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A Brief Introduction

To most people, stellar evolution, or the birth, life and
death of stars, would seem 10 be a topic more suited to
a university-level textbook, and so the idea of an
observer's guide to stellar evolution may not, on first
appearance, make any sense. However, let me assure
you now, that anyone can understand how a Slar is
born, lives its life, and dies - and what's more, there are
numerous examples of each slagI' of a star's life that can
be observed by anyone who steps out and looks up into
a dark sky.

This is the reason behind the idea of the book. It will
give a very understandable and accessible introduction to
the various stages of a slar's life cycle, and, at the same
time, present many examples of the topics discussed thaI
can be seen either with the naked eye or by using some
sort of optical aid, such as binoculars and telescopes.

learning about the mechanisms that give rise to star
formation, fuel a star's life, and contribute to a star's
death, can add another level of enjoyment and wonder
to an observing session. Many amateur astronomers are
familiar with, say, the star Betelgeuse, in the constella­
tion Orion, but how many of you know that the star is a
cool red giant star, which has left the "middle-age" of a
star's life, and is now making a journey that will
transform it from a giant star 10 perhaps an exploding
star - a supernova! Or that the Pleiades star duster, a
familiar sight in the winter sky, is in fact a wonderful
example of a group of young hot stars that were formed
roughly all al the same time, and are now making their
way through space, with the eventual result that they
will disperse and spread out through their section of the
Milky Way. Many such examples will be presented that
will allow you to learn about stars and their lives, at
your own pace, and thus give you a detailed panorama
of the amazing objects which most of us observe
whenever there is a dear night.

Each section of the book will cover a specific aspect
of a star's life, starting with the formation of stars from
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dust and gas douds, up to Ihe final chapter of a star's
life, which can end in the spectacular event known as a
supernova, with the result that a neutron star is formed,
and perhaps a black hole! At every point in the life cyde
of the star, an observing section will describe those
objects which best demonstrate the topics mentioned,
with simple star maps. Most of the objects, whether it
be a star, or nebulae, will be visible with modest optical
instruments, many with the naked eye, bill in some
exceptional cases, a medium aperture telescope may be
needed. Of course, not all of the objects that can be seen
will be presented, but just a representative few, usually
the brightest examples, will be mentioned. It is
inevitable that a lot will be left out.

As is to be expected, the first section will deal with
those concepts that will be needed, and indeed are
vitally necessary, for a complete understanding of the
remainder of the book, and as such will be divided into
several topics such as the brightness, mass, and distance
of stars, etc. Also covered will be the very important
topic of stellar spectroscopy. It is true to say that nearly
all of what we know about stars was and is determined
from this important technique. In addition a section
will be introduced on the Hertzsprung-Russell (H-R)
diagram. If ever a single concept or diagram could fully
epitomize a star's life (and even star dusters), then the
H-R diagram, as it is known, is the one that can do it. It
is perhaps the most important and useful concept in all
of stellar evolution, and it is fair to say that once you
understand the H~R diagram, then you understand
how a star will evolve.

The second part of the book will deal with the
formation of stars and discuss what we believe to be the
processes of stellar birth. How and why stars form, what
they are made out of and become what we see today. As
an example of a star, a brief section will cover Ihe
nearest star to us - the SUII.

Following on from stellar birth is a section which
deals with that part of a star's life when it sellies down
and shines for several million, or billion, years. The
various means of producing and transporting energy in
a Slar are looked at, and how the mass of a star
determines how long it will live. This is normally a quiet
time for a star and most of the stars we observe in the
night sky are in this phase of their lives.

We then move on to the dramatic topic of star death!
The way a star dies depends on several factors, but the
most iml>ortant one has 10 do with a star's mass. This is

~ '"
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the time in star's life when it bewmes a red giant star,
and possibly a variable star. We look at how a low mass
star, such as the Sun, will end its days, but also look at
what happens to those high mass stars that may explode
as supernovae.

For those of you who have a mathematical mind,
then some mathematics will be provided in the specially
labelled areas. But take heart and fear not - you do not
have to understand any mathematics to be able to read
and understand the book; it is only there to highlight
and further describe the mechanisms and principles of
stellar evolution. However, if you are comfortable with
the maths, then I recommend that you read these
se<tions, as they will help you in your understanding of
the various concepts, and will allow you to make your
own determinations of such parameters as the ages and
lifetimes of stars, their distances and masses, and
brightnesses. All of the maths presented will be very
simple, and of a level comparable to that of a 4th year
school student, or 8th grader.

A final point J wish to emphasize here is that the
book can be read in several ways. It makes sense, of
course, to start at the beginning and read through to the
end. But if you are particularly interested in, say,
supernovae and the final stages of a star's life, then
there is no reason why you shouldn't go straight to that
section. Similarly, you may want to read about the
middle-age of a star, so you could go to that section.
Some of the nomenclature would of necessity be
unfamiliar, but I hope that the book is written so that
this shouldn't be a problem. Also, many of you, I have
no doubt, will go straight to the observing lists. Read
the book in a way that is comfortable to you.

So, without further ado, let us begin on a voyage of
discovery...



1.1 Distance to the Stars
In order to determine many of the basic parameters on
Slars, it is first necessary to be able to find out ifa Slar is
close, or distant. As we shall see laler, this is vitally
important if you want to know if, say, a Slar appears
bright in the night sky because it is close 10 us, or is an
inherently bright star. In the same vein, some slars may
be faint because they are at immense distances from us,
or just might be very faint stars in their own right.

Determining distances in astronomy has been, and
still continues to this day, to be fraught with difficulty
and error, and there is still no general consensus as to
what is the best method, at least for distances 10 other
galaxies and to the farthest edges of our own galaxy ­
the Milky Way. However, the oldest method still used is
probably the one that remains the most accurate,
especially for determining the distances to stars.

The technique used is called Stellar Parallax, and
basically is the angular measurement when the star is
observed from two different locations in the Earth's
orbit. These are usually six months apart. The star will
appear to shift its position with respect to the more
distant background stars. The parallax (p) of the star
observed is equal to half the angle through which its
apparent position appears to shift. The larger the
parallax, p, the smaller is the distance, d, to the star.
Figure 1.1 illustrates this concept.

If a star has a measured parallax of 1 arcseco"d
O/3600'h of a degree) and the baseline is I astrouomical
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unit (AU), which is the average distance from the Earth
to the Sun, then the star's distance is I parsec (pc) ~

"the distance of an objects which has a parallax of one
second of arc". This is the origin of the term, and is the
unit of distance most used in astronomy.'

The distance, d, of a star in parsecs is given by the
reciprocal of its parallax, p, and is usually expressed thus:

d=~
P

Thus, using the above equation, a slar which has a
measured parallax of 0.1 arcsec is at a distance of 10 pc,
and another with a parallax of 0.05 arcsec is 20 pc
distant.

It may surprise you to know that all known stars
have a parallax angle smaller than I arcsecond, and
angles smaller than about 0.01 arcsecs are very difficult
to measure from Earth due to the effects of the
atmosphere, and this limits the distance measured to
about 100 pc (110.01). However, the satellite Hipparcos,
launched in 1989, was able to measure parallax angles
to an accuracy of 0.001 arcseconds, which allowed
distances to be determined 10 about 1000 pc.2

But even this greal advance in distance determina­
tion is only useful for relatively close stars. Most of the

figure 1.1. Stellor
Parollol<. a The Earth
Ofbili!he $un, 000 a
IlElOrby slot miFts iii
position willt reopecl to
lhe badgroooo 1Ior•.
The poralla•• p, of the
~ is the aflQular
measurement of the
Earth·, orbil as seen
from the ,tor. b The
closer the stor, the
greote< tlte poralla.
angle.

'One parsec is equal to 3.26 lighl yea.". H19 x 10" km, or 206.265
AU. I AU is 149,597,870 km.
, Nearly 200 previously ullobs..rved .Ia." were di..:overed, the neareSt
about 18 Iy away. In addition, seve...l hundred sta.. originally
believed to be within 75 Iy are in fa£1 mu£h farther away.
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Relationship between parollox and
the distance to a star

I
if =-

p

Ii = the distance to a star measure<! in parsecs
p = the parallax angle of the measured star, in
arseconds

This simple relationship is a significant reason
why most astronomical distances are giYen in
parsecs, rather than light years. The nearest star to
us (not counting the Sun!) is Proxima Centauri,
which has a parallax of 0.772 arcseconds. Thus its
distance from us is:

I I
d=-=--= 1.30 pc

P 0.n2
However, I parsec is 3.26 light years, this distance
can also be expressed as:

3.261y
d = 1.30 x = 4.22 ly

II"

stars in the galaxy are too far for parallax measure­
ments to be taken: another method has to be used.

Many stars actually alter in brightness, these are the
variable stars, and several of them play an important
part in distance determination. Although we will meet
them again later, and discuss their properties in far
greater detail, it is instructive to mention them now.

Two types of variable star in particular are useful in
determining distances. These are the Cepheid variable
stars and RR Lyrae variable stars.] Both are classified as
pul5ating variable5, which are stars that actually change
their diameter over a period of time. The importance of
these stars lies in the fact that their average bright­
nesses, or luminosities,4 and their periods of variability

, The most famous Cepheid variable star is Polaris, the NOrlh Star. It
varies its visual brightness by about 10% in JUSt under 4 days. R~ent
results show that the variability is decreasing. and the star may, at
SOme time in the future, (ease to pul",te. We di$oCuu these imporlant
$U'" in detail in a later section.
• We wiU di"",,,, the meaning of the term luminosity later. For the
time ~ing, think of it as the star's brightness.
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are linked. The longer the time taken for the star to vary
in brightness (the period), the greater the luminosity.
This is the justifiably famous Period-Luminosity
relatiollShip.s [t is relatively easy to measure the period
of a star, and this is something that many amateur
astronomers still do. Once this has been measured, you
can determine the luminosity of the star. By comparing
the luminosity, which is a measure of the intrinsic
brightness of the star, with the brightness it appears to
have in the sky, its distance can be calculated.1; Using
Cepheid's, distances out to around 60 million Iy have
been determined.

A similar approach is taken with the RR Lyrae stars,
which are less luminous than Cepheids and have
periods of less than a day. These allow distances to
about 2 million ly to be determined.

A further method of distance determination is that
of spectroscopic parallax, whereby determining the
star's spectral classification can lead to a measure of
its intrinsic luminosity, and thus, by comparing this
with its apparent brightness, its distance can be
determined.

A final note on distance determination is in order.
Do not be fooled into thinking that these various
ml.'thods give exact measurements. They do nol. A
small amount of error is inevitable. Sometimes this can
be about 10%, or 25%, but an error of 50% is not
uncommon. Remember that a 25% error for a star
estimated to be at a distance of 4000 Iy means it could
be anywhere from 3000 to 5000 Iy away. Table 1.1 lists
the 20 nearest stars.

1.2 The Nearest Stars
Let us now look at some of the nearest stars in the night
sky. The list is by no means complete, but rather selects
those stars which are most easily visible. Many of the
nearest stars are very faint, and thus present an
observing challenge.

I Thr Prriod-Luminosity relationship WllS discovered by Henrie'1l1
Lrlvin in 1908, whilst working al the Hlrvard CoII~e ObservatQry.
She studied phot<:>gr.>phs Q( the Mlgrl1ank Clouds. Ind fQund Qnr
1700 variable stars.
• The relat;"nship betWNn Ihr Ipporrnt bright"",, of a OIor and it.
inlrinsic brightness will be discussed in the nut >retion.

p'
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TobIe 1.1. The 20 r.e<lfesl s.Ic,s in d>Q *y

SIor Oistooce, Iy ConslellollOn

I SO"
2 Pro~imo Centovri 422 CenlOv'vs
3 Alpha Cel'touri A<> 439 Cenlov'us
4 Borflo,d's $lor 5.94 Op/livehlJs
5 Woll359 7.8 ,..,
6 Lolonde 21185 8,31 Urro MaiO!'
7 Sirius AO 8.60 Conis Molor
8 UV Celi AO 8.7 C~,

9 ROM 154 969 Sogillonus
10 Ross 248 103 And,omeda
II Epsilon Eridoni 1049 E.idonvs
J2 HD 217987 10,73 Pistis Aus!rioos
13 Ross 128 10,89 Virgo
14 L 789-6 AO "2 Aqvorius
15 61 C19l'i A 11,35 Cygl'us
16 p,ocyon AO 11.42 Conis MU'lo,is
17 61C19ni8 11.43 Cygnus
18 HD 173740 11,47 o.oco
19 HD 173739 1164 o.oco
20 GX And,,,,",,,*,,,o 1164 ArnImmodo

"This Slgnifies Iho1 the S/Of is in /ocl pon oE 0 double sSof sysiem.
ond the d,~flClI qllOled is lor compo"e"ts A ond 8.

Throughout the book you will find some simple star
maps, given at the end of each S&tion of observable
objecls. In some cases, several objects will be on one
map, so do nOI worry if you do not initially find Ihe
objecl you seek. For instance, Ihe seclion on while
dwarf stars lists four objects, but only one star map
follows the list; the other three objects are found on star
maps in earlier sections of the book. Every object
mentioned will be on a map somewhere,] and so to aid
identification, each object will reference which star map
it can be found on on,

Throughout the book I will use the following
nomenclature to list the stars; first is its common
name, followed by its scientific designation, The next
item will be its position in right ascension and
dedination. The final term shows those months when
the star is best placed for observation, The month in
bold type is the most favourable time of year, whilst
plain type shows other months when it can also be seen.

1 Th~ ruson why there isn'l ~ Slar map for uch individual objt<:l is
.imple: it would double the .ilt (and C(lst!) (If this book.

pr
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The next line will present both standard data and
information that is pertinent to the topic under
discussion. Thus, its apparent magnitude, followed by
its absolute magnitude, is given, then, specific dala
relating to the topic is given. The final item is the
constellation in which the Slar resides.s

V645 Cen 14~ 29.7"' ~2 41' /oMr-Apr-Moy

Sirius A

11.01,.m9 15.45M 4,221y 0.772 C"""lV'\I~

This is the second-closest star to the Earth, but is the closest star to the Solar System. It
is a very faint red dwarf star and also a flare star, with frequent bursts having maximum
amplitude of around one magnitude. Re<:enl results indicate that it is not, as previously
thought. physically associated with 01 Centouri. but is in fact on a hyperbolic orbit around
the star and just passing through the system. See Star Map l.

a Coni~ Moloris 06~ 29.7'" -16 43 De<.:--Jan---feb

-1.44m 1.45M 8,61y 0.379 Canis Major

A lovely star to observe and the 6'" closest. It is also the brightest star in thc sky and
known as the Dog Star. II is famous amongst amateurs for thl' notic range of colours it
exhibits.. This is due to the etTects of the atmosphere. [t also has a dwarf star companion,
the lim to be discovered. Sirius is a dazzling Sighl in any optical device. See Star Map 2.

a Coni. Minori. 07" 39,3"' -56 13' Dec-Jan-feb

2.6BM 11.41 Iy 0283 Coni. Minor

The fifteenth nearest star, and also the eighth brightest. It, like nearby Sirius, has a white
dwarf comp.anion Slar. However, it is not visible in amateur telescopes. See Star Map I.

HD21185 17~ 578'" +4 3B Apr-Moy-Jun

9.54m 13.24M 5.941y 0549- Opfli<><;hu,

The third-closest star is a red dwarf. But what makes this star so famous is that it has the
largest proper motion of any starlO - 0.4 arcsecollds per year. [t has a velocity of 140 km
per second so al this rate, it would take 150 years for the star to movl' thl' distance
C<juivalent to thc Moon's diameter across the sky. It's also bl'1ieverl the star belongs to th..
Galaxy's Hilla PopulatiOlr. Also known as Bor'lard's RUllo",ay Slllr. See Star Map J .

• MO~1 of the nuresr srars are very (ainr, so only Ihe brighrer ones will
be mentioned. Exceptions to Ihis will be n,ade, Iww....er, if rhe objecl
hu an imponanl role in astronomy. Acompanion book 10 rhis one­
Field Guidr ro the Dut' Sky ObjulJ -lim in considerable detail milch
more infonn.tion. Funhennore. there are many techniques tb., will
enh.nce )'Ollr observation.1 skills. such as d.rk adaplion, avened
visinn, etc. Thl'S<' are described in the aforementioned book.
S [konotes thaI the sr.r, and rhut the magnitude, it variable.
10 The proper mOlion of a Slar is its apparent mOl inn KrOSS rhe sky,
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v lS03 C 21) 06.9'" +38 45' Jul-Aug-Sep

5.20,m 7..9M 11.35 Iy 0.287" Cygnus

This is a very nice double star, separation 30.3 arcseconds with a VA of 150. Bolh slars
are dwarfs and have a nice orange colour. It is famous as the firSl Slar 10 hal'e its diSlance
measured successfully by F.W. Bessel in 1838 using stellar parallu, 5« Star Mal' 4.

