our Galaxy features a bar
(see Chap. 3). This bar was also observed in IR maps
such as those made by the COBE satellite. The events
in the direction of the bulge are dominated by lenses
that are part of the bulge themselves, and their column
density is increased by the bar-like shape of the bulge.
On the other hand, the lens probability in the direction of
the Magellanic Clouds is smaller than expected for the
case where the dark halo consists solely of MACHO:s.

e
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Fig.2.28. In this 8° x 8° image of the LMC, 30 fields are
marked in red which the MACHO group has searched for mi-
crolensing events during the ~ 5.5 years of their experiment;
images were taken in two filters to test for achromaticity. The
positions of 17 microlens events are marked by yellow circles;
these have been subject to statistical analysis

Based on the analysis of the MACHO collaboration,
the observed statistics of lensing events towards the
Magellanic Clouds is best explained if about 20% of the
halo mass consists of MACHOs, with a characteristic
mass of about M ~ 0.5M, (see Fig.2.29).

Interpretation and Discussion. This latter result is not
easy to interpret and came as a real surprise. If a result
compatible with ~ 100% had been found, it would have
been obvious to conclude that the dark matter in our
Milky Way consists of compact objects. Otherwise, if
very few lensing events had been found, it would have
been clear that MACHOs do not contribute significantly
to the dark matter. But a value of 20% does not allow
any unambiguous interpretation. Taken at face value,
the result from the MACHO group would imply that the
total mass of MACHOs in the Milky Way halo is about
the same as that in the stellar disk.

Furthermore, the estimated mass scale is hard to un-
derstand: what could be the nature of MACHOs with
M =0.5My? Normal stars can be excluded, because
they would be far too luminous not to be observed.
‘White dwarfs are also unsuitable candidates, because to
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Fig. 2.29. Probability contours for a specific halo model as
afunction of the characteristic MACHO mass M (here denoted
by m) and the mass fraction f of MACHO:s in the halo. The
halo of the LMC was either taken into account as an additional
source for microlenses (Imc halo) or not (no Imc halo), and two
different selection criteria (A,B) for the statistically complete
microlensing sample have been used. In all cases, M ~ 0.5M,
and f ~ 0.2 are the best-fit values
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produce such a large number of white dwarfs as a fi-
nal stage of stellar evolution, the total star formation
in our Milky Way, integrated over its lifetime, needs
to be significantly larger than normally assumed. In
this case, many more massive stars would also have
formed, which would then have released the metals they
produced into the ISM, both by stellar winds and in su-
pernova explosions. In such a scenario, the metal content
of the ISM would therefore be distinctly higher than is
actually observed. The only possibility of escaping this
argument is with the hypothesis that the mass function
of newly formed stars (the initial mass function, IMF)
was different in the early phase of the Milky Way com-
pared to that observed today. The IMF that needs to be
assumed in this case is such that for each star of interme-
diate mass which evolves into a white dwarf, far fewer
high-mass stars, responsible for the metal enrichment
of the ISM, must have formed in the past compared
to today. However, we lack a plausible physical model
for such a scenario, and it is in conflict with the star-
formation history that we observe in the high-redshift
Universe (see Chap. 9).

Neutron stars can be excluded as well, because
they are too massive (typically > 1Mg); in addition,
they are formed in supernova explosions, implying that
the aforementioned metallicity problem would be even
greater for neutron stars. Would stellar-mass black holes
be an alternative? The answer to this question depends
on how they are formed. They could not originate in SN
explosions, again because of the metallicity problem.
If they had formed in a very early phase of the Uni-
verse (they are then called primordial black holes), this
would be an imaginable, though perhaps quite exotic,
alternative.

However, we have strong indications that the
interpretation of the MACHO results is not as straight-
forward as described above. Some doubts have been
raised as to whether all events reported as being due to
microlensing are in fact caused by this effect. In fact,
one of the microlensing source stars identified by the
MACHO group showed another bump seven years after
the first event. Given the extremely small likelihood of
two microlensing events happening to a single source
this is almost certainly a star with unusual variability.

As argued previously, by means of 7z we only mea-
sure a combination of lens mass, transverse velocity,
and distance. The result given in Fig.2.29 is therefore

based on the statistical analysis of the lensing events
in the framework of a halo model that describes the
shape and the radial density profile of the halo. How-
ever, microlensing events have been observed for which
more than just fg can be determined — e.g., events in
which the lens is a binary star, or those for which g
is larger than a few months. In this case, the orbit of
the Earth around the Sun, which is not a linear motion,
has a noticeable effect, causing deviations from the
standard curve. Such parallax events have indeed been
observed.!® Three events are known in the direction of
the Magellanic Clouds in which more than just g could
be measured. In all three cases the lenses are most likely
located in the Magellanic Clouds themselves (an effect
called self-lensing) and not in the halo of the Milky
Way. If for those three cases, where the degeneracy be-
tween lens mass, distance, and transverse velocity can
be broken, the respective lenses are not MACHO:s in the
Galactic halo, we might then suspect that in most of the
other microlensing events the lens is not a MACHO ei-
ther. Therefore, it is currently unclear how to interpret
the results of the microlensing surveys. In particular, it
is unclear to what extent self-lensing contributes to the
results. Furthermore, the quantitative results depend on
the halo model.

The EROS collaboration used an observation strategy
which was sightly different from that of the MACHO
group, by observing a number of fields in very short time
intervals. Since the duration of a lensing event depends
on the mass of the lens as At o« M'/? —see (2.88) — they
were also able to probe very small MACHO masses.
The absence of lensing events of very short duration
then allowed them to derive limits for the mass fraction
of such low-mass MACHOs, as is shown in Fig. 2.30.

Despite this unsettled situation concerning the inter-
pretation of the MACHO results, we have to emphasize
that the microlensing surveys have been enormously
successful experiments because they accomplished
exactly what was expected at the beginning of the ob-
servations. They measured the lensing probability in
the direction of the Magellanic Clouds and the Galactic
bulge. The fact that the distribution of the lenses differs
from that expected by no means diminishes the success
of these surveys.

13 These parallax events in addition prove that the Earth is in fact
orbiting around the Sun — even though this is not really a new insight.
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Fig. 2.30. From observations by the EROS collaboration,
a large mass range for MACHO candidates can be excluded.
The maximum allowed fraction of the halo mass contained
in MACHOs is plotted as a function of the MACHO mass
M, as an upper limit with 95% confidence. A standard model
for the mass distribution in the Galactic halo was assumed
which describes the rotation curve of the Milky Way quite
well. The various curves show different phases of the EROS
experiment. They are plotted separately for observations in

2.5.4 Variations and Extensions

Besides the search for MACHOs, microlensing surveys
have yielded other important results and will continue to
do so in the future. For instance, the distribution of stars
in the Galaxy can be measured by analyzing the lens-
ing probability as a function of direction. Thousands
of variable stars have been newly discovered and accu-
rately monitored; the extensive and publicly accessible
databases of the surveys form an invaluable resource
for stellar astrophysics. Furthermore, globular clusters
in the LMC have been identified from these photometric
observations.

For some lensing events, the radius and the surface
structure of distant stars can be measured with very high
precision. This is possible because the magnification p
depends on the position of the source. Situations can oc-
cur, for example where a binary star acts as a lens (see
Fig.2.31), in which the dependence of the magnifica-
tion on the position in the source plane is very sensitive.
Since the source — the star — is in motion relative to the
line-of-sight between Earth and the lens, its different

the directions of the LMC and the SMC. The experiment
EROS 1 searched for microlensing events on short time-
scales but did not find any; this yields the upper limits at
small masses. Upper limits at larger masses were obtained
by the EROS 2 experiment. The thick solid curve represents
the upper limit derived from combining the individual ex-
periments. If not a single MACHO event had been found
the upper limit would have been described by the dotted
line

regions are subject to different magnification, depend-
ing on the time-dependent source position. A detailed
analysis of the light curve of such events then enables
us to reconstruct the light distribution on the surface of
the star. The light curve of one such event is shown in
Fig.2.32.

For these lensing events the source can no longer
be assumed to be a point source. Rather, the details of
the light curve are determined by its light distribution.
Therefore, another length-scale appears in the system,
the radius of the star. This length-scale shows up in the
corresponding microlensing light curve, as can be seen
in Fig. 2.32, by the time-scale which characterizes the
width of the peaks in the light curve — it is directly re-
lated to the ratio of the stellar radius and the transverse
velocity of the lens. With this new scale, the degener-
acy between M, v, and Dy is partially broken, so that
these special events provide more information than the
“classical” ones.

In fact, the light curve in Fig.2.27 is probably not
caused by a single lens star, but instead by additional
slight disturbances from a companion star. This would
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Fig.2.31. If a binary star acts as a lens, significantly more com-
plicated light curves can be generated. In the left-hand panel
tracks are plotted for five different relative motions of a back-
ground source; the dashed curve is the so-called critical curve,
formally defined by det(df/00) = 0, and the solid line is the
corresponding image of the critical curve in the source plane,
called a caustic. Light curves corresponding to these five

explain the deviation of the observed light curve from
a simple model light curve. However, the sampling in
time of this particular light curve is not sufficient to
determine the parameters of the binary system.

By now, detailed light curves with very good time
coverage have been measured, which was made possi-
ble with an alarm system. The data from those groups
searching for microlensing events are analyzed imme-
diately after observations, and potential candidates for
interesting events are published on the Internet. Other
groups (such as the PLANET collaboration, for ex-
ample) then follow-up these systems with very good
time coverage by using several telescopes spread over
a large range in geographical longitude. This makes
around-the-clock observations of the event possible.
Using this method light curves of extremely high qual-
ity have been measured. These groups hope to detect
extra-solar planets by characteristic deviations in these
light curves. Indeed, these microlens observations may
be the most realistic (and cheapest) option for finding
low-mass planets. Other methods for finding extra-solar
planets, such as the search for small periodic changes
of the radial velocity of stars which is caused by the
gravitational pull of their orbiting planet, are mostly
sensitive to high-mass planets. Whereas such surveys

-1 0 1

time / tg

tracks are plotted in the right-hand panel. If the source crosses
the caustic, the magnification u becomes very large — formally
infinite if the source was point-like. Since it has a finite extent,
1 has to be finite as well; from the maximum p during caus-
tic crossing, the radius of the source can be determined, and
sometimes even the variation of the surface brightness across
the stellar disk, an effect known as limb darkening
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Fig. 2.32. Light curve of an event in which the lens was a bi-
nary star. The MACHO group discovered this “binary event”.
Members of the PLANET collaboration obtained this data us-
ing four different telescopes (in Chile, Tasmania, and South
Africa). The second caustic crossing is highly resolved (dis-
played in the small diagram) and allows us to draw conclusions
about the size and the brightness distribution of the source star.
The two curves show the fits of a binary lens to the data
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have been extremely successful in the past decade, hav-
ing detected far more than one hundred planets around
other stars, the characteristic mass of these planets is
that of Jupiter, i.e., ~ 1000 times more massive than
the Earth. At least two planet-mass companions to lens
stars have already been discovered through microlens-
ing, one of them having a mass of only six times that of
the Earth.

Pixel Lensing. An extension to the microlensing search
was suggested in the form of the so-called pixel lensing
method. Instead of measuring the light curve of a sin-
gle star one records the brightness of groups of stars
that are positioned closely together on the sky. This
method is applicable in situations where the density of
source stars is very high, such as for the stars in the
Andromeda galaxy (M31), which cannot be resolved
individually. If one star is magnified by a microlens-
ing event, the brightness in the corresponding region
changes in a characteristic way, similar to that in the
lensing events discussed above. To identify such events,
the magnification needs to be relatively large, because
only then can the light of the lensed star dominate over
the local brightness in the region, so that the event can be
recognized. On the other hand, the number of photomet-
rically monitored stars (per solid angle) is larger than in
surveys where single stars are observed, so that events of
larger magnification are also more abundant. By now,
several groups have successfully started to search for
microlensing events in M31. The quantitative analy-
sis of these surveys is more complicated than for the
surveys targeting the Magellanic Clouds. However, the
M31 experiments are equally sensitive to both MA-
CHOs in the halo of our Milky Way and in that of M31.
Therefore, these surveys promise to finally resolve the
question of whether part of the dark matter consists of
MACHO:s.

Annihilation Radiation due to Dark Matter? The
511 keV annihilation radiation from the Galactic bulge,
discussed in Sect.2.3.4 above, has been suggested to
be related to dark matter particles. Depending on the
density of dark matter in the center of the Galaxy, as
well as on the cross-section of the constituent particles
of the dark matter (if it is indeed due to elementary
particles), these particles can annihilate. In this process,
positrons might be released which can then annihilate

with the electrons of the interstellar medium. However,
in order for this to be the source of the 511keV line
radiation, the dark matter particles must have rather
“exotic” properties.

2.6 The Galactic Center
The Galactic center (GC, see Fig. 2.33) is not observable

at optical wavelengths, because the extinction in the V-
band is ~ 28 mag. Our information about the GC has

SCUTUM,

SCORPIUS

Fig. 2.33. Optical image in the direction of the Galactic center.
Marked are some Messier objects: gas nebulae such as M8,
M16, M17, M20; open star clusters such as M6, M7, M18,
M21,M23, M24, and M25; globular clusters such as M9, M22,
M28, M54, M69, and M70. Also marked is the Galactic center,
as well as the Galactic plane, which is indicated by a line.
Baade’s Window can be easily recognized, a direction in which
the extinction is significantly lower than in nearby directions,
so that a clear increase in stellar density is visible there. This
is the reason why the microlensing observations towards the
Galactic center were preferably done in Baade’s Window
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been obtained from radio-, IR-, and X-ray radiation.
Since the GC is nearby, and thus serves as a prototype
of the central regions of galaxies, its observation is of
great interest for our understanding of the processes
taking place in the centers of galaxies.

2.6.1 Where is the Galactic Center?

The question of where the center of our Milky Way is
located is by no means trivial, because the term “center”
is in fact not well-defined. Is it the center of mass of the
Galaxy, or the point around which the stars and the gas
are orbiting? And how could we pinpoint this “center”
accurately? Fortunately, the center can nevertheless be
localized because, as we will see below, a distinct source
exists that is readily identified as the Galactic center.

Radio observations in the direction of the GC show
a relatively complex structure, as is displayed in Fig.
2.34.

A central disk of HI gas exists at radii from several
100 pc up to about 1 kpc. Its rotational velocity yields
a mass estimate M(R) for R = 100 pc. Furthermore,
radio filaments are observed which extend perpendicu-
larly to the Galactic plane, and also a large number of
supernova remnants are seen. Within about 2 kpc from
the center, roughly 3 x 10’ My, of atomic hydrogen is
found. Optical images show regions close to the GC
towards which the extinction is significantly lower. The
best known of these is Baade’s window — most of the
microlensing surveys towards the bulge are conducted
in this region. In addition, a fairly large number of glob-
ular clusters and gas nebulae are observed towards the
central region. X-ray images (Fig. 2.35) show numerous
X-ray binaries, as well as diffuse emission by hot gas.

The innermost 8 pc contain the radio source Sgr A
(Sagittarius A), which itself consists of different
components:

® A circumnuclear molecular ring, shaped like a torus,
which extends between radii of 2 pc < R < 8 pc and
is inclined by about 20° relative to the Galactic
disk. The rotational velocity of this ring is about
~ 110 km/s, nearly independent of R. This ring has
a sharp inner boundary; this cannot be the result of an
equilibrium flow, because internal turbulent motions
would quickly (on a time-scale of ~ 10° yr) erase
this boundary. Probably, it is evidence of an ener-

getic event that occurred in the Galactic center within
the past ~ 103 years. This interpretation is also sup-
ported by other observations, e.g., by a clumpiness
in density and temperature.

® Sgr A East, a non-thermal (synchrotron) source of
shell-like structure. Presumably this is a supernova
remnant (SNR), with an age between 100 and 5000
years.

® Sgr A West is located about 1/5 away from Sgr
A East. It is a thermal source, an unusual HII region
with a spiral-like structure.