Grb 34 00" 18.2'" +44 01' Aug-Sep-Oct

8.09,rn 10,33M 11.651y 0.280" Md<omedo
This is half of a noted red dwarf binary system. The primary star is in itself a
spectroscopic double star. Also known as Groombridge 34 A, it is localed aboul: north
of 26 AndromedaI'. See Star Map 5.

HD 21798711 23~ 05.5- -35 52' Aug-Sep-Oct

7.35"1 9.76M 10.731y O,304~ Pi.ei. AU.lrinu.

This is a red dwarf star, Wilh the fourth-faSleSl pr0lH'r motion of any known Slar. 11
traverses a diSlance of nearly 7 arcs«onds a year, and thus would take about 1000 years
to cOl'er Ihe angular distance of the full Moon, which is half a degree. II is in lhe eXlreme
southeaSl of the constellalion, aboul 1 SSE of 11 Pisus AII5Ir;l1Iu. Sl't" Slar Map 6.

l726-8 A Ol~ 38.8- _17 57' SepwO<t-Nov

12,56,"1 15.42M 8.561y 0.381~ Cetus
The seventh dosest star is a red dwarf system and is a very difficult, but /lot impossible,
object 10 obS<.'l"\·e. Thl' UV prefix indicates thaI the two components are Hare stars. and
the fainter is referrooto in older texts as Llly/eu's Flilre SlIlr, after ils diKoverer,
W.). Luyten, who firSl observoo it in 1949. See Slar Map 7.

lHO 22049 03~ 329'" -09 77' Oct-Nov-Dec

6.18M 10.491y 0,311" Eridonus

The leruh-doS<.'Sl star is a nakoo-e)'e object. Recenl observations indicate there may be an
unseen companion star with a very small mass. approximalely O.Q-I8 lhal of the Sun. See
Star Map 8.

" Th~ HD signifies il i. the 217987'" object in Ihe H~nry Draper
colalogue.
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1.3 The Brightness and
.-Luminosity of Stars]
There is an immense number of stars in the sky and, for
the most part, they are all powered by the same process
that fuels the Sun, But this does not mean that they are
all alike, Stars differ in many respects, such as mass,
size, etc, One of the most important characteristics is
their luminosity, L.lt is usually measured in wails (IV),
or as a multiple of the Sun's luminosity,l? Le. This is
the amount of energy that the star emits each second,
However, we cannot measure a star's luminosity
directly, b«ause its brightness as seen from Earth
depends on its distance as well as its true luminosity.
For instance, a Centauri A and the Sun have similar
luminosities, but in the night sky, a Centauri A is a dim
point of tight, because it is about 280,000 times farther
from the Earth than the Sun,

In order to determine the true luminosity of a star we
need to know its apparent brightlle~, and we define this
to be the amount of light reaching the Earth per unit
area." As light moves away from the star, it will spread
out over increasingly larger regions of space, and obeys
what is termed an inverse square law. If the Sun were
viewed at a distance twice that of the Earth's, then it
would appear fainter by a factor of 21 == 4. If we now
viewed it from a distance 10 times that of the Earth's, it
would appear IOz times fainter. If we observed the Sun
from the same location as a Centauri A, it would be
dimmed by 270,000:, or about 70 billion times!

The inverse square law describes the amount of
energy that enters, say, your eye, or a detector. Try to
imagine an enormous sphere of radius d, centred on a
star. The amount of light that will pass through a square
metre of the sphere's surface is the total luminosity, L,
divided by the total surface area of the sphere. Now, as
the surface area of a sphere is given by the simple
formula 4;rdz, then you can see that as the sphere
increases, d increases, and so the amount of luminosity
will decrease. You can see why the amount of
luminosity that arrives at the Earth from a star is
determined by the star's distance,

"Ont wm i. NjuaJ to I ;oult pt. s«ond. The Sun's luminosity is 3,86
x ll¥" w. II is often designaled by lhe 5)'mOOI ~
IJ 1\ more corr«t te.m for apparenl brightnes. is flux.

p'
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This quantity, the amount of energy that arrives al
your eye, is the apparent brightness mentioned earlier,
sometimes just called the brightness of a slar, and is
measured in walls per square metre (Wfm l ).

Astronomers measure a star's brightness with light
sensitive detectors, and the procedure is called
pll%metry.

Probably the first thing anyone notices when they
glance up into the night sky is that the stars have
different brightnesses. A small handful are bright, a few
more are fairly bright, but the majority are faint. This
characteristic - the brightness of a Star - is called the
magnitude of a star (or any astronomical object that is
observed using the nakrd eyr). It is one of the oldest
scientific classifications used today, and was invrnted
by the Greek astronomer Hipparchus. He classified the
brightest stars as first-magnitude stars, stars that were
about half as bright as first-magnitude were called

The luminosity-distance formula

The relationship between distance, brightness and
luminosity is given by:

b __L_
~ 4;rdz

where b is the brightness of the star in W1m2

L is the star's luminosity in W
and d is the distance to the star in metres.

Example:
We can apply this to the Sun that is at a distance of
1.50 x tOll m.

'.b ~ 3.86 x 10"y _
- 4]1"( 1.50 x tOll m)2

b - 1370 W/mJ

This means that, say, a detector with an area of
I square metre (possibly a refll'Cting telescope)
will receive 1370 watts of power from the Sun.
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Distance, luminosity and brightness

To determine the luminosity of a star we need to
know its distance and apparent brightness. We can
achieve this quite easily by using the Sun as a
reference. Firstly, let's rearrange the formula thus:

L = 4;rdl b

Now, using this equation as applied to the Sun,
where the luminosity is given by Lr·, and the
distance is d , which is equal to I AU, then the
Sun's apparent brightness, b is:

~ = 4iTd 2&

Now, lei's take the ratio of the two formulae:

(L = 4;rd2b)/(~ = 4;rd Ib,)

Which gives us:

L/'" = (did )'b/b

Therefore, all we need to know to determine a star's
distance is how far away it is compared to the Earth­
Sun distance, given by did , and how bright it is
compared to that of the Sun, given by bib

Example
Let slar I be at half the distance of star 2, and slar I
appear twice as bright as slar 2. Compare the
luminosities. First, d1/d1 = 1/2, also, b l /h1 =2. Then:

L (')'L:= 2" x2=0.5

What this means is that star I has only half the
luminosity of star 2, but it appears brighter because
it is closer to us.

second magnitude, and so on, down 10 sixth·
magnitude, which were the faintest he could see.14 Today,
we can see much fainter stars, and so the magnitude
range is even greater, down to thirtieth-magnitude.
Because the scale relates to how bright the stars appear
to an observer on Earth, the term is more correctly called
apparent maglritude, and is denoted by m.

1< Observ~u have reported that under excellent condirion$, and with
very dark .ki~, obj«IS down to magnitude 8 can be attn.
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You will have notked by now that this is a confusing
measurement, because the brighter objects have smaller
numerical values; i.e., a star of apparent magnitude +4
(fourth-magnitude) is fainter than a star of apparent
magnitude +3 (third-magnitude). However, it is universaUy
used today, and so we are stuck with it A further point is
that the classification has undergone a revision since
Hipparchus's day and an attempt was made to put the scale
on a scientific footing. In the 1'1" cemury, astronomers
measured accurately the light from stars, and were able to
detennine that a first-magnitude star is about 100 times
brighter than a sixth·magnitude star, as observed from the
Earth. Or to put it another way, it would take 100 sixth­
magnitude stars to emit the light as one first-magnitude
star. The definition for the magnitude scale was then Slated
to be thus: a difference of 5 magnitude corresponds exactly
to a factor of 100 in brightness (see Table 1.2).

A difference in magnitude of I thus corresponds to a
faClor of 2.512 in brightness. This is easily shown by the
following:

2.512 x 2.512 x 2.512 x 2.512 x 2.512 = (2.512)5 = 100

Apparent magnitude and
brightness ratio

Both the apparent magnitude, 111, and the absolute
magnitude, M, are used by aSlronomers, and then' are
several relationships between them. Consider IWO

stars. s, and Sl, which have apparent magnitudes, m,
and m], and brightnesses, V, and V2> rt'spectively. The
relationship between them can be written as:

mt - 1111 = 2.5 101;(::)
What this means is that the rUlia of their apparent
brightnesses (bdb~) corresponds to a difference in
their apparent magnitudes (m, - ',12)'

111,. m~ are a apparent magnitudes of stars s, and 52

b" b2 are the apparent brightnesses of stars 5, and 52

Example
A variable star changes in brightness by a factor of 4.
The change in magnitude can be calculated thus:

111, - 1112 = 2.5 10g(~~)

lUI - nl2 = 2.S log(4) = I.S

Therefore, the change is ~ 1.5 magnitudes.

H .101 np
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Tobie 1.2. Mogmlvde ond brigh,-» 'olio di!fe'&nClI

Magnitude d,lferroce

00
01
02
03
0'
OS
07
I
2
3,
5
7

10
15
20

BnghlM» fOlio

10
1.1
1.2
13

'", 6

19

"6.3
16

'0
100
630

10,<XX:l
l,<XX:l,<XX:l

10,OOO,CXXl

Using this modem scale, several objects now have
negative magnitude values. Sirius, the brightest star in
the sky, has a value of -1.44 m, Venus (at brightest) is

Relationship between absolute
magnitude and apparent magnitude

The flppflrelll magI/iII/de of a star and the absolul/!
magnitude can be used to determine the distance to
the star, and lhe formula for this is given by:

m-Ai=510gd-5

where m "" the star's apparent magnitude
Ai "" the star's absolute magnitude

and d = the distance to the star (in parsecs).

The term m - M is referred to as the distance
modulus, and this is a very important equation.

Example
A star has an absolute magnitude of +6.0, and
apparent magnitude of +16.0. Its distance can be
determined thus:

m-M'-510gd-5

16~6=510gd~5

(
16-6+5) I d=3 = og

5

d = IO} pc "" 1000 pc.
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Tobie 1.3. The 20 bfighrest slcrs in the sky

Sior Appa'ent magnitude. m Constelkmon

1 Sirius _1.44.0 Canis .Major
2 C""""'. -062,. Carino
3 AJpho CenlO\Ki -0.28 c:..,_.
4 """"'" -0,05. -5 Vogo 003. L,..
6 CopoIo 008. iw"",
7 '" 0.18 O~

8 """"" 0.40 Canis Minor
9 """'~ 045. Erioonus

10 Belelgeuse 045. 0",

" Hodo< 0.61. Cenlounll
12 AIIoir 0.76.- Aquao
L3 _. 0.77 C••
14 AIdebo.an 0,87 T_.
L5 - 0,98. ~'9"

L6 """'M 1,05. Scorpius
L7 P.... 116 Gemini
La ,~""" 1,16 Piscis Aur.trinus
L9 ""'" 1 25. C••
20 o..b 1.25 Cygnus

oMany lJOrs ore vorioble, so the "Clive lor the oppm",", magnitude
will cflallge, A "CI'iobie sIor will have the wffile 'y' and the "Clive
9.-l wil be the moon ¥01ve.

-4.4 m, the full MOOT! is -12.6 m, and the Slin is
-26.7 m. Table 1.3 shows the 20 brightest stars,

The apparent magnitude scale doesn't teU us whether a
star is bright because il is close to us, or faint because it's
small or distant. All that this classification tells us is Ihe
apparent brightness of the star - that is, the brightness of
the star as observed visually, with the naked eye or
telescope. A more precise definition is the abwlute
magllimde, M, of a star, This is defined 10 be the
brightness an object would have at a distance of
10 parsecs. It is an arbitrary distance, derived from the
technique mentioned earlier - stellar parallax. Never­
theless, it does quantify Ihe brightness of stars in a more
rigorous way. IS As an example, Deneb, a lovely star of the
summer sky, in the constellation Cygnus, has an absolute
magnitude of -8.73, while Van Biesbroeck's star, has a
value of +18.6, making it one of the fainlest stars known,

II It shollldn't COme as any surprise to you to learn that there arc
scycral other magnitude definitions that ,..lyon the brightnes& of a
star when observed at a diffe,ent wavelength _ the U, B, and V
system. There is also a scale based on photographic plates, the
phor"8,aphir magn,rllde, m,.. a"d the pharovisual mag",lude, mp..

Finally, there i. the bolomel';t mag"irude, m....... which is a measure
of all the radiation (rom an object.
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1.5 The Brightest Stars
Below is a list of some of the brightest stars. It is by no
means complete, and for those interested in observing more
bright stars, then I recommend the accompanying volume
to this book. Several of the brightest stars will have already
been mentioned in Section 1.2, "The Nearest Stars". For the
sake of clarity and space, they will not be repealed here.

IJ Gem 07" .45.3'" +28" 02' Dec-Jon-fiM>

l.09M 33.72 ty Gemini

This il the brighter star of the two famous stars in Gemi"i, the other being of course,
Castor. [t is the seventeenth-brightest in the sky. It is, however, the less interesting from
an astronomical viewpoint. See Star Map 9.

IJ Cruc:il 12" 47.7"' --59" 41' Mor-Afw-M:Jy

1.25.m -3.92M 352.1 ty Crull

This star lies in the same field as the glorious Jewel Box star cluster. [t is a pulsating
variable slar, with a very small change in brightness. It is the nineteenth·brightest star in
the sky. Alas, it is too far south for northern observers. See Star Map 10.

a Virgini, 1311 2S.2m -11· 10' Mor-Apr-May

0.9B.,m -OJ.SSM 2021y Virgo

The fifteenth-brightest star is a large spectroscopic binary with the companion star lying
very dose to it and thus eclipsing it slightly. Spica is a.lso a pulsating variable star, though the
variability and the pulsations are not visible with amateur equipment See Star Map II.

--5.45M 525 ty Centaurus

IJ Centauri 1.4' 03.S" --60" 22' IkJr-Afw-May

The eleventh·brightest Slar in the sky, and unknown to northern observers because of its
low latitude, lying as it does only 4'hD from A/pha (a) Centauri. It has a luminosity that is
an astonishing 10,000 times that of the Sun. A definitely white star, it has a companion of
magnitude 4.1, but is a difficult double to split as the companion is only 1.28 arcseconds
from the primary. See Star Map I.

",8oOl" 14" 15.6'" +19" 11' Mor-Apr-Moy

-O.l6,m -O.IOoV. J6.7 BoOtes
The fourth-brightest star in the sky, and the brightest star north of the celestial equator. It
has a lovely orange colour. Notable for its peculiar motion through space, Arcturus,
unlike most stars, is not travelling in the plane of the Milky Way, but is instead circling
the Galactic centre in an orbit which is highly inclined. Calculations predict that it will
swoop past the Solar System in several thousand years' time, moving towards the
constellation Virgo. Some astronomers believe that in as little as half a million years
Arcturus will have disappeared from naked-eye visibility. At present it is about 100 times
more luminous than the Sun. See Star Map 12.
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<) CenkJuri 14~ 39.6'" -60 50' Apt-Moy-J.....

-Q.2Om 4.07M 4.391y CenkJUrui

The third-brightest star in the sky, this is in fact part of a triple system, with the two
brightest componeJlts COJltrihut ing most of the light. The system contains the closest star
to the Sun, Proxima CetJ/llllri. The group also has a very large proper Jllotion (its
apparent motion in rdation to the background). Unfortunatdy, it is too far south 10 be
seen by any northern observer. See Star Map 1.

('I Scarpii 16~ 29.4"' -26 26' Apr-Moy-Jun

1.0000m .s.2SM 604 Iy ScarpiU$

This is a red giant star. with a luminosity 6000 times that of the Sun and a diameter
hundreds of times bigger than the Sun's. BUI what makes this star especially worthy is the
vivid colour contrast that is seen between it and its companion star. The star is often
describl."d 3S vivid green when se<>n with the red of Antares. The companion has a
magnitud.. of 5,4, 1'o1th a PA of 273 , lying 2,6" away. See Star Map 13.