® Sgr A* is a strong compact radio source close to the
center of Sgr A West. Recent observations with mm-
VLBI show that its extent is smaller than 3 AU. The
radio luminosity is Ly,q ~ 2 x 103 erg/s. Except for
the emission in the mm and cm domain, Sgr A* is
aweak source. Since other galaxies often have a com-
pactradio source in their center, Sgr A* is an excellent
candidate for being the center of our Milky Way.

Through observations of stars which contain a radio

maser'* source, the astrometry of the GC in the radio

domain was matched to that in the IR, i.e., the position
of Sgr A* is also known in the IR.!> The uncertainty in
the relative positions between radio and IR observations
is only ~ 30 mas — at a presumed distance of the GC of
8 kpc, one arcsecond corresponds to 0.0388 pc, or about
8000 AU.

2.6.2 The Central Star Cluster

Density Distribution. Observations in the K-band
(A ~ 2 pum) show a compact star cluster that is cen-
tered on Sgr A*. Its density behaves like oc 7~ !% in the
distance range 0.1 pc <r < 1 pc. The number density

14 Masers are regions of stimulated non-thermal emission which show
a very high surface brightness. The maser phenomenon is similar to
that of lasers, except that the former radiate in the microwave regime
of the spectrum. Masers are sometimes found in the atmospheres of
active stars.

15 One problem in the combined analysis of data taken in different
wavelength bands is that astrometry in each individual wavelength
band can be performed with a very high precision — e.g., individu-
ally in the radio and the IR band — however, the relative astrometry
between these bands is less well known. To stack maps of different
wavelength precisely “on top of each other”, knowledge of exact rel-
ative astrometry is essential. This can be gained if a population of
compact sources exists that is observable in both wavelength domains
and for which accurate positions can be measured.
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Fig. 2.34. Left: A VLA wide-field image of the region around
the Galactic center, with a large number of sources identified.
Upper right: a 20 cm continuum VLA image of Sgr A East,

of stars in its inner region is so large that close stellar
encounters are common. It can be estimated that a star
has a close encounter about every ~ 10° years. Thus, it
is expected that the distribution of the stars is “thermal-
ized”, which means that the local velocity distribution
of the stars is the same everywhere, i.e., it is close to
a Maxwellian distribution with a constant velocity dis-
persion. For such an isothermal distribution we expect

New SNR 0.3 +0.0

SGR A Circum-—nuclzar disk  (Hat Creslk)

B0

30

an a — &
Relativz RA, (Are sea)

where the red dot marks Sgr A*. Center right: Sgr A West,
as seen in a 6-cm continuum VLA image. Lower right: the
circumnuclear ring in HCN line emission

a density profile n oc #~2, which is in good agreement
with the observation.

However, another observational result yields a strik-
ing and interesting discrepancy with respect to the idea
of an isothermal distribution. Instead of the expected
constant dispersion o of the radial velocities of the stars,
a strong radial dependence is observed: o increases to-
wards smaller r. For example, one finds o ~ 55 km/s at

79



2. The Milky Way as a Galaxy

80

Fig. 2.35. Mosaic of X-ray images of the Galactic center, taken
by the Chandra satellite. The image covers an area of about
130 pc x 300 pc (48 x 120'). The actual GC, in which a su-
permassive black hole is suspected to reside, is located in
the white region near the center of the image. Furthermore,
on this image hundreds of white dwarfs, neutron stars, and

r=5pc,buto ~ 180 km/s atr = 0.15 pc. This discrep-
ancy indicates that the gravitational potential in which
the stars are moving is generated not only by themselves.
According to the virial theorem, the strong increase of
o for small r implies the presence of a central mass
concentration in the star cluster.

Proper Motions. Since the middle of the 1990s, proper
motions of stars in this star cluster have also been mea-
sured, using the methods of speckle interferometry and
adaptive optics. These produce images at diffraction-
limited angular resolution, about ~ 0”15 in the K-band
at the ESO/NTT (3.5 m) and about ~ 0705 at the Keck
(10 m). Proper motions are currently known for about
1000 stars within ~ 10” of Sgr A*. This breakthrough
was achieved independently by two groups, whose re-
sults are in excellent agreement. For more than 20 stars
within ~ 5” of Sgr A* both proper motions and radial ve-
locities, and therefore their three-dimensional velocities
are known. The radial and tangential velocity disper-
sions resulting from these measurements are in good
mutual agreement. Thus, it can be concluded that a ba-
sically isotropic distribution of the stellar orbits exists,
simplifying the study of the dynamics of this stellar
cluster.

The Origin of Very Massive Stars near the Galactic
Center. One of the unsolved problems is the presence
of these massive stars close to the Galactic center. One

black holes are visible that radiate in the X-ray regime due
to accretion phenomena (accreting X-ray binaries). Colors
code the photon energy, from low energy (red) to high energy
(blue). The diffuse emission, predominantly red in this im-
age, originates in diffuse hot gas with a temperature of about
T ~10"K

finds that most of the innermost stars are main-sequence
B-stars. Their small lifetime of ~ 10% yr probably im-
plies that these stars were born close to the Galactic
center. This, however, is very difficult to understand.
Both the strong tidal gravitational field of the central
black hole (see below) and the presumably strong mag-
netic field in this region will prevent the “standard”
star-formation picture of a collapsing molecular cloud:
the former effect tends to disrupt such a cloud while
the latter stabilizes it against gravitational contraction.
Several solutions to this problem have been suggested,
such as a scenario in which the stars are born at larger
distances from the Galactic center and then brought
there by dynamical processes, involving strong gravita-
tional scattering events. However, none of these models
appears satisfactory at present.

2.6.3 ABlack Hole in the Center of the Milky Way

Some stars within 0”6 of Sgr A* have a proper motion
of more than 1000 km/s, as shown in Fig.2.36. For
instance, the star S1 has a separation of only 0”1 from
Sgr A* and shows proper motion of 1470 km/s at the
epoch displayed in Fig.2.36. Combining the velocity
dispersions in radial and tangential directions reveals
it to be increasing according to the Kepler law for the
presence of a point mass, o o< r~'/2 down to r ~ 0.01 pc.

By now, the acceleration of some stars in the star
cluster has also been measured, i.e., the change of proper
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motion with time. From these measurements Sgr A* in-
deed emerges as the focus of the orbits and thus as the
center of mass. Figure 2.37 shows the orbits of some
stars around Sgr A*. The star S2 could be observed
during a major fraction of its orbit, where a maximum
velocity of more than 5000 km/s was found. The eccen-
tricity of the orbit of S2 is 0.87, and its orbital period
is ~ 15.7 yr. The minimum separation of this star from
Sgr A* is only 6 x 10~* pc, or about 100 AU.

From the observed kinematics, the enclosed mass
M(r) can be calculated, see Fig.2.38. The correspond-
ing analysis yields that M(r) is basically constant over
the range 0.01pc <r <0.5pc. This exciting result
clearly indicates the presence of a point mass, for which
a mass of

M= (3.640.4) x 10°M, (2.91)

is determined. For larger radii, the mass of the star clus-
ter dominates; it nearly follows an isothermal density
distribution with a core radius of ~ 0.34 pc and a central
density of 3.6 x 10° M, /pc?. This result is also compat-
ible with the kinematics of the gas in the center of the
Galaxy. However, stars are much better kinematic indi-
cators because gas can be affected by magnetic fields,
viscosity, and various other processes besides gravity.

s fsi
10
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Fig. 2.36. Proper motions of stars in the
central region of the GC. The differently
colored arrows denote different types of
stars. The small image shows the proper
motions in the Sgr A* star cluster within half
an arcsecond from Sgr A*; the fastest star
(S1) has a proper motion of ~ 1500 km/s
(from Genzel, 2000, astro-ph/0008119

(1470 km/s)

o

The kinematics of stars in the central star cluster
of the Galaxy shows that our Milky Way contains
a mass concentration in which ~ 3 x 10°M, are
concentrated within a region smaller than 0.01 pc.
This is most probably a black hole in the center
of our Galaxy at the position of the compact radio
source Sgr A*.

Why a Black Hole? We have interpreted the central
mass concentration as a black hole; this requires some
further explanation:

® The energy for the central activity in quasars, radio
galaxies, and other AGNs is produced by accretion of
gas onto a supermassive black hole (SMBH); we will
discuss this in more detail in Sect. 5.3. Thus we know
that at least a subclass of galaxies contains a central
SMBH. Furthermore, we will see in Sect. 3.5 that
many “normal” galaxies, especially ellipticals, har-
bor a black hole in their center. The presence of
a black hole in the center of our own Galaxy would
therefore not be something unusual.

® To bring the radial mass profile M(r) into accordance
with an extended mass distribution, its density dis-
tribution must be very strongly concentrated, with
a density profile steeper than oc r—*; otherwise the
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Fig.2.37. At left, the or-
bit of the star S2 around
Sgr A* is shown as de-
termined by two different
observing campaigns. The
position of Sgr A* is
indicated by the black cir-
cled cross. The individual
points along the orbit are
identified by the epoch
of the observation. The
right-hand image shows
the orbits of some other
stars for which accelera-
tions have already been
4  measured
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mass profile M(r) would not be as flat as observed in
Fig. 2.38. Hence, this hypothetical mass distribution
must be vastly different from the expected isother-
mal distribution which has a mass profile r2, as
discussed in Sect.2.6.2. However, observations of
the stellar distribution provide no indication of an
inwardly increasing density of the star cluster with
such a steep profile.

o Evenif such an ultra-dense star cluster (with a central
density of > 4 x 10'>M,/pc®) were present it could
not be stable, but instead would dissolve within ~ 107
years through frequent stellar collisions.

® Sgr A* itself has a proper motion of less than
20km/s. It is therefore the dynamic center of
the Milky Way. Due to the large velocities of its
surrounding stars, one would derive a mass of
M > 10° M, for the radio source, assuming equipar-
tition of energy (see also Sect.2.6.5). Together with
the tight upper limits for its extent, a lower limit for
the density of 10'8 M /pc? can then be obtained.

Following the stellar orbits in forthcoming years will
further complete our picture of the mass distribution in
the GC.

We have to emphasize at this point that the gravi-
tational effect of the black hole on the motion of stars
and gas is constrained to the innermost region of the

0.5 0
Right Ascension ["]

Milky Way. As one can see from Fig. 2.38, the gravita-
tional field of the SMBH dominates the rotation curve
of the Galaxy only for R < 2 pc — this is the very reason
why the detection of the SMBH is so difficult. At larger
radii, the presence of the SMBH is of no relevance for
the rotation curve of the Milky Way.

2.6.4 Flares from the Galactic Center

In 2000, the X-ray satellite Chandra discovered a power-
ful X-ray flare from Sgr A*. This event lasted for about
three hours, and the X-ray flux increased by a factor
of 50 during this period. XMM-Newton confirmed the
existence of X-ray flares, recording one where the lu-
minosity increased by a factor of ~ 200. Combining the
flare duration of a few hours with the short time-scale
of variability of a few minutes indicates that the emis-
sion must originate from a very small source, not larger
than ~ 103 cm in size.

Monitoring Sgr A* in the NIR, flare emission was
also found in this spectral regime. These NIR flares
are more frequent than in X-rays, occurring several
times per day. Furthermore, the NIR emission seems
to show some sort of periodicity of ~ 17 min, which is
most likely to be identified with an orbital motion of
the emitting material around the SMBH. Indeed, a re-
analysis of the X-ray light curve shows some hint of
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Fig. 2.38. Determination of the mass M(r) within a radius r
from Sgr A*, as measured by the radial velocities and proper
motions of stars in the central cluster. Mass estimates obtained
from individual stars (S14, S2, S12) are given by the points
with error bars for small . The other data points were derived
from the kinematic analysis of the observed proper motions
of the stars, where different methods have been applied. As
can be seen, these methods produce results that are mutu-

the same modulation time-scale. Observing the Galac-
tic center simultaneously in the NIR and the X-rays
revealed a clear correlation of the corresponding light
curves; for example, simultaneous flares were found in
these two wavelength regimes. These flares have sim-
ilar light profiles, indicating a similar origin of their
radiation. The consequences of these observations for
the nature of the central black hole will be discussed
in Sect. 5.4.6, after we have introduced the concept of
black holes in a bit more detail. Flares were also ob-
served at mm-wavelengths; their time-scale appears to
be longer than that at higher frequencies, as expected

ally compatible, so that the mass profile plotted here can be
regarded to be robust. The solid curve is the best-fit model,
representing a point mass of 2.9 x 10° M, plus a star cluster
with a central density of 3.6 x 10°Mq /pc® (the mass profile
of this star cluster is indicated by the dash-dotted curve). The
dashed curve shows the mass profile of a hypothetical clus-
ter with a very steep profile, n oc ¥, and a central density of
2.2 x 10" Mg pc=3

if the emission comes from a more extended source
component.

2.6.5 The Proper Motion of Sgr A*

From a series of VLBI observations of the position of
Sgr A*, covering eight years, the proper motion of this
compact radio source was measured with very high pre-
cision. To do this, the position of Sgr A* was determined
relative to two compact extragalactic radio sources. Due
to their large distances these are not expected to show
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any proper motion, and the VLBI measurements show
that their separation vector is indeed constant over time.
The position of Sgr A* over the observing period is
plotted in Fig. 2.39.

From the plot, we can conclude that the observed
proper motion of Sgr A* is essentially parallel to the
Galactic plane. The proper motion perpendicular to the
Galactic plane is about 0.2 mas/yr, compared to the
proper motion in the Galactic plane of 6.4 mas/yr. If
Ry = (8.0£0.5) kpc is assumed for the distance to the
GC, this proper motion translates into an orbital velocity
of (241 & 15) km/s, where the uncertainty is dominated
by the exact value of Ry (the error in the measurement
alone would yield an uncertainty of only 1 km/s). This
proper motion is easily explained by the Solar orbital

\ Sgr A* — J1745-283
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Fig. 2.39. The position of Sgr A* at different epochs, relative
to the position in 1996. To a very good approximation the
motion is linear, as indicated by the dashed best-fit straight
line. In comparison, the solid line shows the orientation of the
Galactic plane

motion around the GC, i.e., this measurement contains
no hint of a non-zero velocity of the radio source Sgr A*
itself. In fact, the small deviation of the proper mo-
tion from the orientation of the Galactic plane can be
explained by the peculiar velocity of the Sun relative
to the LSR (see Sect.2.4.1). If this is taken into ac-
count, a velocity perpendicular to the Galactic disk of
v; =(—0.440.9)km/s is obtained for Sgr A*. The
component of the orbital velocity within the disk has
a much larger uncertainty because we know neither R
nor the rotational velocity V; of the LSR very precisely.
The small upper limit for v, suggests, however, that the
motion in the disk should also be very small. Under the
(therefore plausible) assumption that Sgr A* has no pe-
culiar velocity, the ratio Ry/V} can be determined from
these measurements with an as yet unmatched precision.
What also makes this observation so impressive is
that from it we can directly derive a lower limit for the
mass of Sgr A*. Since this radio source is surrounded
by ~ 10 stars within a sphere of radius ~ 1 pc, the net
acceleration towards the center is not vanishing, even in
the case of a statistically isotropic distribution of stars.
Rather, due to the discrete nature of the mass distribu-
tion, a stochastic force exists that changes with time
because of the orbital motion of the stars. The radio
source is accelerated by this force, causing a motion
of Sgr A* which becomes larger the smaller the mass
of the source. The very strong limits to the velocity of
Sgr A* enable us to derive a lower limit for its mass of
0.4 x 10° M. This mass limit is significantly lower than
the mass of the SMBH that was derived from the stellar
orbits, but it is the mass of the radio source itself. Al-
though we have excellent reasons to assume that Sgr A*
coincides with the SMBH, this new observation is the
first proof for a large mass of the radio source itself.

2.6.6 Hypervelocity Stars in the Galaxy

Discovery. In 2005, a Galactic star was discovered
which travels with a velocity of at least 700 km/s rela-
tive to the Galactic rest-frame. This B-star has a distance
of ~ 110kpc from the Galactic center, and its actual
space velocity depends on its transverse motion which
has not be yet been measured, due to the large distance of
the object from us. The velocity of this star is so large
that it exceeds the escape velocity from the Galaxys;
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hence, this star is gravitationally unbound to the Milky
Way. Within one year after this first discovery, four
more such hypervelocity stars have been discovered, all
of them early-type stars (O- or B-stars) with Galactic
rest-frame velocities in excess of 500 km/s. They will
all escape the gravitational potential of the Galaxy.