<) lyroe 18~ 36.9'" +38 47' Jun-Jul-Aug

0.03..m O.SSM 2S.31y lyra

The fifth-brightest Slar, familiar to northern observ..rs, located high in the summer sky.
Although similar to Sitlus in composition and size, it is three times as distant, and thus
appears fainter. Often described as having a steely-blue colour, it was one of the first stars
observed to hal'e a disc of dUSI surrounding it - a possible proto-solar system in
formation. Vega was the Pole Slar some 12,000 years ago, and will be again in a further
12,000 years. See Star Map 14,

Altair <) AquilOll I~ SO.S'" +OS 52' Jun-Jul-Aug

0.76vm 2.2OM 16.771y Aquila

The twdfth-brightest star, this has the honour of being the fastest-spinning of the bright
stars, completing one revolution in apprOXimately 6! hours. Such a high speed d..forms
the star into what is called a flattened ellipsoid. and" it is believed that because of this
amazing property the star may ha\'e an equatorial diameter twice that of its polar
diameter. The star's colour has been reported as completd)' white, although some
observers se<> a hint of yellow. See Star Map 14.

<) PiKis AUllrini 22h 57.6'" ~29 37' Aug-Sep-Od

1,17m 1.74M 25.071y PiKisAuslrinus

The eighteenth-brightest star is a white one, which often appears reddish to northern
observers owing to the effect of the atmosphere. It lies in a barrt'n area of the sky, and is
remarkable only for the faet that a star close to it, which is not houJld gravitationally yet
lies at the samt' distance from Earth, is moving through space in a manner and direction
similar 10 Formalhaw's. It has been suggested that the two Slars are remnants of a star
cluster or star association whkh has long since dispersed. The star is aJl orange
6.S-magnitude object about 2 south of Formalhaul. See Star Map 6.
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a Eriooni Ol~ 37.7- ~~ 1.4' Sep-Od-Nov

O.45.m -2.77M 1.4.4 Iy Erioonus

The ninth-brightest star in the sky lies too far south for nonhern observers, at the
southernmost end of the constellation. Among the bright stars it i, one of the very few
which has the designation "p" in its stellar classification, indicating that it is a "peculiar"
star. See Star Map 15.

a Touri O.4~ 35.9"' .16· 31' Oct-Nov-Oec

O.87m -O.63M 65.11 Iy Taurus

The fourteenth-brightest star is apparently located in the star duster the Hyades.
However, it is nOI physically in the clusler at all, lying as it does twice as dose as the
duster members. This pale·orange star is around 120 times more luminous than the Sun.
It is also a double star, bUI a very difficult one to separate owing to the extreme faintness
of the companion. The companion star, a red dwarf star, magnitude 13.4, lies at a PA of
34" at a distance of 121.7". See Star Map 16.

Rigel ~ o-ionis OS~ 14.5· -08" 12' N<w-Dec-Jon

-O.lll.,m --6.69M 773 Iy Orion

The seventh-brightest star in the sky, Rigel is in fact brighter than Alpha (a) Orionis. This
supergiant star i, one of the most luminous stars in our part of the galaxy, almost 560,000
times more luminous than our Sun but al a greater distance than any other nearby brighl
star. Often described as a bluish star, it is a truly tremendous star, with about 50 times the
mass of the Sun, and around 50 times the diameter. 11 has a dose bluish companion at a
PA oU02', apparent magnitude 6.8, at a distance of9 arCSC'(:onds, which should be visible
with a IScm telescope, or one even smaller under excellent observing conditions. See Star
Map 17.

+46" 00' N<w-Dec-Jon

O.oa,.m -O..48M .42 Iy Auriga

The sixth-brightesl star in the sky is in fact a spectroscopic double, and is not split in a
teleSC<lpe; however, il has a fainter IO'h_magnitude star about 12 arcseconds to the soulh­
east, at a PA of 137". This is a red dwarf star, which in turn is itself a double (only visible
in larger telescopes). So Capella is in fact a quadruple system. See Slar Map 18.

a Orioni, 05~ 55,2· .07 2.4' Nov-Dec-Jon

o45,m ~.l.4M .4271y Orion

The tenth-brightest star in the sky, and a favourite among observers, this orange.red star
is a giant variable, with an irregular period. Recent observations by the Hubble Space
Telescope have shown that it has features on its surface that are similar to sunspots, but
much larger, covering perhaps a tenth of the surface. It also has a companion star, which
may be responsible for the non-spherical shape it exhibits. Although a giant star, it has a
very low density and a mass only 20 times greater than the Sun's, which logether mean
that the density is in fact about 0ooooo5ס0.0 that of the Sun. A lovely sight in a telescope
of any aperture; subtle colour changes have been reported as the star goes through its
variability cyde. See Star Map 18.
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1.6 The Colour of Stars
When we look up into the sky, we see many stars, all of
the same general colour, usually white. There are, of
course, a few which exhibit a distinct colour ­
Bete/geuse (a Ori(mis) is most definitely red as is
AmarI'S (a $corpi), Capella (a Aurigae) is yellow, and
Vega (a Lyrae) is steely blue. But for the most part,
there does not seem to be any great variation in colour.
Look through binoculars or a telescope, however, and
the situation changes dramatically,I6 Variations in
colour and hue abound!17

The colour of a star is determined by its surface
temperature. A red star has a lower temperature than a
yellow star, which in turn has a lower temperature than
a blue star. This is an example of what is called the
Wien Law (see Box opposite). The law shows how low
temperature stars emit most of their energy in the red
to infrared part of the spectrum, whilst much hotter
stars emit in the blue to ultraviolet paT! of the spectrum.
Some very hot stars emit most of their energy in the
ultraviolet, so in fact we only see a fraction of the light
they emit. Furthermore, many stars emit nearly all of
their light in the infrared, so we do not see them at all.
Surprisingly these low mass, low temperature stars
make up abut 70% of the stars in our galaxy, but you
would never know this by going out and observing on a
clear night; we just cannot see them.

All important point to notice here is how hotter
objects emit more energy at all wavelengths due to the
higher average energy of all the photons. This is
illustrated in Figure 1.2. The graphs show how the light
from three different stars is distributed, depending on
the stars temperature. The coloured block represents
the visible part of the spectrum. The first plot shows the
light that would be measured from a coloured star of

,. Th~ ~ye dOO'S nol rC'Spond "'~1I10 colour at low tigln I"ds. This is
why, al nighl wilh lhe naked ~~, we 5n' only 5had~. of grey, wbil~

and black.
" The mOSI imponanl faclor which oklermines whal lhe colour of a
star you 5n' is, is you - the observu! 11 is purely a mailer of both
physiological and psycl.ologkal influences. What one obse~r

describe... a blue .lOr, anotber may dnaibe a. a wbite star, or
One may 5n' an orange- "ar, whilsl anellber oborrv.. the same $lar ...
being ~lIow. 11 may even be tbal you will obJr~ a star to have
different colour when using differenl ldescopc'5 or magnifical'on.,
and almospheric conditions will certainly have a role 10 play.
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The Wien Law

This can bE' stated as:

2.900.000
Am.. = T(Kelvin) nm

Example
Two stars, y2 Vel and 0 (eti, have a temperature of
50,000 K and 1900 K, respectively. What are their
peak wavclengths~

. 2.900.000
A = nm=58nm'

mu 50.000(Kelvin) .

Le., in the far ultraviolet-

2.900.000
A~ 900·(.,. nm = 1526 nm;

t Kc vm)

. . h . f d'1.1'., m t I' m rare .

• This star is the brightest and nearest Wolf-Rayet star.
b This is the famous irregular variable star, Mira.

about 3000 K. Note thai the cllTved line peaks at about
900 nm, which would make the star look red. The
second plot shows a star at about 5500 K (similar to the
Sun), and peaks in the middle of the visible spectrum,
thus looking yellowish. The final plot is for a very hot
star, at 25,000 K. This peaks at about 400 nm, so will
appear blue. Thus, a star's colour, from an astronomical
viewpoint, depends on where the peak of the curve is;
short wavelengths (to the left part of the plot) indicate a
hot, blue-white star, longer wavelengths (the right pan
of the plot) a cool reddish-orange slar. The Sun actually
peaks in the green pan of the spectrum, but because
there is a mixture of lighl from all the olher pariS of the
visible spectrum - the blues, reds, and yellows, we
actually obscrve the Sun as bE'ing yellowish.white.

An interesting observation is that a few stars are so
hoi, possibly in millions of degrees, that they emit their
energy at very short wavelengths. In fact they radiate
X-rays. These are neutron stars!

Note, however, than when we speak of a star's
temperature, we are referring to its surface tempera­
ture. The internal temperature cannot be measured
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il This star looks red

3000 K

500 1000

Wovelength

1500 2000

Intensity

iil This sto, looh
yellow.white

5500K

500 1000 1500 2000

Wavelength
Figure 1.2. Colour and
Tempe<otu'"

directly, and is usually determined from theoretical
temperatures. So when you read that a star's tempera­
ture is "25,000 Kelvin", it refers 10 the surface
temperarure. 18

Knowing the temperature allows us 10 detennine
many characteristics of the star. A scientific description of

" From lKIW on, w~n I mtntion ItmpeTillu~, I am rererrinllio \~

surface tempenl1ure, unkss indicattd olht~.

, "
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Intensity

Figure 1.2.
lconlinue0::4

500 1000

Wavelength

iiil This slor l0oi<$
b1ue-wilile

10,000 K

1500 2000

a star's colour is one that is based on the stellar
classification, which in tum is dependent upon the
chemical composition and temperature of a star. A term
commonly used by astronomers is the colour judex. This
is determined by observing a star through two filters, the
B and the V filters, which correspond to wavelengths of
440 nm and 550 nm respe<tively, and measuring its
brightness. Subtracting the two values obtained gives B ­
V, the colour index. Usually, a blue star will have a colour
index that is negative; i.e., -0.3; orange-red stars could
have a value greater than 0.0, and upwards to about 3.00
and greater for very red stars (M6 and greater).

Having discussed the colours of stars, lets now look
at some examples. I have chosen only the representa­
tively bright stars. There are, of course, literally
thousands of other coloured stars that are visible. Also,
the stars listed earlier (Section 1.5: "The Brightest
Stars"), contains many examples of stars exhibiting
distinct colours. In addition. many double stars (not
mentioned here) show very distinct coloured hues and
tints. The nomenclature is the same as previous, with
the addition of the stars temperature and colour. 19

I' Remember Ihal I Slar's colour is obS"rver..dependentl Wltll Ollt'
person Me! IS yellow. InOllter Sft$ IS wltile. Do nOI be surpriS"d if
you 5« I differenl col....ur I.... lhal menliontd.
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Y Ori OS" 26,2- +06 21' NQY..-Dec_jgn

l.64m -212M 21,450K 8Iue Orion

Also known as th.. AmaZOIl SlIlr, this is a wry steely-blue colour. Some observers reporl a
faint nebulosity associated with the star, but this may De just part of the general
nebulosity that envelopes much of Orit",. See Star Map 17.

23 lou 03~ 46.3- +23 57' Ocl-Nov-Oec:
4.14m -1.07M 10,6001( 8Ille lourul

Located within the Pleiade5 star cluster. A breathtaking and spectacular view when s«n
through binoculars, the cluSlt"r is a highlight of the night sky. Almost any of the Slars in
this cluster are worlh looking at as they are all a lovely steely-blue colour (see also
Tllygtlll (/9 Tall) and Elt>crra (/7 Tall) in the Pltiade5 cluSler).

a leo 10" 08.3- +11 58' Jon....f.b-Mor
1.36m "'().52M 12,000 [( Blu&.while Leo

Alpha (a) Leonis, is the handle of the lion's sickle. It is an easy double star, the
companion, an 8th.magnitud.. , orange-roo colour, about J' away. See Star Map 19.

-4,19M 28,000/26,000 K 'NhiM CI'Wl
This is a double star, components aoout ~" apart. Both stars are around the same
magnitude, 1.4 for (1'1 and 1.9 for cr. The colours of the stars are white and blue-white
respectively. See Star Map 10.

-O.84M 11,OOOK
...()9 23' Apr-May-Jvn

ubro
A Ill~'stt"rious star for two reasons. Historical records state that il ",-as much brighter than
it is seen today, while observers of the past 100 years have declared that it is gret'nish or
pale emerald in colour. Is it one of the rare gret'n-coloured stars! See Star Map 20,

4,82M 5800 I( '''low The lodiot
Our closest star, and tht' object without which no !ife would have evolved on Earth.
Visible e\'try day throughout the year, unless you happen to live in the UK. DO NOT
OBSERVE THROUGH ANY KIND OF OPTICAL EQUIPMENT.
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I' Cep 21 ~43.5" +58 47' .lul-.Aug-Sep

4.08.,m _7.3M 3500 K Orunge Cepneul

located on the north·eastern edge of the nebulosity ICl396, the Gllrner Srar, named by
William He.s.:hel, is one of the reddest stars in the entire sky. It has a deep orange or red
colour seen against a backdrop of faint white stars. It is a pulsating red giant star, with
a period of about 730 days, varying from 3.4 to 5.lm. Its distance and apparent
brightness suggest an extraordinary luminosity a quart... million or more times thal of
the Sun, from which is derived II similar radius.lO

See Stllr Map 21.

Hind's Crimson

So.,
04~59.6" -14 48' Nov-Dec-..Ion

7.71,..rn l.oaM 3000K2t Red Lepus
The star, a dassic IOllg.period variable, period about 432 days, varies in brightness
between 6.0 and 9.7m. At ma,;imum brighmess it displays the famous ruddy colour that
gives it ilS name. Disco\'ered in 1345 by J.ll.. Hind with a colour des.:ribed as "intense
smoky red". This may be the reddest star. It is also an AGB star (see Chapter 4 on Star
Death), See Star Map 22.
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1lI There is conliderable debate as to just how biS this star iJ. Some
SOu"''''' bdirve il is .bout 5.1 AU, or just larger than Jupiter's orbit, to

O....r 6 AU.
II The rullempr"nu.e of th. ita. i. still undeterminrd.
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1.7 The Size and Mass
_of Stars

Stars are al an immense distance from us, so no matter
how much we magnify an image of a star, it will, in all
but a handful of cases,12 remain just a point of light. So
how do we determine the size of a starr The answer is
quite simple. By measuring both the star's luminosity
(which is derived from its distance and brightness) and
its surface temperature (determined from its spectral
type), it is just a mailer of manipulating the numbers
with a few formulae. Astronomers using this te.<:hnique
have discovered that there are many stars much smaller
than the Sun, while many more can be thousands of
times larger.

In order to accurately determine the size of a star, a
physical law, called the Stefan-Boltzmann law, is used.
We won't bother looking at how this law came about,

n A few Slars, such u BelelS"u~, have had Iheir radii delermintd by
the technique known as interferometry. For the ....st ma;orily of slars
tM technique is not applkable, either due II) distance or fainlness.
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but rather just quote it and show how it is used (see Box
below). What the law tells us is that the amount of
energy that a slar radiates per second, from a square
metre of its surface,2J is proportional to the fourth
power of the temperature, T, of the star's surface_ Don't
let the complexity of this statement distract you. It
really just tells us the energy flux (F), is proportional to
the temperature, which is makes sense when you think
about it. A cool object has lower thermal energy than a
hot object.

Now, think back and recall that we discussed how the
luminosity from a star is a measure of the energy
emitted from the surface every second. This luminosity
is in fact, the flux F, multiplied by the number ofsqunre
metres that are on the star's surface. If we now assume
that most stars are spherical (which is not as silly as it
sounds because a few stars are not spherical!), then the
quantity which I highlighted in the previous sentence, is
in fact the surface area of the star. This is given by a
very simple formula which everyone knows: 4JTR1

,

where R is the radius of the star (taken as the distance
from the centre of the star to its surface).14

Flux, luminosity and radius of a star

The flux from a star is given by the Stefan­
Boltzmann Law:

The relationship between the flux, F, luminosity, L,
and radius, R, of a star is:

L = 4;rRl17r

where L is the star's luminosity in watts (W)
R is the star's radius in metres (m)
u is the Stefan-Boltzmann constant:

5.67 x 10-8 W mol K 4

and T is the star's temperature in Kelvin (K).

n To ~ a«llralt, Iht law ...,f..rs 10 a black body, which is som..thing
tlut tmilS thtrmaJ radialion. Thus th..,.mal radiation is blackbody
nodiation. It ClIn ~ appliw to a SlOr, b.-cau... ""to all imtDts and
purpll..-s, a II.lr'S surfaCt ~ha"..s lib • black body.
" No doubt somt ofyou ar.. al...,ady asking, "wh..r.. is Iht surfau of a
stu, if a StU il madt of gu". J'nr not, all will bt ........alw in lat ...
chapt.....
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What the above equations tell us is that a coolish star,
that is, one that has a low surface temperature, T, will
have a low flux, but it may be quite luminous because il
could have a very large radius, and thus a large surface
area. In a similar vein, a hot star, with a high
temperature, can have a low luminosity if the star has
a small radius, which would mean a low surface area.
Now you can see that knowing a stars temperature

More about flux, luminosity and
radius of a star

We regard the Sun as a typical star. We can relate
most of anolher slar's parameters to those of the
Sun. For instance:

L =4:rR ~OT_4

where L is the Sun's luminosity
Rr. is the Sun's radius

and T is the Sun's temperature.