Acceleration of Hypervelocity Stars. The fact that the
hypervelocity stars are gravitationally unbound to the
Milky Way implies that they must have been accelerated
very recently, i.e., less than a crossing time through the
Galaxy ago. In addition, since they are early-type stars,
they must have been accelerated within the lifetime of
such stars. The acceleration mechanism must be of grav-
itational origin and is related to the dynamical instability
of N-body systems, with N > 2. A pair of objects will
orbit in their joint gravitational field, either on bound or-
bits (ellipses) or unbound ones (gravitational scattering
on hyperbolic orbits); in the former case, the system is
stable and the two masses will orbit around each other
literally forever. If more than two masses are involved
this is no longer the case — such a system is inherently
unstable. Consider three masses, initially bound to each
other, orbiting around their center-of-mass. In general,
their orbits will not be ellipses but are more compli-
cated; in particular, they are not periodic. Such a system
is, mathematically speaking, chaotic. A chaotic system
is characterized by the property that the state of a sys-
tem at time ¢ depends very sensitively on the initial
conditions set at time #; < t. Whereas for a dynamically
stable system the positions and velocities of the masses
at time ¢ are changed only a little if their initial con-
ditions are slightly varied (e.g., by giving one of the
masses a slightly larger velocity), in a chaotic, dynam-
ically unstable system even tiny changes in the initial
conditions can lead to completely different states at later
times. Any N-body system with N > 2 is dynamically
unstable.

Back to our three-body system. The three masses
may orbit around each other for an extended period of

time, but their gravitational interaction may then change
the state of the system suddenly, in that one of the three
masses attains a sufficiently high velocity relative to the
other two and may escape to infinity, whereas the other
two masses form a binary system. What was a bound
system initially may become an unbound system later
on. This behavior may appear unphysical at first sight —
where does the energy come from to eject one of the
stars? Is this process violating energy conservation?

Of course not! The trick lies in the properties of
gravity: a binary has negative binding energy, and the
more negative, the tighter the binary orbit. By three-
body interactions, the orbit of two masses can become
tighter (one says that the binary “hardens”), and the
corresponding excess energy is transferred to the third
mass which may then become gravitationally unbound.
In fact, a single binary of compact stars can in princi-
ple take up all the binding energy of a star cluster and
“evaporate” all other stars.

This discussion then leads to the explanation of hy-
pervelocity stars. The characteristic escape velocity of
the “third mass” will be the orbital velocity of the three-
body system before the escape. The only place in our
Milky Way where orbital velocities are as high as that
observed for the hypervelocity stars is the Galactic cen-
ter. In fact, the travel time of a star with current velocity
of ~600km/s from the Galactic center to Galactro-
centric distances of ~ 80 kpc is of order 10% yr, slightly
shorter than the main-sequence lifetime of a B-star. Fur-
thermore, most of the bright stars in the central 1”7 of
the Galactic center region are B-stars. Therefore, the
immediate environment of the central black hole is the
natural origin for these hypervelocity stars. Indeed, long
before their discovery the existence of such stars was
predicted. When a binary star gets close to the black
hole, this three-body interaction can lead to the ejec-
tion of one of the two stars into an unbound orbit. Thus,
the existence of hypervelocity stars can be considered
as an additional piece of evidence for the presence of
a central black hole in our Galaxy.
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The insight that our Milky Way is just one of many gal-
axies in the Universe is less than 100 years old, despite
the fact that many had already been known for a long
time. The catalog by Charles Messier (1730-1817), for
instance, lists 103 diffuse objects. Among them M31,
the Andromeda galaxy, is listed as the 31st entry in
the Messier catalog. Later, this catalog was extended
to 110 objects. John Dreyer (1852-1926) published
the New General Catalog (NGC) that contains nearly
8000 objects, most of them galaxies. In 1912, Vesto
Slipher found that the spiral nebulae are rotating, using
spectroscopic analysis. But the nature of these extended
sources, then called nebulae, was still unknown at that
time; it was unclear whether they are part of our Milky
Way or outside it.

The year 1920 saw a public debate (the Great Debate)
between Harlow Shapley and Heber Curtis. Shapley
believed that the nebulae are part of our Milky Way,
whereas Curtis was convinced that the nebulaec must
be objects located outside the Galaxy. The arguments

which the two opponents brought forward were partly
based on assumptions which later turned out to be in-
valid, as well as on incorrect data. We will not go into the
details of their arguments which were partially linked
to the assumed size of the Milky Way since, only a few
years later, the question of the nature of the nebulae was
resolved.

In 1925, Edwin Hubble discovered Cepheids in An-
dromeda (M31). Using the period-luminosity relation
for these pulsating stars (see Sect.2.2.7) he derived
a distance of 285 kpc. This value is a factor of ~3
smaller than the distance of M31 known today, but it
provided clear evidence that M31, and thus also other
spiral nebulae, must be extragalactic. This then imme-
diately implied that they consist of innumerable stars,
like our Milky Way. Hubble’s results were considered
conclusive by his contemporaries and marked the begin-
ning of extragalactic astronomy. It is not coincidental
that at this time George Hale began to arrange the fund-
ing for an ambitious project. In 1928 he obtained six

Fig. 3.1. Galaxies occur in differ-

ent shapes and sizes, and often they
are grouped together in groups or
clusters. This cluster, ACO 3341, at
aredshift of z = 0.037, contains nu-
merous galaxies of different types

and luminosities
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million dollars for the construction of the 5-m telescope
on Mt. Palomar which was completed in 1949.

This chapter is about galaxies. We will confine the
consideration here to “normal” galaxies in the local
Universe; galaxies at large distances, some of which are
in a very early evolutionary state, will be discussed in
Chap. 9, and active galaxies, like quasars for example,
will be discussed later in Chap. 5.

3.1 Classification

The classification of objects depends on the type of ob-
servation according to which this classification is made.
This is also the case for galaxies. Historically, optical
photometry was the method used to observe galaxies.
Thus, the morphological classification defined by Hub-
ble is still the best-known today. Besides morphological
criteria, color indices, spectroscopic parameters (based
on emission or absorption lines), the broad-band spec-
tral distribution (galaxies with/without radio- and/or
X-ray emission), as well as other features may also be
used.

Morphological Classification:
The Hubble Sequence

3.1.1

Figure 3.2 shows the classification scheme defined by
Hubble. According to this, three main types of galaxies
exist:

® Elliptical galaxies (E’s) are galaxies that have nearly
elliptical isophotes' without any clearly defined
Isophotes are contours along which the surface brightness of

a sources is constant. If the light profile of a galaxy is elliptical,
then its isophotes are ellipses.
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structure. They are subdivided according to their
ellipticity ¢ = 1 —b/a, where a and b denote the
semimajor and the semiminor axes, respectively. El-
lipticals are found over a relatively broad range in
ellipticity, 0 < € < 0.7. The notation En is commonly
used to classify the ellipticals with respect to e,
with n = 10¢; i.e., an E4 galaxy has an axis ratio
of b/a = 0.6, and EO’s have circular isophotes.

® Spiral galaxies consist of a disk with spiral arm struc-
ture and a central bulge. They are divided into two
subclasses: normal spirals (S’s) and barred spirals
(SB’s). In each of these subclasses, a sequence is de-
fined that is ordered according to the brightness ratio
of bulge and disk, and that is denoted by a, ab, b,
bc, ¢, cd, d. Objects along this sequence are often re-
ferred to as being either an early-type or a late-type;
hence, an Sa galaxy is an early-type spiral, and an
SBc galaxy is a late-type barred spiral. We stress ex-
plicitly that this nomenclature is not a statement of
the evolutionary stage of the objects but is merely
a nomenclature of purely historical origin.

® [rregular galaxies (Irr’s) are galaxies with only weak
(Irr T) or no (Irr II) regular structure. The classi-
fication of Irr’s is often refined. In particular, the
sequence of spirals is extended to the classes Sdm,
Sm, Im, and Ir (m stands for Magellanic; the Large
Magellanic Cloud is of type SBm).

® SO galaxies are a transition between ellipticals and
spirals. They are also called lenticulars as they are
lentil-shaped galaxies which are likewise subdivided
into SO and SBO, depending on whether or not they
show a bar. They contain a bulge and a large en-
veloping region of relatively unstructured brightness
which often appears like a disk without spiral arms.
Ellipticals and SO galaxies are referred to as early-
type galaxies, spirals as late-type galaxies. As before,

Im *&
IBm?ﬁ

SBc

Fig. 3.2. Hubble’s “tuning fork™ for galaxy
classification
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these names are only historical and are not meant to
describe an evolutionary track!

Obviously, the morphological classification is at least
partially affected by projection effects. If, for instance,
the spatial shape of an elliptical galaxy is a triaxial
ellipsoid, then the observed ellipticity € will depend on
its orientation with respect to the line-of-sight. Also,
it will be difficult to identify a bar in a spiral that is
observed from its side (“edge-on”).

Besides the aforementioned main types of galaxy
morphologies, others exist which do not fit into the
Hubble scheme. Many of these are presumably caused
by interaction between galaxies (see below). Further-
more, we observe galaxies with radiation characteristics
that differ significantly from the spectral behavior of
“normal” galaxies. These galaxies will be discussed
next.

3.1.2  Other Types of Galaxies

The light from “normal” galaxies is emitted mainly by
stars. Therefore, the spectral distribution of the radiation
from such galaxies is in principle a superposition of
the spectra of their stellar population. The spectrum of
stars is, to a first approximation, described by a Planck
function (see Appendix A) that depends only on the
star’s surface temperature. A typical stellar population
covers a temperature range from a few thousand Kelvin
up to a few tens of thousand Kelvin. Since the Planck
function has a well-localized maximum and from there
steeply declines to both sides, most of the energy of
such “normal” galaxies is emitted in a relatively narrow

frequency interval that is located in the optical and NIR
sections of the spectrum.

In addition to these, other galaxies exist whose spec-
tral distribution cannot be described by a superposition
of stellar spectra. One example is the class of active
galaxies which generate a significant fraction of their
luminosity from gravitational energy that is released in
the infall of matter onto a supermassive black hole, as
was mentioned in Sect. 1.2.4. The activity of such ob-
jects can be recognized in various ways. For example,
some of them are very luminous in the radio and/or
in the X-ray portion of the spectrum (see Fig.3.3), or
they show strong emission lines with a width of several
thousand km/s if the line width is interpreted as due
to Doppler broadening, i.e., AA/A = Av/c. In many
cases, by far the largest fraction of luminosity is pro-
duced in a very small central region: the active galactic
nucleus (AGN) that gave this class of galaxies its name.
In quasars, the central luminosity can be of the order of
~ 10"3 L, about a thousand times as luminous as the to-
tal luminosity of our Milky Way. We will discuss active
galaxies, their phenomena, and their physical properties
in detail in Chap. 5.

Another type of galaxy also has spectral properties
that differ significantly from those of “normal” galaxies,
namely the starburst galaxies. Normal spiral galaxies
like our Milky Way form new stars at a star-formation
rate of ~ 3Mg/yr which can be derived, for instance,
from the Balmer lines of hydrogen generated in the
H1 regions around young, hot stars. By contrast, el-
liptical galaxies show only marginal star formation or
none at all. However, there are galaxies which have
a much higher star-formation rate, reaching values of

Fig. 3.3. The spectrum of a quasar (3C273)

in comparison to that of an elliptical gal-
axy. While the radiation from the elliptical
is concentrated in a narrow range span-
ning less than two decades in frequency,
the emission from the quasar is observed
over the full range of the electromagnetic
spectrum, and the energy per logarithmic
frequency interval is roughly constant. This
demonstrates that the light from the quasar
cannot be interpreted as a superposition of
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stellar spectra, but instead has to be gener-
ated by completely different sources and by
different radiation mechanisms
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100M g /yr and more. If many young stars are formed we
would expect these starburst galaxies to radiate strongly
in the blue or in the UV part of the spectrum, corre-
sponding to the maximum of the Planck function for
the most massive and most luminous stars. This ex-
pectation is not fully met though: star formation takes
place in the interior of dense molecular clouds which
often also contain large amounts of dust. If the major
part of star formation is hidden from our direct view
by layers of absorbing dust, these galaxies will not be
very prominent in blue light. However, the strong ra-
diation from the young, luminous stars heats the dust;
the absorbed stellar light is then emitted in the form of
thermal dust emission in the infrared and submillimeter
regions of the electromagnetic spectrum — these gal-
axies can thus be extremely luminous in the IR. They
are called ultra-luminous infrared galaxies (ULIRGs).
We will describe the phenomena of starburst galaxies
in more detail in Sect.9.2.1. Of special interest is the
discovery that the star-formation rate of galaxies seems
to be closely related to interactions between galaxies
— many ULIRGs are strongly interacting galaxies (see
Fig.3.4).

Fig.3.4. This mosaic of nine HST images shows differ-
ent ULIRGs in collisional interaction between two or more
galaxies

3.2 Elliptical Galaxies

3.2.1 Classification

The general term “elliptical galaxies” (or ellipticals, for
short) covers a broad class of galaxies which differ in
their luminosities and sizes — some of them are displayed
in Fig. 3.5. A rough subdivision is as follows:

® Normal ellipticals. This class includes giant ellipti-
cals (gE’s), those of intermediate luminosity (E’s),
and compact ellipticals (cE’s), covering a range in
absolute magnitudes from Mp ~ —23 to Mp ~ —15.
In addition, SO galaxies are often assigned to this
class of early-type galaxies.

® Dwarf ellipticals (dE’s). These differ from the cE’s
in that they have a significantly smaller surface
brightness and a lower metallicity.

® ¢D galaxies. These are extremely luminous (up to
Mp ~ —25) and large (up to R < 1Mpc) galaxies
that are only found near the centers of dense clusters
of galaxies. Their surface brightness is very high
close to the center, they have an extended diffuse
envelope, and they have a very high M/L ratio.

® Blue compact dwarf galaxies. These “blue compact
dwarfs” (BCD’s) are clearly bluer (with (B — V) be-
tween 0.0 and 0.3) than the other ellipticals, and
contain an appreciable amount of gas in comparison.

® Dwarf spheroidals (dSph’s) exhibit a very low lu-
minosity and surface brightness. They have been
observed down to Mp ~ —8. Due to these proper-
ties, they have thus far only been observed in the
Local Group.

Thus elliptical galaxies span an enormous range (more
than 10°) in luminosity and mass, as is shown by the
compilation in Table 3.1.

3.2.2 Brightness Profile

The brightness profiles of normal E’s and cD’s follow
a de Vaucouleurs profile (see (2.39) or (2.41), respec-
tively) over a wide range in radius, as is demonstrated
in Fig.3.6. The effective radius R, is strongly corre-
lated with the absolute magnitude Mp, as can be seen
in Fig. 3.7, with rather little scatter. In comparison, the
dE’s and the dSph’s clearly follow a different distribu-
tion. Owing to the relation (2.42) between luminosity,
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Fig. 3.5. Different types of elliptical galaxies. Upper left: the  the galaxy Leo I belongs to the nine known dwarf spheroidals
cD galaxy M87 in the center of the Virgo galaxy cluster;  in the Local Group; lower right: NGC 1705, a dwarf irregular,
upper right: Centaurus A, a giant elliptical galaxy with a very ~ shows indications of massive star formation — a super star
distinct dust disk and an active galactic nucleus; lower left:  cluster and strong galactic winds
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Table 3.1. Characteristic values for elliptical galaxies. Djs
denotes the diameter at which the surface brightness has de-
creased to 25 B-mag/arcsec?, Sy is the “specific frequency”,
ameasure for the number of globular clusters in relation to the

S0 cD E

Mp —17t0 —22 —22t0 —25 —15t0 —23
M(Mg) 1010 to0 10'2 1013 to 1014 108 to 1013
Dys (kpc) 10-100 300-1000 1-200
(M/Lg) ~10 > 100 10-100
(SN) ~5 ~15 ~5

y [mag / arcsecz]

24 - — de Vaucouleurs Law =
| I | I | | I |

1 2 3 4 5

4 [arcsec]

Fig. 3.6. Surface brightness profile of the galaxy NGC 4472,
fitted by a de Vaucouleurs profile. The de Vaucouleurs pro-
file describes a linear relation between the logarithm of the
intensity (i.e., linear on a magnitude scale) and r'/4; for this
reason, it is also called an r!/*-law

effective radius and central surface brightness, an anal-
ogous relation exists for the average surface brightness
Wave (unit: B —mag/arcsec?) within R, as a function of
M. In particular, the surface brightness in normal E’s
decreases with increasing luminosity, while it increases
for dE’s and dSph’s.

Yet another way of expressing this correlation is
by eliminating the absolute luminosity, thus obtain-
ing a relation between effective radius R, and surface
brightness fi4ye. This form is then called the Kormendy
relation.

The de Vaucouleurs profile provides the best fits for
normal E’s, whereas for E’s with exceptionally high (or
low) luminosity the profile decreases more slowly (or

visual luminosity (see (3.13)), and M/L is the mass-to-light
ratio in Solar units (the values of this table are taken from the
book by Carroll & Ostlie, 1996)

dE dSph BCD
—13t0 —19 —8to—15 —l4to —17
107 to 10° 107 to 108 ~10°
1-10 0.1-0.5 <3
1-10 5-100 0.1-10
4.8+1.0 = =

rapidly) for larger radii. The profile of cD’s extends
much farther out and is not properly described by a de
Vaucouleurs profile (Fig.3.8), except in its innermost
part. It appears that cD’s are similar to E’s but embed-
ded in a very extended, luminous halo. Since cD’s are
only found in the centers of massive clusters of galax-
ies, a connection must exist between this morphology
and the environment of these galaxies. In contrast to
these classes of ellipticals, diffuse dE’s are often better
described by an exponential profile.

3.2.3 Composition of Elliptical Galaxies

Except for the BCD’s, elliptical galaxies appear red
when observed in the optical, which suggests an old
stellar population. It was once believed that ellipticals
contain neither gas nor dust, but these components have
now been found, though at a much lower mass-fraction
than in spirals. For example, in some ellipticals hot
gas (~ 107 K) has been detected by its X-ray emission.
Furthermore, Ha emission lines of warm gas (~ 10* K)
have been observed, as well as cold gas (~ 100 K) in the
HI (21-cm) and CO molecular lines. Many of the nor-
mal ellipticals contain visible amounts of dust, partially
manifested as a dust disk. The metallicity of ellipticals
and SO galaxies increases towards the galaxy center, as
derived from color gradients. Also in SO galaxies the
bulge appears redder than the disk. The Spitzer Space
Telescope, launched in 2003, has detected a spatially
extended distribution of warm dust in SO galaxies, or-
ganized in some sort of spiral structure. Cold dust has
also been found in ellipticals and SO galaxies.

This composition of ellipticals clearly differs from
that of spiral galaxies and needs to be explained by mod-



3.2 Elliptical Galaxies

1. T T
5 Giant E’s +
Intermed. E’s x
Bright dE’'s =
1t Compact E's o
dSph’s .
Bulges o
<
x 05}
~
<
=]
S Of
—0.5}
—1
-6

Mg

Fig. 3.7. Left panel: effective radius R, versus absolute mag-
nitude Mp; the correlation for normal ellipticals is different
from that of dwarfs. Right panel: average surface brightness
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Fig. 3.8. Comparison of the brightness profile of a cD galaxy,
the central galaxy of the cluster of galaxies Abell 2670, with
a de Vaucouleurs profile. The light excess for large radii is
clearly visible

els of the formation and evolution of galaxies. We will
see later that the cosmic evolution of elliptical galaxies
is also observed to be different from that of spirals.

3.2.4 Dynamics of Elliptical Galaxies

Analyzing the morphology of elliptical galaxies raises
a simple question: Why are ellipticals not round? A sim-
ple explanation would be rotational flattening, i.e., as in
a rotating self-gravitating gas ball, the stellar distribu-
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WUave versus Mp; for normal ellipticals, the surface bright-

ness decreases with increasing luminosity while for dwarfs it
increases

tion bulges outwards at the equator due to centrifugal
forces, as is also the case for the Earth. If this explana-
tion were correct, the rotational velocity vy, Which is
measurable in the relative Doppler shift of absorption
lines, would have to be of about the same magnitude
as the velocity dispersion of the stars o, that is mea-
surable through the Doppler broadening of lines. More
precisely, by means of stellar dynamics one can show
that for the rotational flattening of an axially symmetric,
oblate? galaxy, the relation

( Urot ) ~ €
oy /iso 1—e€

has to be satisfied, where “iso” indicates the assumption
of an isotropic velocity distribution of the stars. How-
ever, for luminous ellipticals one finds that, in general,
Vrot K 07y, SO that rotation cannot be the major cause of
their ellipticity (see Fig.3.9). In addition, many ellip-
ticals are presumably triaxial, so that no unambiguous
rotation axis is defined. Thus, luminous ellipticals are
in general not rotationally flattened. For less luminous
ellipticals and for the bulges of disk galaxies, however,
rotational flattening can play an important role. The
question remains of how to explain a stable elliptical
distribution of stars without rotation.

3.1

2If a > b > ¢ denote the lengths of the major axes of an ellipsoid, then
it is called an oblate spheroid (= rotational ellipsoid) if a =b > c,
whereas a prolate spheroid is specified by a > b = c. If all three axes
are different, it is called triaxial ellipsoid.

93



3. The World of Galaxies

94

T T T T T T T
[ ]
02 -
b [ ]
L
—00F ox Yo . -
e X x .
% . .x L] x
v % L . L]
-02 . ® 1
L ] . -
* * L]
;\6 -04 . T o —
3
T -06f ¢ ! .
L ]
t’ !
08| ? -
!
-1.0 . -
a
. ot
12 .
| | 1 | | | |
-18 -19 -20 -21 -22 -23 -24
MBUH

Fig. 3.9. The rotation parameter (M> / (%) of elliptical
v /Jiso

oy
galaxies, here denoted by (V/o)*, plotted as a function of
absolute magnitude. Dots denote elliptical galaxies, crosses
the bulges of disk galaxies

The brightness profile of an elliptical galaxy is de-
fined by the distribution of its stellar orbits. Let us
assume that the gravitational potential is given. The stars
are then placed into this potential, with the initial posi-
tions and velocities following a specified distribution. If
this distribution is not isotropic in velocity space, the re-
sulting light distribution will in general not be spherical.
For instance, one could imagine that the orbital planes
of the stars have a preferred direction, but that an equal
number of stars exists with positive and negative angu-
lar momentum L., so that the total stellar distribution
has no angular momentum and therefore does not rotate.
Each star moves along its orbit in the gravitational po-
tential, where the orbits are in general not closed. If an
initial distribution of stellar orbits is chosen such that the
statistical properties of the distribution of the orbits are
invariant in time, then one will obtain a stationary sys-
tem. If, in addition, the distribution is chosen such that
the respective mass distribution of the stars will generate
exactly the originally chosen gravitational potential, one

arrives at a self-gravitating equilibrium system. In gen-
eral, it is a difficult mathematical problem to construct
such self-gravitating equilibrium systems.

Relaxation Time-Scale. The question now arises
whether such an equilibrium system can also be sta-
ble in time. One might expect that close encounters of
pairs of stars would cause a noticeable disturbance in the
distribution of orbits. These pair-wise collisions could
then lead to a “thermalization” of the stellar orbits.
To examine this question we need to estimate the time-
scale for such collisions and the changes in direction
they cause.

For this purpose, we consider the relaxation time-
scale by pair collisions in a system of N stars of mass m,
total mass M = Nm, extent R, and a mean stellar density
of n =3N/ (47R%). We define the relaxation time frejax
as the characteristic time in which a star changes its
velocity direction by ~ 90° due to pair collisions with
other stars. By simple calculation (see below), we find
that

R N
Irelax ~ ; ﬁ ’ (32)
or
N
Irelax = tcrossﬁ s (3.3)

where f.0ss = R/v is the crossing time-scale, i.e., the
time it takes a star to cross the stellar system. If we now
consider a typical galaxy, with fe;oss ~ 108 yr, N ~ 1012
(thus In N ~ 30), then we find that the relaxation time is
much longer than the age of the Universe. This means
that pair collisions do not play any role in the evolution
of stellar orbits. The dynamics of the orbits are deter-
mined solely by the large-scale gravitational field of the
galaxy. In Sect. 7.5.1, we will describe a process called
violent relaxation which most likely plays a central
role in the formation of galaxies and which is proba-
bly also responsible for the stellar orbits establishing an
equilibrium configuration.

The stars behave like a collisionless gas: elliptical
galaxies are stabilized by (dynamical) pressure, and
they are elliptical because the stellar distribution is

3Note that in a gas like air, scattering between molecules occurs
frequently, which drives the velocity distribution of the molecules
towards an isotropic Maxwellian, i.e., the thermal, distribution.
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anisotropic in velocity space. This corresponds to an
anisotropic pressure — where we recall that the pressure
of a gas is nothing but the momentum transport of gas
particles due to their thermal motions.

Derivation of the Collisional Relaxation Time-Scale.
We consider a star passing by another one, with the im-
pact parameter b being the minimum distance between
the two. From gravitational deflection, the star attains
a velocity component perpendicular to the incoming
direction of

vV RaAtr =
+ 2 bv

where a is the acceleration at closest separation and At
the “duration of the collision”, estimated as Ar = 2b/v
(see Fig.3.10). Equation (3.4) can be derived more
rigorously by integrating the perpendicular accelera-
tion along the orbit. A star undergoes many collisions,
through which the perpendicular velocity components
will accumulate; these form two-dimensional vectors
perpendicular to the orlgmal direction. After a time  we
have v, (1 =), v L The expectation value of this vec-
toris (v (1) =), <vi’)>
individual vf) are random. But the mean square velocity
perpendicular to the incoming direction does not vanish,

T

ij

(3.4)

= 0 since the directions of the

>;A0, 3.5)

where we set (vj'_) v(])>=0 for i # j because the

directions of different collisions are assumed to be un-
correlated. The velocity v, performs a so-called random
walk. To compute the sum, we convert it into an integral
where we have to integrate over all collision parame-
ters b. During time ¢, all collision partners with impact

A\ —

mMe

Fig. 3.10. Sketch related to the derivation of the dynamical
time-scale

parameters within db of b are located in a cylindrical
shell of volume (27th db) (v?), so that

(|vl|2(z))=f2nbdburn ‘vj“f

(e

The integral cannot be performed from 0 to co. Thus,
it has to be cut off at by, and b, and then yields
In(bmax /bmin)- Due to the finite size of the stellar distri-
bution, b.x = R is a natural choice. Furthermore, our
approximation which led to (3.4) will certainly break
down if vf) is of the same order of magnitude as v;
hence we choose b, =2Gm/ v2. With this, we obtain
bmax/Pmin = Rv?/(2Gm). The exact choice of the in-
tegration limits is not important, since by, and b,k
appear only logarithmically. Next, using the virial theo-
rem, | Epot| = 2 Ein, and thus GM/R = v for a typical
star, we get bmax/bmin = N. Thus,

2Gm\*
2 (—m> vtn InN
v
2

‘We define the relaxation time fre1ax by <|v 1 |2(tre1ax)) =7,
i.e., the time after which the perpendicular velocity
roughly equals the infall velocity:

1 2\ 1
2nnv \2Gm /] InN

1 M \* 1 R N
= _—) — - 3.8)
2nnv \2Rm ) InN vinN

from which we finally obtain (3.3).

(3.6)

(v P)= (3.7)

Trelax =

3.2.5 Indicators of a Complex Evolution

The isophotes (that is, the curves of constant surface
brightness) of many of the normal elliptical galax-
ies are well approximated by ellipses. These elliptical
isophotes with different surface brightnesses are con-
centric to high accuracy, with the deviation of the
isophote’s center from the center of the galaxy being
typically < 1% of its extent. However, in many cases
the ellipticity varies with radius, so that the value for
€ is not a constant. In addition, many ellipticals show
a so-called isophote twist: the orientation of the semi-
major axis of the isophotes changes with the radius.
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This indicates that elliptical galaxies are not spheroidal,
but triaxial systems (or that there is some intrinsic twist
of their axes).

Although the light distribution of ellipticals appears
rather simple at first glance, a more thorough analysis
reveals that the kinematics can be quite complicated. For
example, dust disks are not necessarily perpendicular to
any of the principal axes, and the dust disk may rotate in
a direction opposite to the galactic rotation. In addition,
ellipticals may also contain (weak) stellar disks.

Boxiness and Diskiness. The so-called boxiness par-
ameter describes the deviation of the isophotes’ shape
from that of an ellipse. Consider the shape of an
isophote. If it is described by an ellipse, then after
a suitable choice of the coordinate system, ; = a cost?,
6, = bsint, where a and b are the two semi-axes of
the ellipse and ¢ € [0, 27] parametrizes the curve. The
distance r(#) of a point from the center is

a+b*  a?—-b?
r(r):,/ef+9§=\/ Tt

Deviations of the isophote shape from this ellipse
are now expanded in a Taylor series, where the term
o cos(4t) describes the lowest-order correction that
preserves the symmetry of the ellipse with respect to re-
flection in the two coordinate axes. The modified curve
is then described by

ay cos(4t) acost
onH={1+——"-
@ ( * r(?) ) (bsint) '

with r(f) as defined above. The parameter as thus
describes a deviation from an ellipse: if a4 > 0, the
isophote appears more disk-like, and if a4 < 0, it be-
comes rather boxy (see Fig.3.11). In elliptical galaxies
we typically find |a4/al ~ 0.01, thus only a small
deviation from the elliptical form.

cos(2t) .

(3.9

Correlations of a4 with Other Properties of Ellip-
ticals. Surprisingly, we find that the parameter ay/a is
strongly correlated with other properties of ellipticals

(see Fig.3.12). The ratio (%) / (m) (upper left
v iso

in Fig. 3.12) is of order unity for disky ellipses (a4 > 0)
and, in general, significantly smaller than 1 for boxy
ellipticals. From this we conclude that “diskies” are
in part rotationally supported, whereas the flattening

Fig. 3.11. Sketch to illustrate boxiness and diskiness. The solid
red curve shows an ellipse (a4 = 0), the green dashed curve
a disky ellipse (a4 > 0), and the blue dotted curve a boxy
ellipse (a4 < 0). In elliptical galaxies, the deviations in the
shape of the isophotes from an ellipse are considerably smaller
than in this sketch

of “boxies” is mainly caused by the anisotropic dis-
tribution of their stellar orbits in velocity space. The
mass-to-light ratio is also correlated with a4: boxies
(diskies) have a value of M/L in their core which
is larger (smaller) than the mean elliptical of com-
parable luminosity. A very strong correlation exists
between a4/a and the radio luminosity of ellipticals:
while diskies are weak radio emitters, boxies show
a broad distribution in Lqg;,. These correlations are
also seen in the X-ray luminosity, since diskies are
weak X-ray emitters and boxies have a broad distribu-
tion in L. This bimodality becomes even more obvious
if the radiation contributed by compact sources (e.g.,
X-ray binary stars) is subtracted from the total X-ray
luminosity, thus considering only the diffuse X-ray
emission. Ellipticals with a different sign of a4 also dif-
fer in the kinematics of their stars: boxies often have
cores spinning against the general direction of rota-
tion (counter-rotating cores), which is rarely observed
in diskies.

About 70% of the ellipticals are diskies. The transi-
tion between diskies and SO galaxies may be continuous
along a sequence of varying disk-to-bulge ratio.