If we now divide the luminosity equation for a star
by that for the Sun, we get:

L/L = (R/R ~(T/T )2

You can see Ihe constant, 0, has now gone, and we
can also rearrange the formula to read:

R/R = (T IT)l(L/L:. )!

where the f factor indicates a square root.

Now, RIR:. is the ratio of the star's radius to that of
the Sun, T IT is the ratio of the Sun's temperature
to that of the slar's and LlL is the ratio of the star's
luminosity to that of the Sun.

Example
Betelgeuse has a temperature of about 3500 K, and
has a luminosity of 60,000 L.

To determine its ratio:

(5800)'R/R, = 3500 J60.ooo = 670

Thus, its radius is about 670 times that of the Sun,
which is on the order of 3 AU; i.e., greater than the
orbit of Mars!
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alone, is no indication of how luminous it will be - we
also need its radius!

Although we can now determine such parameters as
the radius, temperature, luminosity and brightness of a
star, it is often more useful to relate these values to that of
the Sun. It is easier to have an idea of a star if we say it is
about 10 times as hotter than the Sun, than it would be by
saying it is 54,000 K. and the same applies for L, and R.

.1.8 The Biggest Stars __
Let's now look at some examples of giant stars,
particularly those that can be seen with the naked eye.
see also Betelgeuse, Antares, Rigel and the Gamet Star.

ADS 10418 17~14.6" +14 23' .Y.ay-Jun-Jul

3.5.. 5.4.m -1.9M Rooius: 2.0 AU Hftlcule.

II lo\'e1y colour-contrasl double: orange and bluish green, The star lies at a dislance of
about 400 ly, and is a semi-regular, super'giant variable star. The primary star is itself
variable, while the secondary is an unresolvable double. See Star l\lap H.

HD 44537 06~24.9'" +49 17' Nov-Dee-Jon

4.n,m -5,43M Rooius: 3.0 AU .. Auriga

This star has an incredible luminosity of over 11,000 ~, It is an irregular variable star,
the diameter of which is still not accurately known, but is believed to be about 4300 ly
distant. See Star Map 18.

ADS 2157 02"50.7'" +55 54' Oct-Nov--Oec

3.8, 8.5m -4M RodiuS' 2.0 AU PerS&U1

Lying at a distance of 1300 ly, this is a lovely double star - gold primary and blue secondary.
The primary is the supergiant, with a luminosity of over 4lXlO 4.. See Slar i\lap 24

HD 208816 21"566'" ..63 37' Sep-Oct-Nov

-6.93M Radius: 8,8 AU Cepheus

This star has a luminosity of over 46,00 Lc-. and lies at a distance of 2000 ly. It is one of the
famous eclipsing bina')' type variable stars, with a period of just over 20 )'ears. The syslem
consists of an O·type dwarf and a giant M-type supergiant. This giant star, if when was placed
al the centre of Our solar system, would have a radius to nearly Saturn! See Star Map 21.

HD 60414 07'33.8'" -14 31'

4.82m -5.25M Rodius: 8.8 AU

This star has a luminosity of o\'er 9870 Le, and lies at a distance of336lly.
to be an irregular variable star, See Star Map 25.

II Th~rt iJ some doub! _bout Ih;J v_lut,

Sep-Oct-Nov

Puppis
It is believed
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1.9 T e Constituents 0
_Stars __ _ _

Although we will be covering this topic in far greater
detail later on in the book, it is important that we at
least discuss briefly what stars are made of.

A slar is an enormous sphere of hot gas. It is as
simple. or as complex. as that, whichever way you wish
to look at it. Of course, the processes involved in
making and maintaining a star are, as to be expected,
very, very complex!

The gases composing the star are for the most part
hydrogen (H), the most common element in the
universe, along with some helium (He) and then some
other elements.16 By and large, most stars are nearly all
hydrogen, with just a few percent helium, and very
small amounts of everything else. Usually this mix is
about 75% hydrogen, 24% helium. and the remainder
metals. This figure, however, changes when we discuss

!O Astrono"",n c...U"try tltmtnt oth.-r than hydrog<'n ... nd h.-lium,
mtl..o.ls. It's odd, t ...grtt, bur don't worry abour it _ just ;t(Ctp! it.
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either very old stars, which are nearly all hydrogen and
helium with a tiny amount of metals, or very new stars,
which can have as much as 2-3% metals.

The energy needed to create and then maintain a star
is formed by nuclear fusion; hydrogen is converted to
helium due 10 the two immense forces al work, namely
a very high temperature and very strong gravitational
force. Owing to its very large mass, and its concomitant
strong gravitational field, conditions in the centre of the
ball of gas are such that the temperature can be about
10 million Kelvin. At such extremes of pressure and
heat, nuclear fusion can occur, and hydrogen is
converted into helium. The outcome of this nuclear
reaction is a tiny amount of energy, in the form of
gamma rays. It may not seem much, but when you
consider that billions of these reactions take place every
second, then the amount of energy liberated is quite
substantial. Enough in fact to make a star shine!

As the star ages, it uses up more and more hydrogen
in order to keep the lluclear reactions going. A by­
product of this reaction is helium. Thus, as time passes,
the amount of hydrogen decreases and the helium
increases. If conditions are right (these include a higher
temperature and a large mass) then the helium itself
will start to undergo nuclear fusion at the core of the
star. After a long time, this in turn will produce, as a by­
product of the reaction, the element carbon, and again,
if conditions are suitable, this too will start to begin
nuclear fusion and produce more energy. An important
point to emphasise is that each step requires a higher
temperature to begin the nuclear reactions, and if a star
does not have the conditions necessary 10 provide this
high temperature then further reactions will not occur.
So you will realise that the "burning" of hydrogen and
helium is the power source for nearly all the stars you
can see, and that the mass of the star determines how
the reaction will proceed.

We will now discuss a topic that is central to the topic
of stars and stellar evolution - the spectra of stars. So
important is this topic that, from this point on in the
book, a star will be referred to by its spectral
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classification. Quoting a star's spectral classification,
allows us to know roughly what type of star it is, its
temperature, mass and age. It also places the star in its
correct location within the context of stellar evolution.

To determine the classification of star is a theoreti­
cally easy task, although it can be difficult in practice.
What is needed is a spectroscope. This is an instrument
that looks at the light from a star in a special way by
utilising either a prism or a diffraction grating to
analyse the light. You'll be aware that white light is in
fact a mixture of many different colours, or wave­
lengths, so it's safe to assume that the light from a star
is also a mixture of colours. Indeed it is, but usually
with an added component. Using a spectroscope
mounted at the eyepiece end of the telescope,27 light
from the star can be collected and photographed (these
days with a CCD camera). The end result is something
called a spectrum. Many amateur astronomers are now
making some very good observations of stars' spectra.

Basically, a spectrum is a map of the light coming
from the star. It consists of all of the light from the star,
spread out according to wavelength (colour) so that the
different amounts of light at different wavelengths can
be measured. Red stars have a lot of light at the red end
of the spectrum, while blue stars have a correspond.
ingly larger amount at the blue end. However, the
important point to make is that in addition to this light,
there will be a series of dark lines superimposed upon
this rainbow-like array of colours. These are called
absorption lines, and are formed in the atmosphere of
the star. In a few rare cases, there are also bright lines,
called emission lines. These lines, although compara­
tively rare in stars, are very important in nebulae.

The electrons in the atoms located in the surface of a
star can only have very specific energies, rather like the
specific heights of the rungs of a ladder. Sometimes an
electron in an atom of, say, hydrogen. can be
"knocked" from a lower energy level to a higher energy
level, maybe by a collision with another atom.
Eventually it will fall back down to the lower leveL
The energy that the atom loses when the electron
returns back to its original level must go somewhere,

"Some SpttlroscOptS place the prism or graling ;n fronl of the
telescope. and thus the lighl from every slar ;n lhe field of view is
analyse<lsimullaneously. Thil is called an o"jerri.e .pulroJCo~.TIle
dn.wback is t/>( conliden.ble lOll of delail (i.e., information aboullhe
sIan) but dot. allow inilial measuremenlS to be made.

pr



SteUar Evolution - The Balics

and often goes to emlttmg a photon of light. This
emitted photon has a unique property - it has the exact
same amount of energy that the electron loses, which in
turn means that the photon has a very specific
wavelength and frequency.

When hrdrogen gas is heated to a high temperature,
the number of collisions between atoms can continually
bump electrons to higher energy levels, and an emission
lille spectrum results. This consists of the photons that
are emitted as each electron falls back to lower levels.

The origins of the absorption lines are due to the
differing amounts of elements in the cooler atmosphere
of the stars. (Recall that I mentioned earlier that in
addition to hydrogen and helium, there are also the
other elements, or metals, present, although in minute
quantities). Not only are photons emitted, but they can
also be absorbed. This process causes the electrons to
jump up in energy to a higher level. But this can only
happen if the photon has the precise amount of energy
necessary. To much, or too little, by even a minuscule
amount, and the photon will not interact with the
electron.

In hydrogen gas, an electron moving from level 2 to
level I will emit a photon which has a wavelength of
121.6 nm, an electron absorbing a photon of this
wavelength will jump from level I to level 2. Such jumps
from different levels are called trall5itions, thus in the
above example. an electron undergoes a transition from
level I to level 2, with an absorption of a photon of
wavelength 121.6 nm. Figure 1.3 shows the allowed
energy levels of hydrogen and the wavelengths that
occur for downward transitions. Also shown are the
absorption and emission spectra.

Note that in Figure 1.3, the dark absorption lines and
the bright emission lines occur at exactly the same
wavelengths, regardless of whether the hydrogen is
emitting or absorbing the light. Emission lines are
simply the result of downward jumps, or transitions, of
electrons between the energy levels, whilst absorption
lines are upward transitions.

The energy levels of electrons in each chemical
element are unique - a "fingerprint", which results in
each element having its own distinct spectral lines.
Hydrogen is a very simple element, with only 1
electron, but in those elements that have many
electrons, and energy levels, the corresponding spectra
can be very complex.

The factor that determines whether an absorption
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line will arise is the temperature of the atmosphere of a
star. Thus a hal star will have different absorption lines
from a cool star. The classification of a star is
determinl."d by examining its spectrum and measuring
various aspects of the absorption lines. A very
important point that I will emphasise is, the observa­
tional classification of a star is determined primarily by
the temperature of the atmosphere and not the core
temperature. The structure of the absorption lines
themselves can also be examined, and this gives funher
information on pressure, rotation and even whether a
companion star is present.
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We have seen how stars are distinguished by their
spectra (and thus temperature); leI's now think about
the spectral type. For historical reasons a star's
classification is designated by a capital letter; thus, in
order of decreasi1rg temperature:~

OBAFGKMLRNS
The sequence goes from hot blue stars types 0 and A

to cool red stars K and M. and L. In addition there are
rare and hoI stars called Wolf-Rayet stars, class we and
IVN, exploding stars Q, and peculiar stars, P. The star
types R, Nand S, actually overlap class M, and so Rand
N have been reclassified as e.type stars, the C standing
for Carbon Slars. A new class has recently been
introduced, the L class.19 Furthermore, the spectral
types themselves are divided into ten spectral classes
beginning with 0, I, 2, 3 and so on up to 9. A class AI
star is thus hotter than a class AS star, which in turn is
holler than a class FO Slar. Further prefixes and suffixes
can be used to illustrate additional features:

a star with emission lines e
(also called f in some 0 type stars)

metallic lines m
peculiar spectrum p
a variable spectrum v
a star with a blue or shift in the line q

(for example P-Cygni slars)

And so forth. For historical reasons, the spectra of the
hotter star types 0, A and B are sometimes referred to
as early.type stars, while the cooler ones, K, 11.1, L, C
and S, are laler-Iype. Also, F and G stars are
i/ltermediate-type stars.

.. Th~ r~a",n why ilar> follow lh~ ord~r OBAFGKM waJ di..:onrM
by a brilliant aSlrOnOmn - Cecilia Pa)·n~·GapoJChkin. Sh~ (ound Ihal
all Slar> ar~ mad~ primarily of hydrog~n and hdium and Ihal a Slar'J
surract ltmf't'r.llurt dtlnmines lht s1r~ngth or ilS 1p«1r.lllinu. for
inslanCt. 0 stars ha,·t wtak h)'drog~n lintl b«auSo< due 10 lhtir high
I~mf't'ralu~, nutly all tht hydrogtn il iunisfil. ThUs, without an
tl('Ctron to "jump" ~wNn ~n~rgy Icv~lJ, ionisfil hydrogtn can
n~ilhn ~mit nor ab",rb light. On th~ oth~r hand. M !tar> ar~ cool
~nough for molt<:u1~s to form, fuulling in slrong mol('Cular
absorption lin~l.

1'I As ~ shall S« lal~r lh~~ art Slars wilh v~ry low t~mf't'r.llUrtJ ­
1900 to 1500 K. Many astronomers Nli~w lh~So< art brown dwarvts.
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Because the spectral type is so important, it is
instructive to explain further how the appearance of a
star's spectrum is affected by the star's surface
temperature. We will consider the Balmer lines of
hydrogen, mainly because these are by far the easiest 0
understand. Hydrogen gas makes up 75% of a star, yet
the Balmer lines do not always show up in a stars
spectrum. The Balmer absorption lines are produced
when an electron undergoes a transition from the 2nd

energy level to a higher level, by absorbing a photon
with the corrut amount of energy. If, however, the star
is hOlier than about 10,000 K, the photons coming from
the star's interior have such a high energy that they can
easily knock electrons out of hydrogen atoms in the
star's atmosphere. This is the process of ionisation.
Now that the hydrogen atom has lost its electron, it
cannot produce absorption lines, and so the Balmer
lines will be relatively weak in the spectra of such hot
stars; for example, type 0 Slars up to type B2.

On the other hand, if the atmosphere of a star is
cooler than 10,000 K, most of the hydrogen atoms are in
the I" energy state. Many of the photons passing
through the atmosphere do not have enough energy to
boost the electron from the I" to the 2nd energy level.
Therefore, very few atoms will have electrons in the 2nd

level, and only these few electrons will absorb the
photons characteristic of the Balmer lines. This results
in the lines being almost absent from the spectrum of
cool stars, such as MO and M2 stars.

In order for the Balmer lines to be prominent, the star
must be hot enough to excite the electrons out oflevell,
(also known as the ground state), but not so hot that the
hydrogen becomes ionized. If a star has a surface
temperature of around 9000 K, then it will have the
strongest hydrogen lines, for example, the AO to A5 stars.

The Balmer lines of hydrogen become increasingly
prominent as you go from Type BO to AO. From AO
through to F and G class, the lines weaken and almost
fade away. The Sun, a G2 star, has a spectrum
dominated by lines of calcium and iron.

Finally, a star can also be additionally classified by its
lumillosity, which is related to the star's intrinsic
brightness, with the following system;

SuperGiants.lO [
Bright giants lJ

JO Thc~ call ~ funhcr sub·c1assified illto la and lb. with II th~

br;gll1er.
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Giants
Subgiants
Dwarfs
Subdwarfs
White dwarfs

III
IV
V
VI
VII

It's evident that astronomers use a complex and very
confusing system! In faC! several classes of spectral type
are no longer in use, and the luminosity classification is
also open to confusion. It will not surprise you to know
that there is even disagreement among astronomers as
to whether, for example, a star labelled F9 should be
reclassified as GO! Nevertheless, it is the system
generally used, and so will be adhered to here.
Examples of classification are:

a BoOtes (Arcturus)
fJ Orionis (Rigel)
a Aurigae (Capella)
p Cygni
S,n

K2I1Ip
B81a
G8 III
Bllapeq
G2V

I conclude my section on spectral classification by
explaining what the spectral-type actually refers to.ll

You will recall that the classification was based on the
detection of absorption lines, which in turn depend on
the temperature of the star's atmosphere. Thus, the
classification relies on the detection of certain elements
in a star, giving rise to a temperature determination for
that star. The classification can be summarized best by
Table 1.4.

It is interesting to point out that the distribution of
stars throughout the Galaxy may not be what you
assume. A casual glance at the stars you see in the night
sky will give you several 0- and B-type, a few A-type,
some F- and G-type, a smattering of K- and more M­
types. You may then think this is a fair picture of the
type-distribution throughout the remainder of the galaxy.
You would be wrong! As we shall see in later sections, the
vast majority of stars in our Galaxy are the faint, cool and
red M-type stars, over 72% of them. The bright and hot
O-type stars number less than 0.005%. For every O-type
star there are about 1.7 million M-types!

Let us now look at a few examples of the spectral
sequenc\'.

J'1t usual for only th.. das," 0, A. 8, F, G, K, M. 10 ~ liSl~. Th..
olher da~s an! used and defined as and when Ihey ue needed.
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HD 93129A

-l.OM

101'43.9'"

0311

-59 33' Jan-feb-Mar

Carino

All extraordinary Slar! This supergiant star, lying at a distance of about 11,000 I)'. shines
around 5 million times as brightly as the Sun. It has a mass of 120 /11 and is believed 10
be the most luminous star in the entire Galaxy. See Star Map 26.

() Ori 05~35.3'" -OS 23' Nov-Dee-Jan

4.96m -5.04M 06 Orioo
A member of the fanlQus Trnpnium mulliple star system in the Orion Nebula. Splilling the
group is always a test for small telescopes. A fairly new star. maybe only sevl'Ta1 thousand
years old. and as a consequence most of the star's light is emitted al ultraviolel wavelengths.
II is at a temper,llure of 45,000 K, and has a diameter 10 times that of the Sun.

HDA1839 06~409'" +09 54' NoY-Oec-Jon

4.66.,m -23M 07 .Monoceros

Both a visual binary and a variable star, it is located in the star duster NGC ]]64, which in
turn is encased in a dirluse nebula. Set- Slar Map 27.

H047129 06~374'" +06 08' No...--Dec-Jan

6.0Sm -J.54M 08 Monoceros

This is actually compose<! of two stars, a spKtros<:opic binary system, with an estimated
mass or around 110 Suns, making it one or the most massive known. See Star Map 27.

Gamma

CClSsiopeiae

y Cos 00"56.7'" +60 43'

2.IS.m -<122M BOlV Ccwlopeio

A peculiar star in that il has bright emission lines in ils spectrum, indicating that it eje.:ls
malerial in periodic outbursts. The middle star of Ihe familiar W-shape of Ctusiopeill. See
Star Map 28.

/fCNwJ 06"22.7'" _17 57' No...--Dec-Jan

1.98-", -3.96M a I II Conis """';or
This is the prototype- or a dass of vari3blt star now classified as It upheld Slars, which are
pulsating variables. The magnitude variation is tOO small 10 be observed visually. See Star Map 2.

2.83,.m 82 V Pegosu.
A member or the Iype fl CMIl (Canis Majoris) variablt slar. II is the S(luth-tasttrn corner
Slar or tht famed square or Pegasus. See Star Map 29.

-2.77M

01"37.7'"

"V
-57 14' Sep Oct--Nov

Eridcmus

A hoi and blue slar. II lies S(l rar S(luth that il can never be s«n from Iht UK. Set- Slar
Map 15.
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7.51M 851 ConisMajor

A highly luminous supergiant, with an estimated luminosity 50,000 times that of the Sun.
See Star Map 25.

17 Tou 03~,4,4.9" .2,(° 07' Od-Nov-{)ec

-1..56M B6 1M TouM

located within the Pleiades star cluster. A breathtaking and spectacular vit'W when .s«n
through binoculars, the cluster is a highlight of the night sky. (~ also Ta)'gl'/a (19 Tau)
and Merope (23 Tau) in the Pleiades cluster.)

~ Touri 03~'(7.5· .2,(° 06' Od-Nov-Oee

-02.,41M 87111 Tourus

,',krone is the brightest star in the Ple;ades star c1Ul1ter, with a luminosity of about l50
that of the Sun.

20 Touri 03~.45.8· .2,4° 22' Od-Nov-Oec

-1.3,4.4M 88 I" Tourus

Yet another lovely blue star in the Pleindes cluster. This one has a luminosity of around 8
times thai of the Sun.

8 Sgr 18~24.2" -34° 23' n-Jul

A brilliant orange star lying aI a distance of 125 light years with a luminosity of 250 Suns.
See Star Map 30.

2.,48M

17~32.2" .55° II' Moy-Jun-Jul

A classic double star s)'Stem visible in binoculars or small telescopes. Both stars are nearly
identical in magnitude and stellar class. and have a lovely white colour. A true binary star
system. See Star Map 31.

Alheng yGem 06~37.7" .16°23' No. o.c-Jon

1.9Jm -O.6OM AO IV Gemini

The star is relatively close at about 58 light years, with a luminosity of 160 Suns. See Star
Map 9.

II' Gem 07~3,4.6·.3 1° 53' Dec-Jon...feb

1.,43m O.9,4M A1 V Gemini

Pari of the famous multiple star system, and fainter brother to Pollux. The visual
magnitude stated is the result of combining the magnitudes of the two brighter
components of the system, 1.9 and 2.9. See Star Map 9.
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Deneb a Cyg 2Qh41.3'" +45 17' .lul-Aug-Sep

1.25.... -8.7332M .4.2 I Cygnu.

The faintest star of the Sumffler Trilmgk (the others being Altair and Vtga). A sUPf'rgiant
star with a definite pale-blue colour. The prototype of a class of pulsating variable star.
S« Slar Map 4.

Denebola fJLeo ll~49.1'" +1434' Feb-Mor-Apr

2.14.,m I.92M A3 V Leo
s..'veral companion stars aTe visible in a variety of instruments. The star has only rl'Cently
bun designated a variable. See Star Map 19.

Deltel Leonis

2.S6m

....
1.32M MV

+20 31' Feb-Mor-Apr

Also called ZOZ/1Ia, it lies at a distance of 80 light years, with a luminosity of SO Suns. See
Star Map 19.

aOph
1.3OM AS"

+12 34' May-Ju .......Jul

Opftiuchus

An interesting star for 5e'\'eraJ Tf"asons. It shows the same motions through space as SI:\'eral
other stars called the UT5tl Major Group. It also sho""S interstellar absorption lines in its
spectrum. Finally, measurements show an oscillation, or wobble, in its proper motion, which
....ould indicate an unseen companion star. (See also fJ Trillngulum.) Su Star Map 3.

'2 Mon HD 40536 OS~591" -09 33' No¥-Dec-Jon

S Olm 0.02M.4.6 Monoceros

The star lies at a distance of over 1900 light l'ears, ....ith a luminosity of5000 Suns. See Star
Map 27.

a Cup 21"18.6'" +62 35' M-Aug-Sep

2.4Sm 1.58M IV IV Cephem ~

This is a ropidly rotating star ....hich results in the sp«trallines bt-coming broad and less
dear. It also has the dubious distinction of becoming the Pole Star in AD 7500. (See also
Altair.) Sl'l! Star Map 21.

3.74m -O.ISM .4.9 Ih Herwles

An optical double system, lying at a distance of 144 light years, and with a luminosity of
46 Suns. S« Star Map 23.

Jl This value is in question. The data is 3,.<liting reusessm~l.
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a Cor

-5.53M

06~23.9'"

'0 I

52 41' Nov-De<~Jon

Carina

The s~ond brightest star in the sky. lIs colour is often reporled as orange or yellow, as il
is usually seen Iring low dowll in the sky, and is thus apl 10 be affected by lhe
almosphere. Its lrue colour is white. See Star Map 32.

HD 74180 08"40.6'" -46 39' Dec-Jan-Feb

~.12M F3 I Vela

This star is unremarkable excepl lhal its luminosity has been calculaled 10 be thaI of
180,000 Suns! See Star Map 33.

at lib 14"50.7'" -15 60' Apr-May-Jun

5.15m 3.28M F4 N libra

An easily resolvable double star, .. ' is also a speClroscopic binar}·. The colours are a nice
fainl yellow and pale blue. See Star Map 20.

{t Per 03h24.3" +49 52' Ocl-Nov-Dec

--4.5M F5 I Pe<seus ,

The star lies within Melorlc 20, a loosely bound srellar association, also known as the
Perseus 08-3, or AlpJw Pene; A55ocialirm. About 75 stars wilh magnitudes down to
10 are conrained within the group. All are stellar infams, only 50 million years old, lying
550 lighl years away. The melallic lines now increase through the F dass, especially lhe H
and K Hiles of ionised calcium. See Star Map 24.

a UMi 02"31.8" +89 16' Sep-Od-Nov

1.97.... -J.64M F71 Ursa Mmo,,

An interesting and famous slar, even though il is only the 49th-brightrs! star in the sky. It is
a C/'pll/';d Variable type II (lhe \I' Virgi"is class); il will be dOS~1 to thr cdestia! pole in AD
2102, and is a binary star (the companion reponed as being pale blUIsh). See Slar Map 3,1.

HD 102870 Il hSO.7"' +01 46' Feb-Mor-Ap<

3.4CM F8 V Virgo

A close Slar ar 34 light years, only 3 rimes as luminous as tht' Sun. See Slar Map II.

(lAq, 2I h31,6'" -05 34' M-Aug-Sep

-J,47M GO I Aquorius

A gialll Slar. and a close twin to .. Aqr. It lies at a distallCC of 990 light years, and is
5000 limes more luminous than tht' Sun. St't' Slar Map 35.

0' Aqr 22"05.8'" -00 19' JuI-Aug-Sep

-J.88M G2 I Aquo'ius
Although it has the same spectral dass and surfact' lemperalure of the Sun, ll' Aqr;s a
giant star, whereas the SUIl is a main sequellcc slar. (See also Sun. Alphn Ccmuuri A.) See
Star Map 35.
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a2 Her 17~14.7· +1423' Moy-Jun-M

0.03M G5 IU Hercules

As stated later, a beautiful double star, with colours of ruddy orange and blue-green. The
spel:tral class refns to the primary of ,/ Her, which is a spectroscopic double, and thus
visually inseparabll." with any telescope. See Star Map 23.

V Leo 1~19.9" +19> 50' Jon-Feb-Mor

0.72M G7 ~I Leo
A famous doubll."; most observers report orange-yellowish colours, but some see the G7
star as greenish. See Star Map 19.

HD 90537 10"27.8'" +36 42' Jon-Feb-Mor

0.9M G8111 Leo Minor

A constellation in which Ihere is no star given the classification lX, fJ LMi has the
misfortune of not even being the brightl."st star in the constellation: that honour goes to
46 LMi. See Star Map 36.

HD 4126 00"43.6"' -17 59' Sep-Oct-NoY

204m -O.3OM 09.5 III CeIu.l

Thl." star lil."s at a distancl." of 60 light yl."ars with a luminosity of 42 Suns.~ Star Map 7.

c C)'Q 20"'46.2"' +33 58' juI..Aug-Se$l

248m 0.76M KO 1II C)'QIlUS

"'arking thl." eastl."rn arm of thl." Northern CrOll, the Slar is a spectroscopic binary. In the
K-c1ass stars the m<"tank lines are now becoming more prominent than the hydrogen
lines. See Star Map 4.

HD47205 06~36.7" _19 15' NaY-Dee-jon

2.46M Kill' ConisMojor
This star lies at a distance of 60 light rears with a luminosity 7 times Ihal of Ihe Sun. See
Slar Maps 2 and 25.

r Peg 21 ~44.2" ..09 52' juI..Aug-Sep

2.38"", -4.19M K2 I PllgOM
This star lies at a distance of 740 light years with a luminosity 7450 times that of the Sun.
The two faint stars in the same field of view have been mistakenly classified as
companions, but analysis has now shown them to be stars in the line of sight. S~ Slar
Map 29.

-2.66M K3 111

+42 20' s.p-o,,___

A famous binar)' star. The colours are gold and blue, allhough some observers see orange
and gr~nish blue. Nevertheless, the fainter companion is hot enough to truly show a blue
colour. It is also a binary in its own right. but not observable in amateur instruments. See
Star Map 5.
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HD 152334 16b54.6- -'12 22' .Mat-.Iun-Jul

3.62m a.3M K4 m 5cofpius
The brighter of the t\\'o stars in this naked-eye optical double Slar system, the orange
sUpt'rgianl star contrasts nicely with its slightly fainter blue sUpt'rgiam companion. See
Star Map 13.

HD 138481 15b30.9'" .40 50' Apr-Moy-Jun

5.04m -2.1OM K5111 BoOtes
The star lies at a distance of 385 light years and has a luminosity of 104 Suns. (S« also
AlcI,'bnnm.) See Star Map 12.

-1.86M MOtU

...35 37' Sep-Od-Nov

Andromecla
With this stellar class, the bands of titanium o~ide are strengthening. This red giant Slar is
suspected of being slightly variable, like so many other stars of the same type. In the field
of view is the galaxy NGC 404. See Star Map 5.

-5.28M Ml I ScorpiU$
A giant star measured to be some 600 times the diameter of our Sun, it is a gloriously
coloured star of fiery red, which comrasts nicely with its fainter green companion. IS«
also Betelgeuse.) See Star Map 13.

fJ Peg 23"03.8" +28 45' Aug--Sep-Oct

2.44,.m _1.49M M2 II Pegasus
Marking the north-western corner of the Square of Pegasus, this is a red irregular variable
star. It is noted for having been one of the first stars to have its diamet..r measured by th..
t..chniqu.. of interferometry, at 0.021 ". Being variable, its sin oscillates, to a maximum
diameter of 160 Suns. See Star Map 29.

3.77m -'I.28M M31 Perseus l"

The ~'ellowish star in an easily rewlved double star system. The colour contrasts nicely
with its blue companion. See Star Map 24.

yo Crueil \ 2"31.2· -57 07' Feb-Mor-

1.59m -o.56M Mol III CTl,I)l.

Th.. top star of th .. Southern Cross, this is a giant star. y' and y9 do not form a true binary
as th..y are appar..ntly moving in different dirt'Ctions. See Slar Map 10.
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3,03.m -2,32M MSII Hercvles
A fine double-star system. The M5 $f'mi-Rgular star is an orange supergiant, in contrast
10 its companion, a blue-green giant. However, it musl be pointed out here Ihat it can be
resolved only with a telescope and not binoculars, as the twO stars are less than 5" apart.
The changes in brightness are attributw to actual physical changes to the star, as it
increases and then decreases in diameter. See Star Map n.

oCe! 02~19.3'" 02 59' Sep-Oc:t-NoY

-3.54M M5 Cetvs
See the section on long period variables for full details on Mira. See Star Map 7.

HD 122250 14"05.3'" -76 48' foNJr-Apr-Ntoy

5.69.... -O.67M M6.5 III Apvs

This is a semi.regular variable with a period of 119 days and a range of 5th to nearly 8th
magnitude. The titanium bands are now at their strongest. See Star Map 37.

o Cet 02~19.3" -02 59' Sep-Ocf..-No'>'

-o.5M M9 Celus

See the section on long period variables for full details on Mira. See Star Map 7.

•
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We have covered several topics so far, in our
description of the basic characteristics of star such as
its mass, radius, spectral type and temperature. We can
now put all these parameters together and get iI picture
of how a star evolves. II is often very useful in many
sciences to represent the characteristic, or data, about a
group of objects, in the form of a graph. We are
probably familiar with graphs, having seen ones that
display height as a function of age, or temperature as a
function of the time of year. So a similar approach was
pursued for the characteristics of stars. The graph that
is used is called The Hertzsprullg-Russell Diagrtzm. [t is,
without a doubt, one of the most important and useful
diagrams in the whole of astronomy.

[n 1911, the Danish astronomer Ejnar Hertzsprung
plotted the absolute magnitude of stars (which is a
measure of their luminosities) against their colours
(which is a measure of the temperature). Then, in 1913,
the American astronomer, Henry Norris Russell
independently ploued spectral types (which is another
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way to measure temperature) against the absolute
magnitude. They both realised that certain previously
unsuspected patterns began to emerge, and further­
more, an understanding of these patterns is of (TlIcial
importance to the study of stars. In recognition of the
pioneering work that these two astronomers did, the
graph is now known as the HertzspTllIIg-Ru5Sell, or H-R
diagram. Figure 1.4 is a typical H-R diagram. Each dot
on the diagram represents a star whose properties such
as spectral type and luminosity have been determined.