Shells and Ripples. In about 40% of the early-type
galaxies that are not member galaxies of a cluster,
sharp discontinuities in the surface brightness are found,
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a kind of shell structure (“shells” or “ripples”). They
are visible as elliptical arcs curving around the center
of the galaxy (see Fig. 3.13). Such sharp edges can only
be formed if the corresponding distribution of stars is
“cold”, i.e., they must have a very small velocity dis-
persion, since otherwise such coherent structures would
smear out on a very short time-scale. As a compari-
son, we can consider disk galaxies that likewise contain

« ¢
«*  Ellipticity

Radio Luminosity

Fig. 3.12. Correlations of a4/a with some

3 other properties of elliptical galaxies.
100a(4)/a (corresponding to aq/a) de-
scribes the deviation of the isophote shape
from an ellipse in percent. Negative val-
ues denote boxy ellipticals, positive values
disky ellipticals. The upper left panel
shows the rotation parameter discussed
in Sect.3.2.4; at the lower left, the devi-

w ation from the average mass-to-light ratio is
shown. The upper right panel shows the el-
lipticity, and the lower right panel displays
the radio luminosity at 1.4 GHz. Obviously,
there is a correlation of all these parameters
with the boxiness parameter
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sharp structures, namely the thin stellar disk. Indeed,
the stars in the disk have a very small velocity disper-
sion, ~ 20 km/s, compared to the rotational velocity of
typically 200 km/s.

These peculiarities in ellipticals are not uncommon.
Indicators for shells can be found in about half of the
early-type galaxies, and about a third of them show boxy
isophotes.

Fig.3.13. In the galaxy NGC 474, here
shown in two images of different contrast,
a number of sharp-edged elliptical arcs are
visible around the center of the galaxy, the
so-called ripples or shells. The displayed
image corresponds to a linear scale of about
90 kpc
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Boxiness, counter-rotating cores, and shells and
ripples are all indicators of a complex evolution
that is probably caused by past mergers with other
galaxies.

We will proceed with a discussion of this interpre-
tation in Chap. 9.

3.3 Spiral Galaxies

3.3.1

Looking at the sequence of early-type spirals (i.e., Sa’s
or SBa’s) to late-type spirals, we find a number of dif-
ferences that can be used for classification (see also
Fig.3.14):

Trends in the Sequence of Spirals

® a decreasing luminosity ratio of bulge and disk, with
Lpuige/ Laisk ~ 0.3 for Sa’s and ~ 0.05 for Sc’s;

® an increasing opening angle of the spiral arms, from
~ 6° for Sa’s to ~ 18° for Sc’s;

e and an increasing brightness structure along the spiral
arms: Sa’s have a “smooth” distribution of stars along
the spiral arms, whereas the light distribution in the
spiral arms of Sc’s is resolved into bright knots of
stars and HII regions.

Compared to ellipticals, the spirals cover a distinctly
smaller range in absolute magnitude (and mass). They
are limited to —16 > Mg > —23 and 10°Mg <M <

Table 3.2. Characteristic values for spiral galaxies. Viax is the
maximum rotation velocity, thus characterizing the flat part
of the rotation curve. The opening angle is the angle under
which the spiral arms branch off, i.e., the angle between the

Sa Sb
Mp —17to —23 —17to —23
M (Mo) 10°-10'2 10°-10'2
(Lbulge/Llol)B 0.3 0.13
Diam. (D55, kpc) 5-100 5-100
(M/LB) (Mo /Lo) 6.2+0.6 45+04
(Vimax) (kms™1) 299 222
Vinaxrange (kms—1) 163-367 144-330
Opening angle ~6° ~12°
10, (mag arcsec2) 21.52+0.39 21.52+0.39
(B—V) 0.75 0.64
(Mgas / Miot) 0.04 0.08
(Mu, / M) 2.240.6 (Sab) 1.8£0.3
(SN) 12402 12402

10'2 My, respectively. Characteristic parameters of the
various types of spirals are compiled in Table 3.2.

Bars are common in spiral galaxies, with ~ 70%
of all disk galaxies containing a large-scale stellar bar.
Such a bar perturbs the axial symmetry of the gravita-
tional potential in a galaxy, which may have a number
of consequences. One of them is that this perturbation
can lead to a redistribution of angular momentum of
the stars, gas, and dark matter. In addition, by perturb-
ing the orbits, gas can be driven towards the center of
the galaxy which may have important consequences for
triggering nuclear activity (see Chap. 5).

3.3.2 Brightness Profile

The light profile of the bulge of spirals is described by
a de Vaucouleurs profile to a good approximation — see
(2.39) and (2.41) — while the disk follows an exponential
brightness profile, as is the case for our Milky Way. Ex-
pressing these distributions of the surface brightness in
w o< —2.5log(I), measured in mag/arcsec?, we obtain

R\ /4
Mbulge(R) = Ue+ 8.3268 |:<R—> — 1j|

e

(3.10)

and

@3.11)

r

R
Mdisk (R) = o+ 1.09 (h_)

tangent to the spiral arms and the circle around the center of the
galaxy running through this tangential point. Sy is the specific
abundance of globular clusters as defined in (3.13). The values
in this table are taken from the book by Carroll & Ostlie (1996)

Sc Sd/Sm Tm/Ir
—16t0 —22 —15to —20 —13t0—18
10°-1012 108-1010 108-1010
0.05 = =

5-100 0.5-50 0.5-50
2.6+0.2 ~1 ~1
175 = =
99-304 = 50-70
~ 180 — —
21.524+0.39 22.6140.47 22.6140.47
0.52 0.47 0.37
0.16 0.25 (Scd) =
0.73£0.13 0.1940.10 =
0.5£0.2 0.5£0.2 =
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Fig.3.14. Types of spiral galaxies. Top left: M94, an Sab
galaxy. Top middle: M51, an Sbe galaxy. Top right: M101, an

Here, . is the surface brightness at the effective ra-
dius R, which is defined such that half of the luminosity
is emitted within R. (see (2.40)). The central surface
brightness and the scale-length of the disk are denoted
by o and h,, respectively. It has to be noted that g
is not directly measurable since g is not the central
surface brightness of the galaxy, only that of its disk
component. To determine ¢, the exponential law (3.11)
is extrapolated from large R inwards to R = 0.

When Ken Freeman analyzed a sample of spiral gal-
axies, he found the remarkable result that the central
surface brightness p of disks has a very low spread,
i.e., it is very similar for different galaxies (Freeman’s
law, 1970). For Sa’s to Sc’s, a value of ug=21.52+
0.39 B-mag/arcsec? is observed, and for Sd spirals and
later types, 1o = 22.61 £0.47 B-mag/arcsec?. This re-
sult was critically discussed, for example with regard to

Sc galaxy. Lower left: M83, an SBa galaxy. Lower middle:
NGC 1365, an SBb galaxy. Lower right: M58, an SBc galaxy

its possible dependence on selection effects. Their im-
portance is not implausible since the determination of
precise photometry of galaxies is definitely a lot eas-
ier for objects with a high surface brightness. After
accounting for such selection effects in the statistical
analysis of galaxy samples, Freeman’s law was con-
firmed for “normal” spiral galaxies. However, galaxies
exist which have a significantly lower surface bright-
ness, the low surface brightness galaxies (LSBs). They
seem to form a separate class of galaxies whose study
is substantially more difficult compared to normal spi-
rals because of their low surface brightness. In fact,
the central surface brightness of LSBs is much lower
than the brightness of the night sky, so that search-
ing for these LSBs is problematic and requires very
accurate data reduction and subtraction of the sky
background.
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Whereas the bulge and the disk can be studied in
spirals even at fairly large distances, the stellar halo
has too low a surface brightness to be seen in distant
galaxies. However, our neighboring galaxy M31, the
Andromeda galaxy, can be studied in quite some detail.
In particular, the brightness profile of its stellar halo can
be studied more easily than that of the Milky Way, taking
advantage of our “outside” view. This galaxy should
be quite similar to our Galaxy in many respects; for
example, tidal streams from disrupted accreted galaxies
were also clearly detected in M31.

A stellar halo of red giant branch stars was detected
in M31, which extends out to more than 150 kpc from
its center. The brightness profile of this stellar distri-
bution indicates that for radii » < 20 kpc it follows the
extrapolation from the brightness profile of the bulge,
i.e., ade Vaucouleurs profile. However, for larger radii it
exceeds this extrapolation, showing a power-law profile
which corresponds to a radial density profile of approx-
imately p oc 73, not unlike that observed in our Milky
Way. It thus seems that stellar halos form a generic prop-
erty of spirals. Unfortunately, the corresponding surface
brightness is so small that there is little hope of detect-
ing such a halo in other spirals for which individual stars
can no longer be resolved and classified.

The thick disk in other spirals can only be studied if
they are oriented edge-on. In these cases, a thick disk
can indeed be observed as a stellar population outside
the plane of the disk and well beyond the scale-height
of the thin disk. As is the case for the Milky Way,
the scale-height of a stellar population increases with
its age, increasing from young main-sequence stars to
old asymptotic giant branch stars. For luminous disk
galaxies, the thick disk does not contribute substantially
to the total luminosity; however, in lower-mass disk
galaxies with rotational velocities S 120 km/s, the thick
disk stars can contribute nearly half the luminosity and
may actually dominate the stellar mass. In this case,
the dominant stellar population of these galaxies is old,
despite the fact that they appear blue.

3.3.3 Rotation Curves and Dark Matter

The rotation curves of other spiral galaxies are easier to
measure than that of the Milky Way because we are able
to observe them “from outside”. These measurements

are achieved by utilizing the Doppler effect, where the
inclination of the disk, i.e., its orientation with respect
to the line-of-sight, has to be accounted for. The in-
clination angle is determined from the observed axis
ratio of the disk, assuming that disks are intrinsically
axially symmetric (except for the spiral arms). Mainly
the stars and HI gas in the galaxies are used as lumi-
nous tracers, where the observable HI disk is in general
significantly more extended than the stellar disk. There-
fore, the rotation curves measured from the 21-cm line
typically extend to much larger radii than those from
optical stellar spectroscopy.

Like our Milky Way, other spirals also rotate con-
siderably faster in their outer regions than one would
expect from Kepler’s law and the distribution of visible
matter (see Fig. 3.15).

The rotation curves of spirals do not decrease for
R > h,, as one would expect from the light distri-
bution, but are basically flat. We therefore conclude
that spirals are surrounded by a halo of dark mat-
ter. The density distribution of this dark halo can be
derived from the rotation curves.

Indeed, the density distribution of the dark matter can
be derived from the rotation curves. The force balance
between gravitation and centrifugal acceleration yields
the Kepler rotation law,

v(R)=GM(R)/R,

from which one directly obtains the mass M(R) within
aradius R. The rotation curve expected from the visible
matter distribution is*

Vi (R) = G Myum(R)/R .

Mium(R) can be determined by assuming a constant,
plausible value for the mass-to-light ratio of the lu-
minous matter. This value is obtained either from the
spectral light distribution of the stars, together with
knowledge of the properties of stellar populations, or by
fitting the innermost part of the rotation curve (where

4This consideration is strongly simplified insofar as the given rela-
tions are only valid in this form for spherical mass distributions. The
rotational velocity produced by an oblate (disk-shaped) mass distribu-
tion is more complicated to calculate; for instance, for an exponential
mass distribution in a disk, the maximum of v, occurs at ~ 2.2h,,
with a Kepler decrease, vjym & R™12 at larger radii.
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Fig. 3.15. Examples of rotation curves of spiral galaxies. They
are all flat in the outer region and do not behave as expected
from Kepler’s law if the galaxy consisted only of luminous
matter. Also striking is the fact that the amplitude of the
rotation curve is higher for early types than for late types.

the mass contribution of dark matter can presumably
be neglected), assuming that M/L is independent of
radius for the stellar population. From this estimate
of the mass-to-light ratio, the discrepancy between
vi - and v? yields the distribution of the dark matter,
Vi = V> — v = GMyux/R, or

R
Maarc(R) = = [V* (R) = vj (R)] (3.12)

An example of this decomposition of the mass contri-
butions is shown in Fig. 3.16.

The corresponding density profiles of the dark matter
halos seem to be flat in the inner region, and decreas-
ing as R~ at large radii. It is remarkable that p oc R~2
implies a mass profile M « R, i.e., the mass of the halo
increases linearly with the radius for large R. As long as
the extent of the halo is undetermined the total mass of
a galaxy will be unknown. Since the observed rotation
curves are flat out to the largest radius for which 21-cm
emission can still be observed, a lower limit for the ra-
dius of the dark halo can be obtained, Rp,j0 2 30/ -1 kpc.

To derive the density profile out to even larger radii,
other observable objects in an orbit around the galax-
ies are needed. Potential candidates for such luminous
tracers are satellite galaxies — companions of other spi-
rals, like the Magellanic Clouds are for the Milky Way.
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Fig. 3.16. The flat rotation curves of spiral galaxies cannot be
explained by visible matter alone. The example of NGC 3198
demonstrates the rotation curve which would be expected from
the visible matter alone (curve labeled “disk™). To explain the
observed rotation curve, a dark matter component has to be
present (curve labeled “halo”). However, the decomposition
into disk and halo mass is not unambiguous because for it to
be so it would be necessary to know the mass-to-light ratio of
the disk. In the case considered here, a “maximum disk” was
assumed, i.e., it was assumed that the innermost part of the ro-
tation curve is produced solely by the visible matter in the disk

Because we cannot presume that these satellite galaxies
move on circular orbits around their parent galaxy, con-
clusions can be drawn based only on a statistical sample
of satellites. These analyses of the relative velocities of
satellite galaxies around spirals still give no indication
of an “edge” to the halo, leading to a lower limit for the
radius of Ry = 1002~ kpc.

For elliptical galaxies the mass estimate, and thus the
detection of a possible dark matter component, is sig-
nificantly more complicated, since the orbits of stars are
substantially more complex than in spirals. In particular,
the mass estimate from measuring the stellar velocity
dispersion via line widths depends on the anisotropy of
the stellar orbits, which is a priori unknown. Neverthe-
less, in recent years it has been unambiguously proven
that dark matter also exists in ellipticals. First, the
degeneracy between the anisotropy of the orbits and
the mass determination was broken by detailed kine-
matic analysis. Second, in some ellipticals hot gas was
detected from its X-ray emission. As we will see in
Sect. 6.3 in the context of clusters of galaxies, the tem-
perature of the gas allows an estimate of the depth of
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the potential well, and therefore the mass. Both methods
reveal that ellipticals are also surrounded by a dark halo.
The weak gravitational lens effect, which we will dis-
cuss in Sect. 6.5.2 in a different context, offers another
way to determine the masses of galaxies up to very large
radii. With this method we cannot study individual gal-
axies but only the mean mass properties of a galaxy
population. The results of these measurements confirm
the large size of dark halos in spirals and in ellipticals.

Correlations of Rotation Curves with Galaxy Prop-
erties. The form and amplitude of the rotation curves
of spirals are correlated with their luminosity and their
Hubble type. The larger the luminosity of a spiral, the
steeper the rise of v(R) in the central region, and the
larger the maximum rotation velocity vp,. This latter
fact indicates that the mass of a galaxy increases with
luminosity, as expected. For the characteristic values of
the various Hubble types, one finds vy, ~ 300 km/s
for Sa’s, vmax ~ 175 km/s for Sc’s, whereas Irr’s have
a much lower vp,x ~ 70 km/s. For equal luminosity,
Umax 18 higher for earlier types of spirals. However,
the shape (not the amplitude) of the rotation curves
of different Hubble types is similar, despite the fact that
they have a different brightness profile as seen, for in-
stance, from the varying bulge-to-disk ratio. This point
is another indicator that the rotation curves cannot be
explained by visible matter alone.

These results leave us with a number of obvious ques-
tions. What is the nature of the dark matter? What are
the density profiles of dark halos, how are they deter-
mined, and where is the “boundary” of a halo? Does the
fact that galaxies with v, < 100 km/s have no promi-
nent spiral structure mean that a minimum halo mass
needs to be exceeded in order for spiral arms to form?