Note the key features of the diagram:

• The horizontal axis represents stellar temperature,
or, equivalently, the spectral type.

• The temperature increases from right to left. This is
because Hertszprung and Russell originally based
their diagram on the spectral sequence OBAFGKM,
where hot Ootype stars are on the left, and cool M­
type stars on the right.

• The vertical axis represents stellar luminosity, and is
measured in units of the Sun's luminosity, Lo.

• The luminosities cover a wide range, so the diagram
makes use of the logarithmic scale, whereby each tick
mark on the vertical axis represents a luminosity 10
times larger than the prior tick mark.

• Each dot on the H-R diagram represents the spectral
type and luminosity of a single star. For example, the
dot representing the Sun corresponds the Sun's
spectral type of G2, and a luminosity of Lo = I.

Note that because luminosity increases upward on the
diagram and surface temperature increases leftward,
stars near the upper left are hot and luminous. Similarly,
stars near the upper right are cool and luminous, and
stars near the lower right are cool and dim. Finally,
stars that are near the lower left are hot and dim.

The H-R diagram can also provide important direct
information about the radius of stars, because a star's
luminosity depends both on its surface temperature and
its surface area, or radius. You will recall that the surface
temperature detennines the amount of power emitted by
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the star per unit area. Thus, a higher temperature means a
greater power output per unit area. So, if two stars have
the same temperature, one can be more luminous than
Ihe other by having a larger si7.e. Stellar radii must
perforce increase as we go from the high-temperature,
low-luminosity comer on Ihe lower left of the H-R
diagram, to the low·temperature, high-luminosity upper
right-hand comer. This is shown on Figure 1.5.

The first thing to notice on the H-R diagram, is
that the data points (or stars) are not scattered at
random, bul appear to fall into distinct regions. This
immediately implies that the surface temperature (or
spectral lypc) and luminosities are relaled! The several
groupings can be described thus:

• The band which stretches diagonally across the H-R
diagl1lm is called lhe Main Sequence, and represents
aboul 90% of all the slars in the night sky. II extends
from the hot and luminous blue stars in the upper left
corner to lhe cool dim red Slars in the bottom right.
Any star lhat resides in lhis part of the H-R diagram
is called a //tain-sequel/ce slar. Noll' that lhe Sun is a
main-sequenct star (spectral-type G2, absolute mag­
nitude +4.8, luminosity 1 Ls). We will see later in the
book that stars on lhe main stqutnce are undergoing
hydroge" blmlhlE (thermonuclear fusion, which
converts hydrogen to helium) in their cores.

• The stars in the upper right are called gialHs. These
stars are both cool and luminous. Recall that in an
earlier se.:lion, we discussed the Ste!an-Boltzmllllll
law which lold us lhat a cool stars will radiate much
less energy per surface area, than a hot star. So for
these stars 10 be as luminous as they appear, they
must be immense, and are called supergiants. They
can be anything from 10 to 100 times as big as the
Sun. Figure 1.5 shows this, where stellar radii have
been added to the H-R diagram. For lhe most part,
most giant Slars are about 100 to 1000 times more
luminous lhan the Sun and can have temperatures of
aboul 3000 10 6000 K. Many of Ii'll' cooler members of
lhis class are reddish in colour and have tempera­
tures of3000 to 4000 K -lhese are often referred 10 as
red giants. Some examples of red giants are Arcturus
in Bootes, and Aldebaran in Taurus.

• In the upper extreme right corner are a few stars that
are even bigger than the giants. These are the
supergillllts, and have radii up 10 1000 R. Giants
and supergiants make up about I% of all the stars in
Ii'll" night sky. Anlares in &orpius and Betelgeuse in
Orion are lWO fine examples of supergiant stars.
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Although nuclear fusion is taking place in these stars
it is significantly different in both character and
position, to the reactions taking place in the stars on
the main sequence.

• The stars in the lower left of the H-R diagram are
much smaller in TlIdius and appear white in colour.
These are the while dwarf stars. As you can see from
the H-R diagTllIll, they are hot stars, but with low
luminosities, therefore they must be small and hence
the dwarf aspect to their name. They are faint stars, so
can only be seen with telescopes, and are approxi­
mately the same size as the Earth. There are no nuclear
reactions occurring within white dwarfs, TlIther, they
are the still-glowing remnants of giant stars. They
account for about 9% of all stars in the night sky.

The temperature of a star determines which spectral
lines are most prominent in its speet.rum. So classifying
a star by its spectral type is essentially the same as by its
temperature. But a quick glance at an H-R diagram will
show that stars can have similar temperatures, but in
fact very different luminosities.

Consider this example: a white dwarf star could have
a temperature of 5700 K, but so could a main-sequence
star, a giant, or a supergiant. It all depends on its
luminosity. Therefore, by examining a star's spectral
lines, one can detl'rmine to whit:h category the star
bt>longs. A general rule of thumb (for stars of spectral
type B through Fl, is, the more luminous the star, the
narrower the lines of hydrogen. The theory behind the
phenomena is quite difficult, but suffice to say that
these measurable differences in spectra are due to
differences in stars' atmospheres, where the absorption
lines are produced. The density and pressure of the hot
gas in the atmosphere affect the lines, hydrogen in
particular. If the pressure and density is high, the
hydrogen atoms collide more frequently, and they
interact with other atoms in the gas. The collisions
cause the energy levels in the hydrogen atoms to shift
with the result that the hydrogen spectral lines are
broadened.
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In a giant luminous star, the atmosphere will have a
very low pressure and density due to the star's mass
spread over such an enormous volume. Therefore the
atoms (and ions) are relatively far apart. This means
that collisions between them are far less frequent, which
allows the hydrogen lines to produce narrow lines. In a
main-sequence star, the atmosphere is denser than a
giant or supergiant, with the collisions occurring more
frequrntly, thrrrby producing somrwhat broadrr
hydrogen lines.

We saw in an earlier section describing stellar
classification, that we can ascribe to a star a luminosity
class. \Ve can now use this to drscribe the region of the
H-R diagram where a star of a particular luminosity
will fall. This is shown on Figure 1.6.

Knowing both a star's spcctral type and luminosity
allows an astronomer to immediatcly know where on
the main sequence it will lie. For instancr, a G2 V star is
a main-sequence star of about luminosity of I ~. and a
surface temperature of about 5700 K. In a similar vein,
Aidebuwl1 is a K5 III star which tell us immrdiately
that it is a red giant star which has a luminosity of
about 375 k, with an accompanying temperature of
about 4000 K.

The most common trait of main-sequence stars is that,
just like our Sun, thry undergo nuclear fusion in their
cores to convert hydrogen to helium, and because most
Star spend most of their lives doing this, it naturally
follows that the majority of stars spend their time
somewhere on the main sequence. But even a cursory
glance at the H-R diagrams will tell you that an enonnous
range of luminosities and temperatures are covered.

The question that must arise is: why such a large
rangr?

Astronomers have drtermined the masses of stars by
using binary star systems, and they found out that a
star's mass increases as we move upward along the
main sequence, Figure 1.7. The Ootype stars at the
upper part of the diagram, that is, hot and luminous
stars, can have masses as high as 100 times that of the
Sun - 100M". At the other end of the main sequence,



Observer's Guide to Stellar Evolution

Lummou$ $upergionl1

10· ...----

Giants

Bright giants

len luminous supergianl$

,

10'

05 BO AO FO
Spectral type

GO KO MO MB

the cool and faint stars have masses as low as 0.\ times
that of the Sun - 0.1 Mo.}) This orderly distribution of
stellar masses along the main sequence tells us it is a
Slar's mass, that is the most important attribute of a
hydrogen-burning star. The mass has a direct bearing
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supergIant stars.
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on a star's luminosity because the weight of a star's
outer layers will determine how fast the hydrogen-to­
helium nuclear reaction will proceed in the core. A
IOM0 star on the main sequence will be more than 1000
times more luminous than the Sun; i.e., 1000 4.

However, this mass-surface temperature relationship
is just a little more subtle than the preceding paragraph
would indicate. Generally, very luminous stars must be
either very large or have a very high temperature, or
even a combination of both. Those stars on the top left
of the main sequence are some thousands of times
more luminous than the Sun, but are only around 10
times larger than the Sun. Therefore, their surface
temperatures must be significantly hotter than the Sun's
in order to account for such high luminosities. Bearing
this relationship in mind, we can now say that those
main-sequence stars that are more massive than the
Sun must have correspondingly higher temperatures,
whilst those with lower masses must have lower surface
temperatures. Thus, you can now see why the main
sequence on the H-R diagram goes diagonally from
upper left to the lower right.

The H-R diagram is one of the most fundamental
lools in all of astronomy. We will use it throughout the
rest of the book, as it provide a means for us 10
determine and follow many of the paths that stars take
during their lives from slarbirth all the way to star
death.

Now that we have covered the basic tools of stellar
astronomy, let us being our journey into stellar
evolution by looking al how a star is born.

~ '"



The life of a star, from birth to death, may take several
billion years - in some cases, tens of billions - so how
can we say with any certainty that we know how stars
evolve? After all, human beings have only been observing
the universe for a few thousand years! Well, if you think
about it for a while, it isn't difficult to work out. Take for
instance a forest - full of oak trees of all sizes, saplings,
young trees, old large trees, dead trees fallen over, and so
on. A biologist cannot possibly live long enough to watch
a tree grow from an acorn until it falls over and dies! But
what he or she can do is to study each aspect of the tree's
growth, from an acorn via a sapling to a full grown tree,
and then put these all together to get a fair idea of how it
develops and grows. An astronomer can take a similar
approach. By observing different stars at different times
in their evolution (and there is a rather lot of them to
choose from), we can get a fair picture of how a star is
born, lives, and dies.

The first thing we should look at is how stars are born.

When we look up into the night sky, we see slars, and
not much else. So we gel the impression that between
the stars, space is empty. There doesn't seem to be any
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sort of material that lies between one star and another.
At the same time, we know intuitively that this cannot
be true, for if space were empty, from what did stars
form? This then leads us to the result that perhaps space
is not quite so empty, but filled with some sort of
material that, to our eyes, is all but invisible, yet is
responsible for providing the source material for stars.

In fact, space is anything but empty - it is
filled with gas and dust. This is known as the
Imerstellar Medium (ISM).

As an astronomer, you will have already observed the
interstellar medium, but perhaps without realizing it.
As mentioned above, the ISM, as it is called, is
composed of gas, mainly hydrogen,l and dust, so is,
from an observer's viewpoint, invisible. However, there
are places in the Galaxy where certain conditions tend
to aggregate the material and these denser-than-average
regions are indeed visible to the amateur astronomer.
We know them as nebulae.

2.3Nebulae_
Nebulae are actually very disparate in nature, even
though many of them have a rather similar appearance.
They are associated with the areas of star formation,
cover several aspects of a star's life, and end with the
process of star death. This section will just cover three
main types of nebula: emission; reflecting; and dark,
that are associated with the birth of a star. In addition,
we are fortunate, from an observer's point of view,
because these objects, associated with star birth,
abound in the night sky and some of them are very
spectacular objects!

2.3.1 Emission Nebulae

These douds of gas are associated with very hot 0- and
B-type stars which produce immense amounts of
ultraviolet radiation. They can have masses typically
of about 100 to 10,000 solar masses. However, this huge
mass is usually spread of a correspondingly large area

I Recall thaI in fact th. ISM i~ made up of about 74% hydrogen
(by ma..}. 25'111 helium and lh. rest i5 mctal~.
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possibly a few light years across, so that Ihe actual
density of the gas is extremely low, maybe only a few
thousand hydrogen atoms per cubic centimetre.
Usually, these very luminous stars are actually born
within and from the material of the clouds, and so
many emission nebulae are "stellar nurseries". Radia­
tion from Ihe stars causes the (usually) hydrogen gas to
undergo a process called fluQrescellce, and it is this
which is responsible for the glow observed from the
clouds of gas.

The energy provided by ultraviolet radiation from
the young and hot stars ionises the hydrogen. In other
words energy, in this case in the form of ultraviolet
radiation, is absorbed by the atom, and transferred to
an electron thai is sitting comfortably in what is called
an energy level or orbital shelL l The electron, having
gained extra energy, can leave the energy level il is in,
and in some instances actually break free from the
atom. This process when an alom loses an electron is
called ;ollisa/;o".

If ele<:trons are broken free from their parent aloms,
Ihe hydrogen cloud will contain some hydrogen atoms
without ..lectrons - ionised hydrogen (also known as
protons), and a corresponding number of free
electrons. Eventuallr the electrons recombine with
Ihe atoms, bUI an electron can't just sellle down back
to the state it originally had before it absorbed the
extra energy - it has to lose the extra energy that the
ultraviolet imparted. For this to happen, the electron
moves down the atomic energy levels until it reaches
its originallevcl, losing energy as it goes. In hydrogen
(the most common gas in the nebula, you remember),
an electron moving down from the third energy level
10 the second emits a photon of light at 656.3 nano­
metres (see Section I.JO in Chapter I).

This is the origin of the famous "hydrogen alpha
line", usually written as H-alpha, and pronounced
"aitch alpha". It is a lovely red-pink colour and is

, Our $impk mood of an alom ha$ I umral nud~u$ wilh ~IKlrOn$

orbiting around it. ""mewh.t likr plan~\$ orbiting a $un, E1Klron$
with • lot of ~n~rgy ar~ in th~ Out~r orbils., dectrons wilh less energy
ar~ do...,r to th~ nud~"•. Not .11 orbil$ are allowed b)' quanlum
mechanics: in order to move up 10 higher energy kvels., eleclron$
",""<I • "cry $l'cdl1c amounl ~nergy. 1'00 mu~h or too lillie and .n
elKlron will nOI mOve.
) l'he time spent befo«, r«ombinin& i. very short. mi1liomh$ of
$Kond$. but .1.., depend. on how milch radiation ;$ presenl and t~
den.ity of the gas cloud.

p'
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responsible for all the pink and red glowin~ gas clouds
seen in photographs of emission nebulae.

When e1crtrons move down from other energy levels
within the atom, other specific wavelengths of light are
emitted. For instance, when an electron moves from the
second level to the first, it emits a photon in the
ultmviolet part of the spectrum - this particular
wavelength is called the Lyma" alpha line of hydrogen,
which is in the ultraviolet part of the spectrum.

It is this process of atoms absorbing radiation to
ionise a gas, with electrons subsequently cascading
down the energy levels of an atom, that is responsible
for nearly all the light we see from emission nebulae. If
a gas cloud is particularly dense, the oxygen gas in it
may be ionised and the resulting recombination of the
electron and atom produces the doubly ionised lines, at
wavelengths of 495.9 nm and 500.7 nm.s

Emission nebulae are sometimes called IIT/ region$,
pronounced "aiteh two". This astrophysical term refers
to hydrogen that has lost one electron by ionisation.
The term H[, or "aitch one", refers 10 hydrogen which
is unaffecled by any radiation, that is, neutral hydrogen.
The doubly io"ised oxygell line mentioned above is
termed om ("oh three"); the "doubly" means that two
of the outermost electrons have been lost from the
atom by ionisalion.~

Physically, the shal}(' of an emission nebula is
dependent on several factors: the amount of radiation
available; the density of the gas cloud; and the amount
of gas available for ionisation. In the case where there is
a significant amount of radiation, coupled with a small
and low-density cloud, Ihen most probably all of the
cloud will be ionised, and thus the resulting HII region
will be of an irregular shape - just the shape of the
cloud itself. However, if the cloud of gas is large and
dense, then the radiation can penetrate only a certain
distance before it is used up - that is, there is only a
fixed amount of radiation available for ionisalion. [n

• Unfortunatdy. the rtd glow i~ u,ually to() ",uk to "" ~en at Ihe
eyepiece.
'These linn are a rich blue-sreen colour. and "nder good .....'ns and
with dean optics thi, colour can"" glirnpM'd in the Or;on Nebul..,
1>142.
• tn $Orne a,trophysical conlext.!., sud! ;u in Ihe "nlre of quasars,
conditions ex;" which can give rUe to lerms 'uch ;u FeD. The
amounT of radialion is $0 phenomenal that 1M atom of iron (Fe) has
boeen ionised 10 .1ICh an utent that il has lo.t 22 of iu electron,!
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this case, the Hll region will be a sphere,7 often
surrounded by the remaining gas cloud, which is not
fluorescing. Many of the emission regions that are
irregular ill shape include M42, the Orion Nebllla, MS,
the Lagooll Nebula, and Ml7 in Sagittariu5. Those that
exhibit a circular shape, and thus are in fact spherical,
are M20, the Trifid Nebula, and NGC 2237, the Rosette
Nebula, to name only two.

After a suitable period of time, usually several
million years, the group of young 0- and B-type stars
located at the centre of the nebula will be producing so
much radiation that they can in affect sweep away the
residual gas and dust douds that surround them. This
produces a "bubble" of dear space surrounding the
cluster of star5. Several emission regions show this, for
example, NGC 6276 and M78, which show the star
cluster residing in a circular dear area within the larger
emission nebula.

Let's now look at a few examples of the brighter
emission nebulae. Note, however, that from an
observational viewpoint, many of the emission nebulae
are faint and have a low surface brightness, making
them not exactly difficult objects to observe, but rather
featureless and indistinct, though in some instances the
brighter nebulae do show several easily seen features.
Therefore, clear nights and clean optics are a high
priority.

The photographic brightness (as seen on the photo­
graphic plates from the Palomar Observatory Sky
Survey (POSS), is assigned a value from 1 through 10
6; those nebulae rated at 1 are just barely detectable on
the plate, while those quoted at a value of 6 are easily
seen on the photographic plate, and is just the measure
of the difficulty (or ease) of observation. and is given
the symbol •. The size of an object is also given in arc
seconds and is indicated by the symbol EEl. Where a
value of EEl is given as x 4: y. then the object is
approximately x arc seconds long by yare seconds
wide. Simple finder charts are shown at the end of the
list of objects.

7 ThiJ iJ ofIn! calk<! lh~ Stromgrn! 5ph~r~. nalM<! afl~r 1M
aOlronom~r Iltngt Slromgr~n. who did so= pio"...,ring work on
Hll rtogions.

p'



ObMirver's Guide to Stellar Evolution

Q} 9 ~ 6" Canis Major

NGC 2359 07~ 18.6* -13" 12'

Also known as the Duck Nebula. This is a bright emission consisting of two patches of
nebulosity, with the northern patch being the larger and less dense. Using an 0111 filter
will greatly improve the appearance of the emission nebula, showing the delicate
filamenlary nature. See Star Map 38.

NGC 6514 'B~ 02.3"' -23" 02' Moy .."un-Jul

• 1-5 $ 20 ~ 20" Sagillarius

Also known as the Trifid Nebulil. This emission nebulil can be glimpsed is a small hazy
patch of nebulosity. The nebula is easy to see. along with its famous thlft dark lanes
which give il its nsme, radiating outwards from the central object, an OS-type star which
is the power source for the nebula. The nonhern nebulosity is in faet a reflection nebula,
and thus harder to observe. See Star Map 39.

NGC 6523 18~ 03.8* -24" 23' Jul

$ 45 ~ 30" Sagillorius

Also known as the Lagoon Nebula. The premier emission nebula of the summer sky.
Binoculars wilt show a vast expanse of glowing green·blue gas split by a very prominent
dark lane. Telescopes of apenure 30 cm will show much intricate and delicate detail,
including many dark bands. The Lagoon Nebula is located in the Sagiftarius-Carilla
Spiral Arm of our Galaxy, at a distance of S400 light years. See Star Map 39.

NGC66IB l8~20.8- -16" 11' Moy-Jun-Jul

Q} 20 ~ 16" Sag;lIoriu~

Also known as the Swan or Omega Nebula. This is a magnificent object in binoculars, and
is perhaps a rival to the Orion Nebula, M42, for Ihe summer sky. Not often ol»erved by
amateurs, which ill a pity as it offers much. With telescopes the detail of Ihe nebula
becomes apparent, and with the addition of a light filter it can in some instances surpass
M42. Certainly, it has many more dark and light palches than ils winter cousin, although
il definitely needs an 0111 filter for the regions to be fully appreciated. See Star Map 39.

Ie 4703 'B~ 18.6* -13" .58' Moy-Jun-Jul

We 35 !:; 30" Serpens Cauda

Also known as the Sfar Queen or Eagl/' Nebula. A famous though not often observed
nebula. As is usual, the use of a filter enhances Ihe visibility. The "Black Pillar" and
associated nebulosity are difficult 10 see, even though Ihey are portrayed in many
beautiful photographs. (A prime example of astronomical imagery footing Ihe amaleur
into thinking that these juslifiably impressh"t objecls can easily be seen through a
telescope.) Nevertheless, they can be SPOlled by an astute observer under near-perfect
conditions. See Star Map 39.

p'



Beginnings - Star Birth 75

Caldwell 27 NGC 6888 20" 12.0" ..38' 21' Jurl-Jul-Aug

• 1-5 1& 20 =; 10" C)'gnu,

Also known as lh~ Crescelrt Nebula. This difficult n~bula is included ,1$ il is a prim~

uampl~ of several r~levant pll~nom~na associaled with star formation. Willi good
conditions, the emission nebula will live up to its name, having an oval slla~ witll a gap
in the ring on its soulll-eastern side. The nebula is known as a Srellar Wind Bubbl~, and is
the result of a fast-moving stellar wind from a Wolf-Rarer star wllicll is sw«ping up all
the malerial tllal il lIad pr~viously eje<:ted during ils red gianl stag~. Set' Star Map 38.

K: 5067-70 20" 50.8" ..440 21' M-Auv--SeP

Also known as th~ Pelican Nebula. This nebula, close to the North America Nebula (see
th......ntry below), has bel'n reported 10 be vi5ibl~ to the naked ey~. II is easily glimpsed in
binoculars as a lriangular faint hazy patcll ofligllt. 11 can be seen best witll averted vision,
and tile use of light IiJt~rs. Set' Slar Map 38.

NGC 7000 20" 58,8" ..44' 12' M-Aug--Sep

.1-5 1& 120 =; 100" eyg"""
Also known as tile Norlh America Nebula. Locat~d just west of Deneb, il is magnilic~nt in
binoculars, melding as il does inlO the stunning star lields of Cygnus. Providing you know
wilen'. and wllal to look for, llle nebula is visible to the naked eye. Tile dark n...bula lying
betw«n il and lhe Pelican Nebula is responsible for llleir characteristic shape. Until
re<:ently, Ckneb ""liS thOUglll to be the Slar responsible for providing lhe energy to make
th~ nebula glow, but re<:ent research points to several unseen slars being lh~ power
sources. See Slar Map 33.

K: 1396

1& 170 =; 40"

..570 30' Ju~uSll Sep

Cepheus/Cygnus

One of the few emission nebula visible to the naked ey~ (under perfect seeing of coursel),
and easily SPOiled in binoculars. It is an enormous patch of nebulosity, OYer 3', spreading
south of Ih~ orang~ star Mu (/1) Cephei. Any telescope will lessen lhe impact of lhe nebula
hUllhe use of filters will help 10 locate knots and patches of brighler nebulosily and dark
dust lanes. Dark adaption and averted vision will all enhance the observation of this giant
emission nebula. Set' Star Map 38.

Ie 51'6 21 h 53.'''' ..47· 16' JuI-Aug-Sep
1& 12 =; 12" Cygnus

Also known as the Cocoon NebuUl. It has a low surface brightness and appears as nOlhing
more than a hazy amorphous glow surrounding a couple of 9th·magnitude stars. The dark
nebula Barnard 168 (which lh~ Cocoon lies at lhe end of) is surprisingly easy to lind, and
lhus can act as a poinler to the more elusive emission nebula. The whole area is a vast slellar
nursery and recent infrnred research indicates the presenc~ of many new and prolostars.
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III 16 :: 9" Cassiopeia

NGC 7635 23" 20.7'" ..61 12' Avg-Sep-Oct

Also known as the Bllbble Nebula. This is a very faim nebula, even in telescopes of
aperture 20 cm. An 8th-magnilude star wilhin lhe emission nebula and a nearby 7th·
magnitude star hinder in its d...tection owing to lheir combined glare. Research suggests
thaI a strong stellar wind from a star pushes material OUI - the "Bubble" - and also heats
up a nearby Molecular Cloud, which in turn ionises lhe ··Bubble". See Star /o.lap 38.

NGC 604 Ol~ 33.9"' .. 30 39' Sep-Oct-.Nov

III 60 :: 35'" Triangulum

This may come as quile a surprise to many observers, but this is possibly the brighlest
emission nebula lhal can be glimpsed which is actually in another galaxy. II resides in
MH, in Triangulum. II appears as a faint hazy glow some 10' norlh..aSl of M33's cor....
Owing to MH's low surface brightness (which often makes il a difficult object to find),
the emission nebula may be visible while lhe galaxy isn't! It is estimated to be about 1000
times bigger than the Orion Nebula. Set' Star Map 38.

NGC 2237-39 06" 32.3'" +05 03' Nov-Dee-Jon

III 80 :: 60" Monoce<O$

Also known as lhe Roselle N..bula. This giant ...mission n...bula has the dubious reputalion of
being very difficult to obst'JVe. BUI this is wrong - 011 clear nights it call be seen with
binoculars. [I is over 1 in diameter, and thus coI'ers an area of sky four times larger lhan a
full Moon! Wilh a large aperture and light filH:rs the complexity of the nebula becomes
read~y apparenl, and under perfed seeing condilions dar!<. dUSl lanes can be glimpsed. The
brighlest pans of lhe emission nebula have lheir own NGe numbers: 1237, 2138, 1239 and
2246. 11 is a young nebula, pt'rhaps only half a million years old, and Slat formation may still
be occurring within it. Photographs show lhat the cemral area conlains the star cluSler NGe
2144, along wilh lh... "empty" cavity caused by lhe hOI young stars blowing lhe dust and gas
away. Also known as lhe RlIserre MoleClllnr Complex (RMC). See Slar Map 38.

NGC 2024

til 30 :: 30"

05" 40.7'" ..02 27' No_Dee_Jon

This difficult n...bula lies next 10 lhe famolls star lew Oriollis, which is unforlunate as the
glare from lhe Slar makes observalion diffi(ull. [t (an, howe'·...r, be glimpsed in binoculars
as an unevenly shaped hazy and faim palch to lhe eaSl of lhe Slar, providing the star is
placed out of the field of view. Wilh large lcleswpes and fillers lhe emission nebula is a
striking objecl, and has a shapt' reminiscenl of a maple leaf. See Star Map 38.

NGC 2261

e 3.5 :: 1.5"

06" 39.2'" ..08 44' Nov-Dee-Jon

MonocerO$

Also known as Hubble's Variable Nebula. Easily seen in smallteleKopes of 10 (m as a
small, comel-like nebula lhat can be seen from the suburbs. Larger apertures JUSt amplify
what is seen with lillle delail visible. Whal we are observing is the result of a ..ery young
and hot star dearing away the d,'bris from which it was formed. The Slar R MOllocerotis
(buried wilhin the nebula and lhus invisible to us) emils material from ilS polar region$,
and we see the north polar emissions, with the soulhern emission blocked from view by
an accrelion disc. The variability of the nebula, reporled by Edwin Hubble in 1916, is due
10 a shadowing effecl caused by clouds of dUSl drifling ncar the stars.ll was also the first
objecl 10 be officially pholographed with the 200-inch Hale Telescope. See Slar !lIar 38.
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NGC 1554-55 04~21.8'" +19 32' Ocl-Nov-Oec

.2-5 l& 1 :: 7 variable' Taurus

Also known as f/illd's Variabl/" Nebula. I have included lhis objecl even though it is a very
difficult nebula 10 locate and observe benuse it is so interesting. This famous but
incredibly faint emission nebula is located to lhe wesl of the famous star T Tauri, lhe
prototype for a class of variable slar. The nebula has been much brighter in the past, but
now is an exceedingly difficult object to locate. With large aperture, il will appear as a
small faint hazy palch. When (and il1) located, it does bear higher magnificalion well. II
may become brighter in lhe future, so is well worth looking for in lhe hope that it makes
an unexp«ted reappearance. See Star Map 16 and 38.
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2.3.2 Dark Nebulae

Dark n~bula, by th~ir very nature, are different in one
major respect from all the others. They do not shine. In
fact, when you observe them, you are actually not
seeing them by any light emitting process, but rather for
their light blocking ability. They are vast douds of dust
grains. These grains, however, bear no resemblance at
all to dust that we see on Earth. They are microscopic in
size, believed to be in the region of20 to 30 nm in size.
However, ice (either water ice - H20, or ammonia ic!! ­
NH,) may condense on them forming a "mantle" which
then increases their size up to 300 nm. The shape of a
dust grain is like a long spindle, and in some cases, they
may rotate. The actual composition of the grains is a
topic of vigorous debate, but are believed to be made
from, in various unknown amounts, carbon in the form
of graphite, along with silicon carbides and silicates of
magnesium and aluminium.

The formation of the dust grains is spectacular! They
are believed to be formed in the outer regions of stars.
In particular, the cool supergiants, and the R Corona
Borealis type stars. Dense molecular douds are also a
possible formation site. The temperature of the grains is
thought to be about 10 to 100 K, which is cool enough
to allow the formation of molecules. In a ~ical dark
nebula, there may be anything from 104 to 10 part ides
made up of atoms, various molecules and dust grains.

The nebulae appear dark due to their vast size, and
so are very effective of scattering all of the light with the
result that hardly any reaches the naked eye. The
process of scattering the light is so effective that, for
instance, visible light emitted for the centre of our
Galaxy is extinguished nearly I(I()% by the dust douds
belween us and its centre. This is the reason why it is
stilt a mystery as to what the central region looks like in
visible light. Don't be confused, however, by thinking
that these douds of dust grains are very dense objects.
They are not. Most of the material in the doud is
molecular hydrogen (along with carbon monoxide
which is responsible for their radio emission), and the
resulting density is low. There is also some evidence to
suggest that the dust grains present in the- douds have­
different properties 10 those dust grains in the
interstellar medium.

Many dark nebulae are actually interacting with their
environs, as witnessed by the spectacular images taken
by the Hubble Space TrieStope of MI6 in Serpens which
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Barnard 228

shows dust clouds containing dense regIOns, or
globules, which are resisting the radiation pressure
from close, hot young stars, with the result that many of
the globules have long tails of material trailing from
them. The area near the HOr$ehead Nebula in Orion is
also famous for its image of the radiation from the
supergiant stars of Orion's Belt impacting on the dark
clouds to either side of the Horsehead with the result
that material is ionised and streaming from the surface
of the cloud.

Most dark clouds have vastly different shapes, and
this is due to several reasons. It may be that the cloud
would have originally been spherical in shape. and thus
present a circular image to us, but hot stars in its
environment will have disrupted this by radiation
pressure and stellar winds. Shock fronts from nearby
supernovae can also have an impact. The gravitational
effects from other douds, stars and even that of the
Milky Way itself will all have a role to play in
determining the shape of the cloud. It is also thought
that magnetic fields may also have some limited affect.
As many of theses dark douds are part of a much larger
star forming region. then the new stars will themselves
influence and alter its shape.

The "opacity" of a dark nebulae is a measure of how
opaque the cloud is to light, and thus how dark it will
appear. There is a rough classification system that can
be used~ a value of I for a dark nebulae would indicate
that it only very slightly attenuates the starlight from
the background Milky Way, to a value of 6, which
would mean that the cloud is nearly black, it is given
the symbol ... Observing dark nebulae can be a very
frustrating pastime. The best advice is to always use the
lowest magnification possible. This will enhance the
contrast between the dark nebulae and that of the
background star field. If a high magnification is used.
the contrast will be lost and you will only see the area
surrounding the dark nebula, and not the nebula itself.
Dark skies are a must with these objects, as even a hint
of light pollution will make their detection an
impossible task. Simple finder charts are given at the
end of the list

This is a long band of dark nebula, easily spotted in binoculars. It lies halfway ~tween

Psi (I/fl and Chi Cd Lupi. Best seen in low.power, large-aperture binoculars, as it stands
OUl well against the rich background star field. S« Star Map 40.