Some of these questions will be examined later, but
here we point out that the major fraction of the mass of
(spiral) galaxies consists of non-luminous matter. The
fact that we do not know what this matter consists of
leaves us with the question of whether this invisible
matter is a new, yet unknown, form of matter. Or is the
dark matter less exotic, normal (baryonic) matter that
is just not luminous for some reason (for example, be-
cause it did not form any stars)? We will see in Chap. 4
that the problem of dark matter is not limited to galax-
ies, but is also clearly present on a cosmological scale;
furthermore, the dark matter cannot be baryonic. A cur-

rently unknown form of matter is, therefore, revealing
itself in the rotation curves of spirals.

3.3.4 Stellar Populations and Gas Fraction

The color of spiral galaxies depends on their Hubble
type, with later types being bluer; e.g., one finds B —
V ~0.75 for Sa’s, 0.64 for Sb’s, 0.52 for Sc’s, and 0.4
for Irr’s. This means that the fraction of massive young
stars increases along the Hubble sequence towards later
spiral types. This conclusion is also in agreement with
the findings for the light distribution along spiral arms
where we clearly observe active star-formation regions
in the bright knots in the spiral arms of Sc’s. Further-
more, this color sequence is also in agreement with the
decreasing bulge fraction towards later types.

The formation of stars requires gas, and the mass
fraction of gas is larger for later types, as can be mea-
sured, for instance, from the 21-cm emission of HI, from
Hea and from CO emission. Characteristic values for the
ratio (Mgas/Mtot) are about 0.04 for Sa’s, 0.08 for Sb’s,
0.16 for Sc’s, and 0.25 for Irr’s. In addition, the fraction
of molecular gas relative to the total gas mass is smaller
for later Hubble types. The dust mass is less than 1% of
the gas mass.

Dust, in combination with hot stars, is the main
source of far-infrared (FIR) emission from galaxies.
Sc galaxies emit a larger fraction of FIR radiation than
Sa’s, and barred spirals have stronger FIR emission than
normal spirals. The FIR emission arises due to dust be-
ing heated by the UV radiation of hot stars and then
reradiating this energy in the form of thermal emission.

A prominent color gradient is observed in spirals:
they are red in the center and bluer in the outer regions.
We can identify at least two reasons for this trend. The
firstis a metallicity effect, as the metallicity is increasing
inwards and metal-rich stars are redder than metal-poor
ones, due to their higher opacity. Second, the color gra-
dient can be explained by star formation. Since the gas
fraction in the bulge is lower than in the disk, less star
formation takes place in the bulge, resulting in a stellar
population that is older and redder in general. Further-
more, it is found that the metallicity of spirals increases
with luminosity.

Abundance of Globular Clusters. The number of
globular clusters is higher in early types and in more
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luminous galaxies. The specific abundance of globular
clusters in a galaxy is defined as their number, nor-
malized to a galaxy of absolute magnitude My = —15.
This can be done by scaling the observed number N;
of globular clusters in a galaxy of visual luminosity
Ly or absolute magnitude My, respectively, to that of
a hypothetical galaxy with My = —15:

Sy = N, ﬁ =N, 100-4(My+15)
Ly

(3.13)
If the number of globular clusters were proportional to
the luminosity (and thus roughly to the stellar mass) of
a galaxy, then this would imply Sy = const. However,
this is not the case: For Sa’s and Sb’s we find Sy ~ 1.2,
whereas Sy ~ 0.5 for Sc’s. Sy is larger for ellipticals
and largest for cD galaxies.

3.3.5 Spiral Structure

The spiral arms are the bluest regions in spirals and they
contain young stars and HII regions. For this reason,
the brightness contrast of spiral arms increases as the
wavelength of the (optical) observation decreases. In
particular, the spiral structure is very prominent in a blue
filter, as is shown impressively in Fig. 3.17.

Naturally, the question arises as to the nature of the
spiral arms. Probably the most obvious answer would be
that they are material structures of stars and gas, rotating
around the galaxy’s center together with the rest of the

disk. However, this scenario cannot explain spiral arm
structure since, owing to the differential rotation, they
would wind up much more tightly than observed within
only a few rotation periods.

Rather, it is suspected that spiral arms are a wave
structure, the velocity of which does not coincide with
the physical velocity of the stars. Spiral arms are quasi-
stationary density waves, regions of higher density (pos-
sibly 10—20% higher than the local disk environment).
If the gas, on its orbit around the center of the galaxy,
enters a region of higher density, it is compressed, and
this compression of molecular clouds results in an en-
hanced star-formation rate. This accounts for the blue
color of spiral arms. Since low-mass (thus red) stars live
longer, the brightness contrast of spiral arms is lower in
red light, whereas massive blue stars are born in the spi-
ral arms and soon after explode there as SNe. Indeed,
only few blue stars are found outside spiral arms.

In order to better understand density waves we may
consider, for example, the waves on the surface of a lake.
Peaks at different times consist of different water parti-
cles, and the velocity of the waves is by no means the
bulk velocity of the water.

3.3.6 Coronain Spirals?

Hot gas resulting from the evolution of supernova rem-
nants may expand out of the disk and thereby be ejected
to form a gaseous halo of a spiral galaxy. We might

Fig.3.17. The galaxy NGC 1300 in the B
filter (left panel) and in the I filter (right
4  panel). The spiral arms are much more

prominent in the blue than in the red. Also,
the tips of the bar are more pronounced

in the blue — an indicator of an enhanced
star-formation rate
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Fig. 3.18. The spiral galaxy NGC 4631. The optical (HST)
image of the galaxy is shown in red; the many luminous areas
are regions of very active star formation. The SN explosions
of massive stars eject hot gas into the halo of the galaxy. This
gas (at a temperature of 7 ~ 10° K) emits X-ray radiation,
shown as the blue diffuse emission as observed by the Chandra
satellite. The image has a size of 2/5

therefore suspect that such a “coronal” gas exists out-
side the galactic disk. While the existence of this coronal
gas has long been suspected, the detection of its X-ray
emission was first made possible with the ROSAT satel-
lite in the early 1990s. However, the limited angular
resolution of ROSAT rendered the distinction between
diffuse emission and clusters of discrete sources diffi-
cult. Finally, the Chandra observatory unambiguously
detected the coronal gas in a number of spiral galax-
ies. As an example, Fig.3.18 shows the spiral galaxy
NGC 4631.

3.4 Scaling Relations

The kinematic properties of spirals and ellipticals
are closely related to their luminosity. As we shall
discuss below, spirals follow the Tully—Fisher rela-
tion (Sect.3.4.1), whereas elliptical galaxies obey the
Faber-Jackson relation (Sect. 3.4.2) and are located in
the fundamental plane (Sect. 3.4.3). These scaling rela-

tions are a very important tool for distance estimations,
as will be discussed in Sect. 3.6. Furthermore, these
scaling relations express relations between galaxy prop-
erties which any successful model of galaxy evolution
must be able to explain. Here we will describe these
scaling relations and discuss their physical origin.

3.4.1 The Tully-Fisher Relation

Using 21-cm observations of spiral galaxies, in 1977
R. Brent Tully and J. Richard Fisher found that the
maximum rotation velocity of spirals is closely related
to their luminosity, following the relation

o
L vy, |,

(3.14)

where the slope of the Tully—Fisher relation is about
o ~ 4. The larger the wavelength of the filter in which
the luminosity is measured, the smaller the dispersion
of the Tully—Fisher relation (see Fig.3.19). This is to
be expected because radiation at larger wavelengths
is less affected by dust absorption and by the current
star-formation rate, which may vary to some extent be-
tween individual spirals. Furthermore, it is found that
the value of « increases with the wavelength of the fil-
ter; the Tully—Fisher relation is steeper in the red. The
dispersion of galaxies around the relation (3.14) in the
near infrared (e.g., in the H-band) is about 10%.

Because of this close correlation, the luminosity of
spirals can be estimated quite precisely by measur-
ing the rotational velocity. The determination of the
(maximum) rotational velocity is independent of the
galaxy’s distance. By comparing the luminosity, as
determined from the Tully-Fisher relation, with the
measured flux one can then estimate the distance of
the galaxy — without utilizing the Hubble relation!

The measurement of v, is obtained either from
a spatially resolved rotation curve, by measuring vy (6),
which is possible for relatively nearby galaxies, or by
observing an integrated spectrum of the 21-cm line of
Hr that has a Doppler width corresponding to about
2vmax (see Fig. 3.20). The Tully-Fisher relation shown
in Fig. 3.19 was determined by measuring the width of
the 21-cm line.

Explaining the Tully-Fisher Relation. The shapes of
the rotation curves of spirals are very similar to each
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Fig. 3.19. The Tully—Fisher relation for galaxies in the Lo-
cal Group (dots), in the Sculptor group (triangles), and in the
MS81 group (squares). The absolute magnitude is plotted as
a function of the width of the 21-cm profile which indicates
the maximum rotation velocity (see Fig. 3.20). Filled symbols
represent galaxies for which independent distance estimates
were obtained, either from RR Lyrae stars, Cepheids, or plan-
etary nebulae. For galaxies represented by open symbols, the
average distance of the respective group is used. The solid line
is a fit to similar data for the Ursa-Major cluster, together with
data of those galaxies for which individual distance estimates
are available (filled symbols). The larger dispersion around
the mean relation for the Sculptor group galaxies is due to the
group’s extent along the line-of-sight

other, in particular with regard to their flat behavior in
the outer part. The flat rotation curve implies

M= x| (3.15)
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Fig.3.20. 21 cm profile of the galaxy NGC 7331. The bold
dots indicate 20% and 50% of the maximum flux; these are of
relevance for the determination of the line width from which
the rotational velocity is derived

where the distance R from the center of the galaxy
refers to the flat part of the rotation curve. The exact
value is not important, though, if only v(R) = const. By
re-writing (3.15),

-1
L — % UIZIIaXR
L G ’

and replacing R by the mean surface brightness (/) =
L/R?, we obtain

(M7 4
_(f> <G2<1>)v‘““'

This is the Tully—Fisher relation if M/L and (I) are the
same for all spirals. The latter is in fact suggested by
Freeman’s law (Sect.3.3.2). Since the shapes of rota-
tion curves for spirals seem to be very similar, the radial
dependence of the ratio of luminous to dark matter may
also be quite similar among spirals. Furthermore, since
the red or infrared mass-to-light ratios of a stellar pop-
ulation do not depend strongly on its age, the constancy
of M/L could also be valid if dark matter is included.

Although the line of argument presented above is far
from a proper derivation of the Tully—Fisher-relation,
it nevertheless makes the existence of such a scaling
relation plausible.

(3.16)

(3.17)
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Fig.3.21. Left panel: the mass contained in stars as a func-
tion of the rotational velocity V. for spirals. This stellar mass
is computed from the luminosity by multiplying it with a suit-
able stellar mass-to-light ratio which depends on the chosen
filter and which can be calculated from stellar population mod-
els. This is the “classical” Tully—Fisher relation. Squares and

circles denote galaxies for which V. was determined from the
21-cm line width or from a spatially resolved rotation curve,

Mass-to-Light Ratio of Spirals. We are unable to de-
termine the total mass of a spiral because the extent of
the dark halo is unknown. Thus we can measure M/L
only within a fixed radius. We shall define this radius as
R»s, the radius at which the surface brightness attains
the value of 25 mag/arcsec? in the B-band;’ then spirals
follow the relation

(i)
log| —
kpc

independently of their Hubble type. Within R,5 one
finds M/Lp = 6.2for Sa’s, 4.5 for Sb’s, and 2.6 for Sc’s.
This trend does not come as a surprise because late types
of spirals contain more young, blue and luminous stars.

—0.249Mp —4.00 |, (3.18)

SWe point out explicitly once more that the surface brightness does
not depend on the distance of a source.

10°

log V, [km/s]

respectively. The colors of the symbols indicate the filter band
in which the luminosity was measured: H (red), K’ (black), I
(green), B (blue). Right panel: instead of the stellar mass, here
the sum of the stellar and gaseous mass is plotted. The gas mass
was derived from the flux in the 21-cm line, Mg,s = 1.4 My,
corrected for helium and metals. Molecular gas has no signif-
icant contribution to the baryonic mass. The line in both plots
is the Tully—Fisher relation with a slope of « =4

The Baryonic Tully—Fisher Relation. The above
“derivation” of the Tully—Fisher relation is based on the
assumption of a constant M/ L value, where M is the to-
tal mass (i.e., including dark matter). Let us assume that
(1) the ratio of baryons to dark matter is constant, and
furthermore that (ii) the stellar populations in spirals are
similar, so that the ratio of stellar mass to luminosity is
a constant. Even under these assumptions we would ex-
pect the Tully—Fisher relation to be valid only if the gas
does not, or only marginally, contribute to the baryonic
mass. However, low-mass spirals contain a significant
fraction of gas, so we should expect that the Tully—
Fisher relation does not apply to these galaxies. Indeed,
it is found that spirals with a small vyx < 100 km/s de-
viate significantly from the Tully—Fisher relation — see
Fig.3.21(a).

Since the luminosity is approximately proportional
to the stellar mass, L o< M,, the Tully—Fisher relation is
arelation between vy and M,.. Adding the mass of the
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gas, which can be determined from the strength of the
21-cm line, to the stellar mass a much tighter correlation
is obtained, see Fig. 3.21(b). It reads

vmax ) 4
100km/s/ |’
and is valid over five orders of magnitude in disk mass
M gisk = M, + M. If no further baryons exist in spirals
(such as, e.g., MACHO:s), this close relation means that
the ratio of baryons and dark matter in spirals is constant
over a very wide mass range.

Mg =2x10° h™2 My, ( (3.19)

3.4.2 The Faber-Jackson Relation

A relation for elliptical galaxies, analogous to the Tully—
Fisher relation, was found by Sandra Faber and Roger
Jackson. They discovered that the velocity dispersion in
the center of ellipticals, oy, scales with luminosity (see
Fig.3.22),

chaé R

or

log(oy) = —0.1Mp + const (3.20)

“Deriving” the Faber—Jackson scaling relation is pos-
sible under the same assumptions as the Tully—Fisher
relation. However, the dispersion of ellipticals about
this relation is larger than that of spirals about the
Tully—Fisher relation.
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Fig. 3.22. The Faber—Jackson relation expresses a relation be-

tween the velocity dispersion and the luminosity of elliptical

galaxies. It can be derived from the virial theorem

3.4.3 The Fundamental Plane

The Tully—Fisher and Faber—Jackson relations specify
a connection between the luminosity and a kinematic
property of galaxies. As we discussed previously, vari-
ous relations exist between the parameters of elliptical
galaxies. Thus one might wonder whether a relation ex-
ists between observables of elliptical galaxies for which
the dispersion is smaller than that of the Faber—Jackson
relation. Such a relation was indeed found and is known
as the fundamental plane.

To explain this relation, we will consider the vari-
ous relations between the parameters of ellipticals. In
Sect. 3.2.2 we saw that the effective radius of normal el-
lipticals is related to the luminosity (see Fig.3.7). This
implies a relation between the surface brightness and
the effective radius,

Re o (1>70.83 ,

<]

(3.21)

where (I), is the average surface brightness within the
effective radius, so that

L =2nR(I), (3.22)

From this, a relation between the luminosity and (7).
results,

L o< R? (1), o (I); 00

e

or

(I)eoc L712

(3.23)

Hence, more luminous ellipticals have smaller surface
brightnesses, as is also shown in Fig.3.7. By means
of the Faber—Jackson relation, L is related to oy, the
central velocity dispersion, and therefore, oy, (I)., and
R, are related to each other. The distribution of elliptical
galaxies in the three-dimensional parameter space (R,
(I)e, 00) is located close to a plane defined by

1.4 (])e—O.SS

R. x 0, (3.24)

Writing this relation in logarithmic form, we obtain

log R. =0.34 (). + 1.4logop+const |, (3.25)
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where (u). is the average surface brightness within
R., measured in mag/arcsec’. Equation (3.25) defines
a plane in this three-dimensional parameter space that
is known as the fundamental plane (FP). Different
projections of the fundamental plane are displayed in
Fig.3.23.

How can this be Explained? The mass within R, can be

derived from the virial theorem, M o o3 R.. Combining

this with (3.22) yields
L og

Reot — ——
M (1),

which agrees with the FP in the form of (3.24) if

(3.26)

L o2  olé
AT
or
M 606 MO3 RO3
< (10T % R03 015

Hence, the FP follows from the virial theorem provided

M
(f) o M°? or

M
(—) o L0 , respectively , (3.27)

L
i.e., if the mass-to-light ratio of galaxies increases
slightly with mass. Like the Tully—Fisher relation, the
fundamental plane is an important tool for distance
estimations. It will be discussed more thoroughly later.

3.4.4 The D,—c Relation

Another scaling relation for ellipticals which is of sub-
stantial importance in practical applications is the D,—o
relation. D, is defined as that diameter of an ellipse
within which the average surface brightness I, corre-
sponds to a value of 20.75 mag/arcsec” in the B-band.
If we now assume that all ellipticals have a self-similar
brightness profile, I(R) = I. f(R/R.), with f(1) =1,
then the luminosity within D, can be written as
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S . 1 = 4 mean surface brightness within the effective
20 4 o L radius. Upper right: Faber—Jackson rela-
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I~ 3 ] 3 surface brightness and velocity dispersion
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e e I iewed from the side — the I Jation b
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| | 026 tween radius and a combination of surface
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D 5 Dy /2
I, <7> 7 =2nl, / dR R f(R/R.)

0
Dy /(2Re)

= 2nIeR§ dxx f(x) .
0

For a de Vaucouleurs profile we have approximately
f(x) o< x~'2 in the relevant range of radius. Computing
the integral with this expression, we obtain

D, R 1% (3.28)

Replacing R, by the fundamental plane (3.24) then re-
sults in

(I) —0.85

1.4 0.8
D, x o, . 7.

Since (I), o I due to the assumed self-similar bright-
ness profile, we finally find

4 70.05
Ie

D, x oy (3.29)

This implies that D, is nearly independent of /. and
only depends on oy. The D,—o relation (3.29) de-
scribes the properties of ellipticals considerably better
than the Faber—Jackson relation and, in contrast to the
fundamental plane, it is a relation between only two
observables. Empirically, we find that ellipticals follow
the normalized D,—o relation

- 205(100?111/5)1.33 ’

kpc -
and they scatter around this relation with a relative width
of about 15%.

(3.30)

3.5 Black Holes in the Centers

of Galaxies

As we have seen in Sect. 2.6.3, the Milky Way harbors
a black hole in its center. Furthermore, it is generally
accepted that the energy for the activity of AGNs is
generated by accretion onto a black hole (see Sect. 5.3).
Thus, the question arises as to whether all (or most)
galaxies contain a supermassive black hole (SMBH) in
their nuclei. We will pursue this question in this sec-
tion and show that SMBHs are very abundant indeed.

This result then instigates further questions: what dis-
tinguishes a “normal” galaxy from an AGN if both have
a SMBH in the nucleus? Is it the mass of the black
hole, the rate at which material is accreted onto it, or
the efficiency of the mechanism which is generating the
energy?

We will start with a concise discussion of how to
search for SMBHs in galaxies, then present some ex-
amples for the discovery of such SMBHs. Finally, we
will discuss the very tight relationship between the mass
of the SMBH and the properties of the stellar component
of a galaxy.

3.5.1 The Search for Supermassive Black Holes

We will start with the question of what a black hole
actually is. A technical answer is that a black hole
is the simplest solution of Einstein’s theory of Gen-
eral Relativity which describes the gravitational field of
a point mass. Less technically — though sufficient for
our needs — we may say that a black hole is a point
mass, or a compact mass concentration, with an extent
smaller than its Schwarzschild radius rg (see below).

The Schwarzschild Radius. The first discussion of
black holes can be traced back to Laplace in 1795, who
considered the following: if one reduces the radius r of
a celestial body of mass M, the escape velocity v at
its surface will change,

2GM

r

Vesc =

As a thought experiment, one can now see that for a suf-
ficiently small radius ve, will be equal to the speed of
light, c. This happens when the radius decreases to

2GM
rs =

(3.31)

C2 0]

=2.95x 10° cm <£>
M,

The radius rg is named the Schwarzschild radius, af-
ter Karl Schwarzschild who, in 1916, discovered the
point-mass solution for Einstein’s field equations. For
our purpose we will define a black hole as a mass con-
centration with a radius smaller than rg. As we can
see, rg is very small: about 3km for the Sun, and
rs ~ 10'2 ¢cm for the SMBH in the Galactic center. At
a distance of D = Ry = 8 kpc, this corresponds to an
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angular radius of ~ 6 x 1075 arcsec. Current observing
capabilities are still far from resolving scales of order
rs, but in the near future VLBI observations at very
short radio wavelengths may achieve sufficient angular
resolution to resolve the Schwarzschild radius for the
Galactic black hole. The largest observed velocities of
stars in the Galactic center, ~ 5000 km/s < ¢, indicate
that they are still well away from the Schwarzschild ra-
dius. However, in the case of the SMBH in our Galactic
center we can “look” much closer to the Schwarzschild
radius: with VLBI observations at wavelengths of 3 mm
the angular size of the compact radio source Sgr A* can
be constrained to be less than 0.3 mas, corresponding to
about 20rs. We will show in Sect. 5.3.3 that relativistic
effects are directly observed in AGNs and that veloci-
ties close to ¢ do in fact occur there — which again is
a very direct indication of the existence of a SMBH.

If even for the closest SMBH, the one in the GC,
the Schwarzschild radius is significantly smaller than
the achievable angular resolution, how can we hope to
prove that SMBHs exist in other galaxies? Like in the
GC, this proof has to be found indirectly by detecting
a compact mass concentration incompatible with the
mass concentration of the stars observed.

The Radius of Influence. We consider a mass con-
centration of mass M, in the center of a galaxy where
the characteristic velocity dispersion of stars (or gas)
is 0. We compare this velocity dispersion with the char-
acteristic velocity (e.g., the Kepler rotational velocity)
around a SMBH at a distance r, given by /GM,/r.
From this it follows that, for distances smaller than

GM, 0.4 M, ( o )*2
BH = ~ 0. C,
BH= "33 10°Mg ) \100kmys/ P
(3.32)

the SMBH will significantly affect the kinematics of
stars and gas in the galaxy. The corresponding angular
scale is

__T'BH

BH—F

~orn (e 7 (b
'(106M®)<100km/s> (lMpc) ’

(3.33)

where D is the distance of the galaxy. From this we im-
mediately conclude that our success in finding SMBHs

will depend heavily on the achievable angular resolu-
tion. The HST enabled scientists to make huge progress
in this field. The search for SMBHs promises to be suc-
cessful only in relatively nearby galaxies. In addition,
from (3.33) we can see that for increasing distance D the
mass M, has to increase for a SMBH to be detectable
at a given angular resolution.

Kinematic Evidence. The presence of a SMBH inside
rpy 18 revealed by an increase in the velocity dispersion
for r < rgy, which should then behave as o 172
for r < rgy. If the inner region of the galaxy rotates,
one expects, in addition, that the rotational velocity vy
should also increase inwards oc = 1/2.

Problems in Detecting These Signatures. The practi-
cal problems in observing a SMBH have already been
mentioned above. One problem is the angular resolu-
tion. To measure an increase in the velocities for small
radii, the angular resolution needs to be better than
Opu. Furthermore, projection effects play a role because
only the velocity dispersion of the projected stellar dis-
tribution, weighted by the luminosity of the stars, is
measured. Added to this, the kinematics of stars can be
rather complicated, so that the observed values for o
and vy¢ depend on the distribution of orbits and on the
geometry of the distribution.

Despite these difficulties, the detection of SMBHs
has been achieved in recent years, largely due to the
much improved angular resolution of optical telescopes
(like the HST) and to improved kinematic models.

3.5.2 Examples for SMBHs in Galaxies

Figure 3.24 shows an example for the kinematical
method discussed in the previous section. A long-slit
spectrum across the nucleus of the galaxy M84 clearly
shows that, near the nucleus, both the rotational velocity
and the velocity dispersion change; both increase dra-
matically towards the center. Figure 3.25 illustrates how
strongly the measurability of the kinematical evidence
for a SMBH depends on the achievable angular resolu-
tion of the observation. For this example of NGC 3115,
observing with the resolution offered by space-based
spectroscopy yields much higher measured velocities
than is possible from the ground. Particularly interest-
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ing is the observation of the rotation curve very close
to the center. Another impressive example is the central
region of M87, the central galaxy of the Virgo Cluster.
The increase of the rotation curve and the broadening
of the [O11]-line (a spectral line of singly-ionized oxy-
gen) at A = 3727 A towards the center are displayed in
Fig. 3.26 and argue very convincingly for a SMBH with
M, ~3x10°M.

The mapping of the Kepler rotation in the center of
the Seyfert galaxy NGC 4258 is especially spectacu-
lar. This galaxy contains water masers — very compact
sources whose position can be observed with very high
precision using VLBI techniques (Fig.3.27). In this
case, the deviation from a Kepler rotation in the grav-
itational field of a point mass of M, ~ 3.5 x 10’ M, is
much less than 1%. The maser sources are embedded in
an accretion disk having a thickness of less than 0.3% of
its radius, of which also a warping is detected. Changes
in the radial velocities and the proper motions of these
maser sources have already been measured, so that the
model of a Kepler accretion disk has been confirmed in
detail.

All these observations are of course no proof of the
existence of a SMBH in these galaxies because the

Galaxy M84 Nucleus

WFPC2
Hubble Space Telescope

Fig. 3.24. An HST image of the nucleus of the galaxy M84 is
shown in the left-hand panel. M84 is a member of the Virgo
Cluster, about 15 Mpc away from us. The small rectangle de-
picts the position of the slit used by the STIS (Space Telescope
Imaging Spectrograph) instrument on-board the HST to ob-
tain a spectrum of the central region. This long-slit spectrum
is shown in the right-hand panel; the position along the slit

sources from which we obtain the kinematic evidence
are still too far away from the Schwarzschild radius. The
conclusion of the presence of SMBHs is rather that of
a missing alternative, as was already explained for the
case of the GC (Sect. 2.6.3). We have no other plausible
model for the mass concentrations detected. As for the
case of the SMBH in the Milky Way, an ultra-compact
star cluster might be postulated, but such a cluster would
not be stable over a long period of time. Based on the
existence of a SMBH in our Galaxy and in AGNs, the
SMBH hypothesis is the only plausible explanation for
these mass concentrations.

Correlation Between SMBH Mass
and Galaxy Properties

353

Currently, strong indications of SMBHs have been
found in about 35 normal galaxies, and their masses
have been estimated. This permits us to examine
whether, and in what way, M, is related to the properties
of the host galaxy. This leads us to the discovery of a re-
markable correlation; it is found that M, is correlated
with the absolute magnitude of the bulge component
(or the spheroidal component) of the galaxy in which

is plotted vertically, the wavelength of the light horizontally,
also illustrated by colors. Near the center of the galaxy the
wavelength suddenly changes because the rotational velocity
steeply increases inwards and then changes sign on the other
side of the center. This shows the Kepler rotation in the central
gravitational field of a SMBH, whose mass can be estimated
as M, ~ 3 x 103 Mg
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Velocity Profiles
in the M87 Core

Fig. 3.25. Rotational velocity (bottom) and velocity disper-
sion (top), as functions of the distance from the center along
the major axis of the galaxy NGC 3115. Colors of the sym-
bols mark observations with different instruments. Results
from CFHT data which have an angular resolution of 0”44 are
shown in blue. The SIS instrument at the CFHT uses active
optics to achieve roughly twice this angular resolution; corre-
sponding results are plotted in green. Finally, the red symbols
show the result from HST observations using the Faint Object
Spectrograph (FOS). As expected, with improved angular res-
olution an increase in the velocity dispersion is seen towards
the center. Even more dramatic is the impact of resolution on
measurements of the rotational velocity. Due to projection ef-
fects, the measured central velocity dispersion is smaller than
the real one; this effect can be corrected for. After correc-
tion, a central value of o ~ 600 km/s is found. This value is
much higher than the escape velocity from the central star
cluster if it were to consist solely of stars — it would dissolve
within ~ 2 x 10* years. Therefore, an additional compact
mass component of M, ~ 10° M must exist

Fig.3.26. M87 has long been one of the

most promising candidates for harboring an
SMBH in its center. In this figure, the po-

Ho image

3720

sition of the slit is shown superimposed on
an He image of the galaxy (lower left) to-
gether with the spectrum of the [O11] line
along this slit (bottom, center), and six spec-
tra corresponding to six different positions
along the slit, separated by 0”14 each (lower
right). In the upper right panel the rotation
curve extracted from the data using a kine-
matical model is displayed. These results
show that a central mass concentration with
~3x 10 Mg must be present, confined

to a region less than 3 pc across — indeed
leaving basically no alternative but a SMBH
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Fig. 3.27. The Seyfert galaxy NGC 4258 contains an accretion
disk in its center in which several water masers are embed-
ded. In the top image, an artist’s impression of the hidden disk
and the jet is displayed, together with the line spectrum of the
maser sources. Their positions (center image) and velocities
have been mapped by VLBI observations. From these mea-
surements, the Kepler law for rotation in the gravitational field
of a point mass of M, =25 x 10°M, in the center of this gal-
axy was verified. The best-fitting model of the central disk is
also plotted. The bottom image is a 20-cm map showing the
large-scale radio structure of the Seyfert galaxy

the SMBH is located (see Fig.3.28, left). Here, the
bulge component is either the bulge of a spiral gal-
axy or an elliptical galaxy as a whole. This correlation
is described by

LB,bu]ge >1-11 . (3.34)

M,=0.93x 108 Mg [ —&
x © (10‘°LB@

it is statistically highly significant, but the deviations
of the data points from this power law are considerably
larger than their error bars. An alternative way to express
this correlation is provided by the relation M/L o< L%
found previously — see (3.27) — by which we can also
write M, Mgﬁge.

An even better correlation exists between M, and the
velocity dispersion in the bulge component, as can be
seen in the right-hand panel of Fig. 3.28. This relation
is best described by

M. =135x10° Mg, ( (3.35)

O, )4
200 km/s

where the exact value of the exponent is still subject to
discussion, and where a slightly higher value M, o< o*>
might better describe the data. The difference in the re-
sults obtained by different groups can partially be traced
back to different definitions of the velocity dispersion,
especially concerning the choice of the spatial region
across which it is measured. It is remarkable that the
deviations of the data points from the correlation (3.35)
are compatible with the error bars for the measurements
of M,. Thus, we have at present no indication of an
intrinsic dispersion of the M,-o relation.

In fact, there have been claims in the literature that
even globular clusters contain a black hole; however,
these claims are not undisputed. In addition, there may
be objects that appear like globular clusters, but are in
fact the stripped nucleus of a former dwarf galaxy. In
this case, the presence of a central black hole is not
unexpected, provided the scaling relation (3.35) holds
down to very low velocity dispersion.

To date, the physical origin of this very close relation
has not been understood in detail. The most obvious
apparent explanation — that in the vicinity of a SMBH
with a very large mass the stars are moving faster than
around a smaller-mass SMBH - is not conclusive: the
mass of the SMBH is significantly less than one percent
of the mass of the bulge component. We can therefore
disregard its contribution to the gravitational field in
which the stars are orbiting. Instead, this correlation has
to be linked to the fact that the spheroidal component
of a galaxy evolves together with the SMBH. A better
understanding of this relation can only be found from
models of galaxy evolution. We will continue with this
topic in Sect. 9.6.
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3.6 Extraga|actic Distance CMB Dipole Anisotropy. The peculiar velocity of

Determination

In Sect.2.2 we discussed methods for distance deter-
mination within our own Galaxy. We will now proceed
with the determination of distances to other galaxies.
It should be noted that the Hubble law (1.2) specifies
a relation between the redshift of an extragalactic ob-
ject and its distance. The redshift z is easily measured
from the shift in spectral lines. For this reason, the
Hubble law (and its generalization — see Sect.4.3.3)
provides a simple method for determining distance.
However, to apply this law, the Hubble constant Hj
must first be known, i.e., the Hubble law must be cal-
ibrated. Therefore, in order to determine the Hubble
constant, distances have to be measured independently
from redshift.

Furthermore, it has to be kept in mind that besides
the general cosmic expansion, which is expressed in the
Hubble law, objects also show peculiar motion, like the
velocities of galaxies in clusters of galaxies or the mo-
tion of the Magellanic Clouds around our Milky Way.
These peculiar velocities are induced by gravitational
acceleration resulting from the locally inhomogeneous
mass distribution in the Universe. For instance, our
Galaxy is moving towards the Virgo Cluster of gal-
axies, a dense accumulation of galaxies, due to the
gravitational attraction caused by the cluster mass. The
measured redshift, and therefore the Doppler shift, is al-
ways a superposition of the cosmic expansion velocity
and peculiar velocities.

the Galaxy is very precisely known. The radiation of
the cosmic microwave background is not completely
isotropic but instead shows a dipole component. This
component originates in the velocity of the Solar Sys-
tem relative to the rest-frame in which the CMB appears
isotropic (see Fig. 1.17). Due to the Doppler effect, the
CMB appears hotter than average in the direction of our
motion and cooler in the opposite direction. Analyzing
this CMB dipole allows us to determine our peculiar
velocity, which yields the result that the Sun moves at
a velocity of (368 £2) km/s relative to the CMB rest-
frame. Furthermore, the Local Group of galaxies (see
Sect. 6.1) is moving at v g ~ 600 km/s relative to the
CMB rest-frame.

Distance Ladder. For the redshift of a source to be
dominated by the Hubble expansion, the cosmic ex-
pansion velocity v = cz = HyD has to be much larger
than typical peculiar velocities. This means that in order
to determine Hy we have to consider sources at large
distances for the peculiar velocities to be negligible
compared to Hy D.

Making a direct estimate of the distances of dis-
tant galaxies is very difficult. Traditionally one uses
a distance ladder: at first, the absolute distances to
nearby galaxies are measured directly. If methods to
measure relative distances (that is, distance ratios) with
sufficient precision are utilized, the distances to galax-
ies further away are then determined relative to those
nearby. In this way, by means of relative methods, dis-
tances are estimated for galaxies that are sufficiently far
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away for their redshift to be dominated by the Hubble
flow.

3.6.1 Distance of the LMC

The distance of the Large Magellanic Cloud (LMC) can
be estimated using various methods. For example, we
can resolve and observe individual stars in the LMC,
which forms the basis of the MACHO experiments (see
Sect. 2.5.2). Because the metallicity of the LMC is sig-
nificantly lower than that of the Milky Way, some of
the methods discussed in Sect. 2.2 are only applicable
after correcting for metallicity effects, e.g., the photo-
metric distance determination or the period—luminosity
relation for pulsating stars.

Perhaps the most precise method of determining
the distance to the LMC is a purely geometrical one.
The supernova SN 1987A that exploded in 1987 in the
LMC illuminates a nearly perfectly elliptical ring (see
Fig.3.29). This ring consists of material that was once
ejected by the stellar winds of the progenitor star of
the supernova and that is now radiatively excited by
energetic photons from the supernova explosion. The
corresponding recombination radiation is thus emitted
only when photons from the SN hit this gas. Because
the observed ring is almost certainly intrinsically cir-
cular and the observed ellipticity is caused only by its
inclination with respect to the line-of-sight, the distance
to SN 1987A can be derived from observations of the
ring. First, the inclination angle is determined from its
observed ellipticity. The gas in the ring is excited by
photons from the SN a time R/c after the original ex-
plosion, where R is the radius of the ring. We do not
observe the illumination of the ring instantaneously be-
cause light from the section of the ring closer to us
reaches us earlier than light from the more distant part.
Thus, its illumination was seen sequentially along the
ring. Combining the time delay in the illumination be-
tween the nearest and farthest part of the ring with its
inclination angle, we then obtain the physical diameter
of the ring. When this is compared to the measured an-
gular diameter of ~ 177, the ratio yields the distance to
SN 1987A,

Dsniog7a ~ 51.8 kpc £6% .

If we now assume the extent of the LMC along the line-
of-sight to be small, this distance can be identified with

Fig. 3.29. The ring around supernova 1987A in the LMC is
illuminated by photons from the explosion which induce the
radiation from the gas in the ring. It is inclined towards the
line-of-sight; thus it appears to be elliptical. Lighting up of
the ring was not instantaneous, due to the finite speed of light:
those sections of the ring closer to us lit up earlier than the
more distant parts. From the time shift in the onset of radia-
tion across the ring, its diameter can be derived. Combining
this with the measured angular diameter of the ring, the dis-
tance to SN 1987A — and thus the distance to the LMC — can
be determined

the distance to the LMC. The value is also compatible
with other distance estimates (e.g., as derived by using
photometric methods based on the properties of main-
sequence stars — see Sect. 2.2.4).

3.6.2 The Cepheid Distance

In Sect.2.2.7, we discussed the period—luminosity re-
lation of pulsating stars. Due to their high luminosity,
Cepheids turn out to be particularly useful since they
can be observed out to large distances.

For the period—luminosity relation of the Cepheids to
be a good distance measure, it must first be calibrated.
This calibration has to be done with as large a sample
of Cepheids as possible at a known distance. Cepheids
in the LMC are well-suited for this purpose because
we believe we know the distance to the LMC quite pre-
cisely, see above. Also, due to the relatively small extent
of the LMC along the line-of-sight, all Cepheids in the
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LMC should be located at approximately the same dis-
tance. For this reason, the period—luminosity relation
is calibrated in the LMC. Due to the large number of
Cepheids available for this purpose (many of them have
been found in the microlensing surveys), the resulting
statistical errors are small. Uncertainties remain in the
form of systematic errors related to the metallicity de-
pendence of the period—luminosity relation; however,
these can be corrected for since the color of Cepheids
depends on the metallicity as well.

With the high angular resolution of the HST, individ-
ual Cepheids in galaxies are visible at distances up to
that of the Virgo cluster of galaxies. In fact, determining
the distance to Virgo as a central step in the determi-
nation of the Hubble constant was one of the major
scientific aims of the HST. In the Hubble Key Project,
the distances to numerous spiral galaxies in the Virgo
Cluster were determined by identifying Cepheids and
measuring their periods.

3.6.3 Secondary Distance Indicators

The Virgo Cluster, at a measured distance of about
16 Mpc, is not sufficiently far away from us to directly
determine the Hubble constant from its distance and
redshift, because peculiar velocities still contribute con-
siderably to the measured redshift at this distance. To
get to larger distances, a number of relative distance
indicators are used. They are all based on measuring
the distance ratio of galaxies. If the distance to one of
the two is known, the distance to the other is then ob-
tained from the ratio. By this procedure, distances to
more remote galaxies can be measured. Below, we will
review some of the most important secondary distance
indicators.

SN Ia. Supernovae of Type Ia are to good approximation
standard candles, as will be discussed more thoroughly
in Sect. 8.3.1. This means that the absolute magnitudes
of SNe Ia are all within a very narrow range. To mea-
sure the value of this absolute magnitude, distances must
be known for galaxies in which SN Ia explosions have
been observed and accurately measured. Therefore, the
Cepheid method was applied especially to such galax-
ies, in this way calibrating the brightness of SNe Ia.
SNe Ia are visible over very large distances, so that they

also permit distance estimates at such large redshifts
that the simple Hubble law (1.6) is no longer valid,
but needs to be generalized based on a cosmological
model (Sect. 4.3.3). As we will see later, these measure-
ments belong to the most important pillars on which our
standard model of cosmology rests.

Surface Brightness Fluctuations of Galaxies. Another
method of estimating distance ratios is surface bright-
ness fluctuations. It is based on the fact that the number
of bright stars per area element in a galaxy fluctuates —
purely by Poisson noise: If N stars are expected in an
area element, relative fluctuations of /N /N=1/ VN
of the number of stars will occur. These are observed in
fluctuations of the local surface brightness. To demon-
strate that this effect can be used to estimate distances,
we consider a solid angle dw. The corresponding area
element dA = D? dw depends quadratically on the dis-
tance D of the galaxy; the larger the distance, the larger
the number of stars N in this solid angle, and the smaller
the relative fluctuations of the surface brightness. By
comparing the surface brightness fluctuations of differ-
ent galaxies, one can then estimate relative distances.
This method also has to be calibrated on the galaxies
for which Cepheid distances are available.

Planetary Nebulae. The brightness distribution of plan-
etary nebulae in a galaxy seems to have an upper limit
which is the nearly the same for each galaxy (see
Fig.3.30). If a sufficient number of planetary nebulae
are observed and their brightnesses measured, it enables
us to determine their luminosity function from which
the maximum apparent magnitude is then derived. By
calibration on galaxies of known Cepheid distance, the
corresponding maximum absolute magnitude can be de-
termined, which then allows the determination of the
distance modulus for other galaxies, thus their distances.

Scaling Relations. The scaling relations for galaxies —
fundamental plane for ellipticals, Tully—Fisher relation
for spirals (see Sect.3.4) — can be calibrated on local
groups of galaxies or on the Virgo Cluster, the dis-
tances of which have been determined from Cepheids.
Although the scatter of these scaling relations can be
15% for individual galaxies, the statistical fluctuations
are reduced when observing several galaxies at about
the same distance (such as in clusters and groups). This
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Fig. 3.30. Brightness distribution of planetary nebulae in An-
dromeda (M31), M81, three galaxies in the Leo I group, and
six galaxies in the Virgo Cluster. The plotted absolute mag-
nitude was measured in the emission line of double-ionized
oxygen at A = 5007 A in which a large fraction of the lu-
minosity of a planetary nebula is emitted. This characteristic
property is also used in the identification of such objects in
other galaxies. In all cases, the distribution is described by
anearly identical luminosity function; it seems to be a univer-
sal function in galaxies. Therefore, the brightness distribution
of planetary nebulae can be used to estimate the distance
of a galaxy. In the fits shown, the data points marked by
open symbols were disregarded: at these magnitudes, the
distribution function is probably not complete

enables us to estimate the distance ratio of two clusters
of galaxies.

The Hubble Constant. In particular, the ratio of dis-
tances to the Virgo and the Coma clusters of galaxies is
estimated by means of these various secondary distance
measures. Together with the distance to the Virgo Clus-
ter as determined from Cepheids, we can then derive
the distance to Coma. Its redshift (z & 0.023) is large
enough for its peculiar velocity to make no significant
contribution to its redshift, so that it is dominated by
the Hubble expansion. By combining the various meth-
ods we obtain a distance to the Coma cluster of about
90 Mpc, resulting in a Hubble constant of

Hy=72+8km/s/Mpc (3.36)

The error given here denotes the statistical uncertainty
in the determination of Hy. Besides this uncertainty,
possible systematic errors of the same order of magni-
tude may exist. In particular, the distance to the LMC
plays a crucial role. As the lowest rung in the distance
latter, it has an effect on all further distance estimates.
We will see later (Sect. 8.7.1) that the Hubble constant
can also be measured by a completely different method,
based on tiny small-scale anisotropies of the cosmic
microwave background, and that this method results in
a value which is in impressively good agreement with
the one in (3.36).

3.7 Luminosity Function of Galaxies

Definition of the Luminosity Function. The luminos-
ity function specifies the way in which the members of
a class of objects are distributed with respect to their lu-
minosity. More precisely, the luminosity function is the
number density of objects (here galaxies) of a specific
luminosity. @(M)dM is defined as the number den-
sity of galaxies with absolute magnitude in the interval
[M, M 4 dM]. The total density of galaxies is then

oo

v:/dM@(]\/[).

—0o0

(3.37)

Accordingly, @(L) dL is defined as the number density
of galaxies with a luminosity between L and L +dL. It

117



3. The World of Galaxies

118

should be noted here explicitly that both definitions of
the luminosity function are denoted by the same symbol,
although they represent different mathematical func-
tions, i.e., they describe different functional relations. It
is therefore important (and in most cases not difficult)
to deduce from the context which of these two functions
is being referred to.

Problems in Determining the Luminosity Function.
At first sight, the task of determining the luminosity
function of galaxies does not seem very difficult. The
history of this topic shows, however, that we encounter
a number of problems in practice. As a first step, the
determination of galaxy luminosities is required, for
which, besides measuring the flux, distance estimates
are also necessary. For very distant galaxies redshift is
a sufficiently reliable measure of distance, whereas for
nearby galaxies the methods discussed in Sect. 3.6 have
to be applied.

Another problem occurs for nearby galaxies, namely
the large-scale structure of the galaxy distribution. To
obtain a representative sample of galaxies, a suffi-
ciently large volume has to be surveyed because the
galaxy distribution is heavily structured on scales of
~ 100 = Mpc. On the other hand, galaxies of partic-
ularly low luminosity can only be observed locally, so
the determination of @(L) for small L always needs
to refer to local galaxies. Finally, one has to deal with
the so-called Malmquist bias; in a flux-limited sample
luminous galaxies will always be overrepresented be-
cause they are visible at larger distances (and therefore
are selected from a larger volume). A correction for this
effect is always necessary.

3.7.1  The Schechter Luminosity Function

The global galaxy distribution is well approximated by
the Schechter luminosity function

?(L) = YV (L aexp(—L/L*) ,
L*) \L*

where L* is a characteristic luminosity above which the
distribution decreases exponentially, « is the slope of
the luminosity function for small L, and @* specifies
the normalization of the distribution. A schematic plot
of this function is shown in Fig. 3.31.

(3.38)

Expressed in magnitudes, this function appears much
more complicated. Considering that an interval dL in
luminosity corresponds to an interval dM in abso-
lute magnitude, withdL /L = —0.4 In 10 dM, and using
D(L)YdL = ®(M)dM, i.e., the number of sources in
these intervals are of course the same, we obtain

d
P(M) = P(L) | | = P(L)0AIIOL  (3.39)
= (0.4 In 10)@* 1004+ DM*=M)

As mentioned above, the determination of the parame-
ters entering the Schechter function is difficult; a set of
parameters in the blue band is

@*=1.6x10"2h*Mpc?,

My =—-19.74+5logh, or
Ly=12x10"r"2% Ly, (3.41)
a=—1.07.

While the blue light of galaxies is strongly affected by
star formation, the luminosity function in the red bands
measures the typical stellar distribution. In the K-band,
we have

@ =1.6x10"2 h*Mpc 3,
My =—-23.1+5logh,
a=-09.

(3.42)

The total number density of galaxies is formally infinite
if o < —1, but the validity of the Schechter function
does of course not extend to arbitrarily small L. The
luminosity density

o0

0

is finite for & > —2.% The integral in (3.43), fora ~ —1,
is dominated by L ~ L*, and n = @* is thus a good
estimate for the mean density of L*-galaxies.

(3.43)

°F(x) is the Gamma function, defined by

[o¢]
Ix) = / dy y6=Demy (3.44)
0

For positive integers, I(n+1) =n!. We have 10.7) ~ 1.30, I'(1) =1,
I1(1.3) =~ 0.90. Since these values are all close to unity, /ioy ~ &*L*
is a good approximation for the luminosity density.
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Deviations of the galaxy luminosity function from
the Schechter form are common. There is also no obvi-
ous reason why such a simple relation for describing
the luminosity distribution of galaxies should exist.
Although the Schechter function seems to be a good
representation of the total distribution, each type of
galaxy has its own luminosity function, with each func-
tion having a form that strongly deviates from the
Schechter function — see Fig.3.32. For instance, spi-
rals are relatively narrowly distributed in L, whereas
the distribution of ellipticals is much broader if we
account for the full L-range, from giant ellipticals to
dwarf ellipticals. E’s dominate in particular at large L;
the low end of the luminosity function is likewise
dominated by dwarf ellipticals and Irr’s. In addition,
the luminosity distribution of cluster and group gal-
axies differs from that of field galaxies. The fact that
the total luminosity function can be described by an
equation as simple as (3.38) is, at least partly, a coin-
cidence (“cosmic conspiracy”) and cannot be modeled
easily.
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3.7.2 The Bimodal Color Distribution of Galaxies
The classification of galaxies by morphology, given by
the Hubble classification scheme (Fig. 3.2), has the dis-
advantage that morphologies 