Observer's Guide to Stellar Evolution

LON 1773 17~ 21.0'" -27 23' Moy-Jun-JlIl

$ 300 :: 60" OphilKhu$

Also known as lhe Pipe Nebula (Sum), and Lynds Dark Nebula 1773. This large dark
nebula is visible 10 lhe naked eye b«ause it stands OUI against a staT-Sludded lield. Resl
viewed with lower·power binoculars. With the unaidNl e)'e, it appears as a Slraighl line,
bUl uflder magflilicaliofl its mafl)' "ariatioflS cafl be glimpsed. See Star Map 40.

Barnord18 LON 42 1710 33.0" -26 30' Moy-Jun-Ju\

• 5 el 200 :: ISO" Ophiuehu.

Also kflowfl as lhe Pipe Nebula (Bowl). I'arl of lhe same dark nebula as above, the bowl
appears as a jagged formatiofl, cO"ering over 9 . The whole region is sluddl'd with dark
nebulae, and is thoughllO be a part of the same complex as thaI which encompasses Rilo (f!)
Ophilun; and ""tares, which are over 700 lighl years away from it. See Slar Map 40.

LON 93 1B~ 03.0" -27 53' Moy-Jun-Jul

el6" Sogitklfiu.

Also knowfl as the IlIk Spot. located within the Gum Sagilfurius SlIIr Clou,I, this is a
near.perfl.'\:t example of a dark nebula, appearing as a complelely opaque bIOI against the
background stars. See Slar l'>Iap 40.

Barnard 87, 6.5-1.4 LON 1771

III 12"

1B~ 04.3'" -32 30' Moy-Jun-Jul

Soginoriu./

Ophiuchus

Also known as the ParrOl Nebula. Not a distinct nebula, bUI stands oul because of ilS
localiofl wilhin a stunning backgroufld of Slars. Visible in binoculars as a small circular
dark patch, it's best seen in small lelescope of around 10 10 IS cm. See Slar Map 40.

LON 497 IS· 39.4" -06 41' Jur>--Jul--Aug

el 40 :: 15" Scutum

Easily seen al lhe norlh·easl edge of lhe famous Mulum StIlr CIOl,d. [t is a curved dark
line. Can be glimpsed in binoculars. &:e Star Map ,10,

Barnard 110-1 IS· 50.1" -04 4S' Jun-Jul-AlIg

+ 6 $ II" Scutum

An easily seen complex of dark nebulae lhal can be seen in binoculars. The conlraSI
between the background Slar clouds and the darkness of lhe nebulae is imllll-diald}' seen.
See Slar Map 40,

BClrnc..d 142-3 1910 41.0m .. 10'31' Jun-Jul-Avg

• 6 1& 45" Aquila

This is all easil)' seen pair of dark nebulae, visible in binoculars. II appears as a cloud with
lWO "horns" ulending lowards the west. The nebula conlraSlS very easily with Ihe
background Milky Way and so is a line object. Se<' Slar Map 40.
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Barnard 145 20" 02.8'" ..37" 40' Jun-Jul-Aug

+4 $35::8" C~nul

Visible in binoculars, it is a triangular dust cloud that stands out well against the
impressive star field. As it is nO! completely opaque to starlight, several faint Slars can be
seen shining through it S« Star Map 40.

Barnard 343 2(/' l3.5m ...olD' 16' Jun-Jul-Aug

+5 $13::6" C~nul

Easily Ken as a "hole" in the background Milky Way, this is an oval dark nebula, which
allhough glimpsed in binoculars is at ils best in telescopes. S« Slar Map 40.

Lyndl906 2(/' 40.0'" ..42' 00'

+5 $-- C~nus

Also known as the Northern CoolSQck. This is probably the largest dark nebulosity of the
northern sky. It is an immense region, easily visible on clear moonless nights just south of
Del/eb. II lies just at the northern boundary of the Grea' Rift, a collection of several dark
nebulae which biseclS the Milky Way. The Rift is of course part of a spiral arm of the
Galaxy, so features prominent on photographs of other galaxies such as NGC 89/ in
Andromeda. S« Star Map 40.

..45 54'

+ 5 $ 20:; 10" Cygnul
Visible in binoculars, lhis is part of lhe much more famous North America Nebula,
though this dark pan islocaled to the north. It is a well-defined triangular dark nebula.
S« Star Map 40.

80mclTd 33 05" 40.9m -02' 28' NO¥-Dec-Jon

+4 $6::4" Orion

Also known as the Horsehead Nebula. Often photographed, but rarely observed, this
famous nebula is very difficult to Ste. It is a small dark nebula which is seen in silhouette
against the dim glow of the emission nebula Ie 434. Both are very faint and will neN
perfecl seeing conditions. Such is the elusin'ness of this object that even telescopes of
40 cm are not guaranteed a view. Dark adaplion and al'ened vision, along with the
judicious use of filters, may resull in its detection, but have a go! See Star Map 41.

2.3.3 Reflection Nebulae

The final classification of nebulae that we mention are
reflection lIebl//oe. As the name suggests, these nebulae
shine by the light refle<ted from stars within the nebula,
or perhaps dose-by. Like the emission nehulae, these vast
clouds consist of both gas and dust. But in this case, the
concentration of dust is far less than that found in
emission nebulae. One of the characteristics of particles,
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or grains, that are 50 small (in proportion to the
wavelength of light) is their property of selectively
scattering light of a particular wavelength, If a beam of
white light shines upon a cloud containing the grains, the
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blue light is scattered in all directions, a phenomenon
similar to that seen in the Earth's sky, hence its colour
blue. This is one reason why reflection nebulae appear so
blue on photographs. it is just the blue wavelengths of the
light from (usually) hot blue stars nearby. To be
scientifically correct, the nebulae should be called
scattering nebulae instead of reflection nebulae, but the
name has stuck. This property is often called interstellar
reddening. An interesting property of the scattered light
is that the scallering process itself polarises the light,
useful in the studies of grain composition and structure.

Another phenomenon associated with dust grains
that should be mentioned, as it affects ALL observa­
tions, is imerstellar extinction. Astronomers noticed
that the light from distant star dusters was fainter than
expected, and this was due to dust lying between us and
the duster. This in fact makes all objects fainter than
they actually are, and has to be taken into account when
making detained measurements.

Several reflection nebulae reside within the same gas
douds as emission nebulae, the Trifid nebula is a
perfect example. The inner parts of the nebula are
glowing with the tell-tale pink colour, indicative of the
ionisation process responsible for the emission,
whereas further oUI from the centre, the edge material
is definitely blue, thus signposting the scallering nature
of the nebula. Visually, reflection nebulae are very faint
objects having a low surface brightness, thus they are
not easy targets. Most require large aperture telescopes
with moderate magnification in order to be seen, but
there are a few visible in binoculars and small
telescopes. Note that excellent seeing conditions are
necessary and very dark skies.

Caldwell 4 NGC 7023 21 h 00.5- +68 10' JuI-Aug--Sep

.1-5 '818!:; 18" Cept--s
Though small, this is a "ery nke, easy to observe refl«tion nebula. It h;ls a star duster at
its centre which can hinder ohservation. However, what makes the refl«tion nebula easy
to detect is its location. It is surrounded by a larger area o( dark nebulosity, probably pari
o( the same nebula cOlllpln. The contrast betWfi'n tht> background stars, tht> dark nebula
and the rd«tion nt>bula make'S (or a vt>ry intt>rt>sting region. Set- Star Map 42.

NGC 1333 +31 0 25' OcI--Nov-Dec:

• 3-5 Gl 6 :; 3' Peneus

This is a nict>, t>asily Sfi'n refu>ction nebula, and appears as an elongated hazy patch. Larger
a~nurt> tclt'SCOpt'S will show some detail along "ith two (ainter dark nebulat> Banlllrd I and
2, l}ing toward that nonh and loOuth o( the r(fI«lion nebula. See Slar Map 42.
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NGC 1435 03~ 46.1" +23~ 47' Oct-Nov-Oec

• 2-.5 Ell 30 =::; 30" Tovrus

Also known as T~mpel's Nebula, This faint patch of r~f1ection nrbuJa is located within the
most famous star cluster in the sky. The nebula surrounds the star Merope, one of the
brighter members of the Pleiades, and under perfect conditions can be glimpsed with
binoculars. Sev~ral other members of the cluster are also enshrouded by nebulosity, but
these require exceptionally clear nights, and, incidentally, clean optics, as even the slightest
smear on, say, a pair of binoculars, will reduce the chances to nU. See Star Map 42.

Ie 405 05~ 16.2'" +34~ 16' NoY-DM-Jan

.2-.5 lB 30 =::; 19" Auriga

Also known as the Flamillg Star Neb..la, A very hard reflection nebula to observe. 11 is
actually several nebulae including IC 405, 410 and 417, plus the variable star AE A..rigl1e,
Narrow-band filters are justified with this reflection nebula, as they will highlight the
various components. A challenge to the observer. See Star Map 42.

NGC 1973-75-77 OS" 35.1"' 410 44' Nooo-Dec-Jon

01-5 lB5 =::; 5" OriQtl

The location of these reflection nebulae so close to M42 has meant that they are often
neglected. They lie betw\"en M42 on their south and the cluster NGC 1198 to their nOMh.
They are also difficult to Sfi' because the glare from the star 42 Orionis tends to make
observation difficult, See Star Map 42.
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2.4 Molecular Clouds-
We have seen that interstellar space is filed with gas and
dust, and that in certain locations, concentrations of this
material gives rise to nebulae. But the locations of these
nebulae are not, as one may expect, entirely random. The
areas that give rise to star fomlation are called Molecular
C/ollds. These clouds are cold, perhaps only a few
degrees above absolute zero, and occupy enormous
regions of space that, due to the conditions within them,
allow the formation of several molecules, for example,
carbon monoxide (CO), water (H10), and hydrogen
molecules (Hz).' Molecular hydrogen, although being the
most abundant molecule in a cloud, is very difficult to
observe because of the low temperature. On the other
hand, CO, can be detected. when certain portions of the
cloud are at 1()....30 K above absolute zero. It is these
molecules that allowed the clouds to be discovered by
two radio astronomers. Philip Solomons and Nicholas
Scoville, who, in 1974, found traces of the carbon
monoxide molecule in the Galaxy.

These molecular clouds are truly gigantic, and
contain vast amounts of hydrogen. They can have
masses from 10~ to 2)( 106 solar maSses, and have
diameters anywhere from 12 to 120 pc, or about 40 to
350 ly. The total mass of molecular clouds in our Galaxy
is thought to be around 5 billion solar masses.' But
even though these molecular douds are so vast, do not
be fooled into thinking that we are talking about
something that resembles, in structure, conditions
similar to a foggy day, with hydrogen and dust being
so dense that you can', see a metre in fronl of your own
eyes. If we could go inside one of these douds, there
would be about 200 or 300 hydrogen molecules per
cubic centimeter. This is not a lot, even though it is
several thousand times greater than the average densit~

of matter in our Galaxy. Even more staggering, it is lOt
limes less dense than the air we breathe.

Astronomers have deduced that molecular douds,
and CO emission are intimately linked, and by looking
at the areas in our Galaxy where CO emission
originates, we are in fact looking at those areas where
star formalion is taking place. Because the molecular
douds are, by comparison with the rest of the ISM,

• Olher rnoleculeli Juch u ammonia (NH,) and melhanol (CH,OH)
ha..., atso bttn delect"".
• In ateao wheR the • ...,r.ge denoity uued$, $lly, a million sotar
masJeS, douds Rferrw to as Gidnl Mo/teuldr C/oudJ can (orm,
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heavy and dense, they tend to settle toward the central
layers of the Milky Way. This has produced a
phenomenon we have all seen - the dark bands running
through the Milky Way. Surprisingly it was found that
the molecular clouds which have star fonnation in them,
outline the spiral anns of the Galaxy, and lie about 1000
pc apart, strung out along the anns rather like pearls on
a necklace. lo However, spiral anns of galaxies are not the
only place that star fonnation can occur. There are
several other mechanisms which can give rise to stars as
we shall see in a later section.

2.5 Protostars
- -

lei's now turn our gaze on the mechanisms by which
stars are believed to form. We discussed how space is
full of gas and dust, and that local concentrations of
this material gives rise to nebulae. But how do stars
form in these regions~ 11 may seem obvious in
hindsight, that a star will form in those clouds where
the gas and dust is particularly dense and thus will
allow gravity to aUraC! the particles. A further factor
which will assist in formation is that the temperature of
the cloud should be as cold as possible. A cold cloud
will mean that the pressure of the interstellar medium is
low. This is also a prerequisite as, if a cloud has a high
pressure, it will tend to overcome any gravitational
collapse. It is a delicate balancing act between gravity
and pressure, whereby if gravity dominates, stars fonn.

From our discussion earlier in the book, you should
by now have realised that there is only one place where
conditions like those just mentioned arise; the dark
nebulae. As a cloud contracts, pressure and gravity
permiuing, the dust and gas cloud becomes very
opaque, and are the precursor regions to star forma­
tion. They are often called Barnard objecu, after the
astronomer who first catalogued them, Edward Bar·
nard. II There are also even smaller objects, sometimes
located with a Barnard object. These resemble small,

I. Mol~ clouds can br found ouUide o( spiral anns, but currenl
ideas suggnt thaI the spiral arm. arc regions where mailer is
concenlralcO. due 10 gnviulional fore.... The molecular clouds pass
through the arms, and arc "lCJuccud~. This den~ region then gives
ri~ 10 Slar fonning regions.
II Sec Ihe ~ion On Dark Ntbulu for obSCTVable examples of
Barnard obj«ts.
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spherical dark blobs of matter, and are referred to as
Bok globules, named after astronomer Bart Bok. It may
help you to think of a Bok globule as a Barnard object,
but with its outer layers, which are the less dense
regions, dispersed.

Radio measurements of these objects indicate the
internal temperature is a very low 10 K, and their
density, although only about 100 to 20,000 particles
(dust grains, gas atoms and molecules) per cubic
centimetre, is considerably greater than that found in
the ISM. The size of these objects can vary considerably,
there are no standard sizes, but on average, a Bok
globule is about 1 pc in diameter, with anything from
between 1 to 1000 M0 . On the other hand, the larger
Barnard object can have a mass of about 10,000 M0 ,
with a volume of about 10 pc. As you can imagine. the
sizes of these objects vary greatly and are determined
by the local conditions in the ISM.

Now, if conditions permit, then the densest areas
within these objects and globules, will contract further
under gravitational attraction. A consequence of this
contraction is a heating up of the blob of material.
However, the cloud can radiate this thermal energy
away, and in doing so prevents the pressure from
building up enough to resist the contraction. During the
early phase of collapse, the temperature remains below
100 K, and the thermal energy is transported form the
warmer interior to the outer exterior of the cloud by
convection, causing the cloud to glow in infrared
radiation. This ongoing collapse has the effect of
increasing Ihe cloud's density, but this makes it difficult
for Ihe radiation to escape from the object. A
consequence of this is thaI the central regions of the
cloud become opaque, which traps nearly all of Ihe
thermal energy produced by the gravitational collapse.
The result of trapping the energy is a dramatic increase
in both pressure and temperature. The ever increasing
pressure fights back against the overpowering crush of
gravity, and, the now denser fragment of cloud becomes
a pratos/ar - the seed from which a star is born. At this
stage, a protostar may look star like, but is not really a
star, as no nuclear reactions occur in its core.

The time taken for the above scenario can be enremely
rapid, in an astronomical sense - maybe of the order of a
few thousand years. The protostar is still quite large, for
example, after about, say, 1000 years, a protostar of 1 M0
can be 20 times larger the Sun's radius, Re. and be about
100 tioles as luminous, 100 4,.

pr
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A newly born star can be thought of a having been born
when the core temperature of the protostar reaches
about 10 million K. At this temperature, hydrogen
fusion can occur efficiently by the prolo"~protoll

chl/il/.I~ This moment, when ignition of the fusion
process occurs, will halt any further gravitational
collapse of the protostar. The interior structure of the
star stabilises, with the thermal energy created by
nuclear fusion maintaining a balance between gravity
and pressure. This important balancing act is called
gravitaliollal equilibrium. I

' [t is also sometimes
referred to as hydroslatic equilibrium. The star is now
a hydrogen-burning /lwill·sequel/ce star.

The time taken for the formation of a protostar to the
birth of a main.sequence star depends on the star's
mass. This is an important point to emphasise: a star's
mass determines a lot! A handy reference to remember
is that "massive stars do everYlhillgfasler!" A high-mass
protostar may collapse in only a million years or less,
while a star wilh a mass of:::::: I f>t0 could take around 50
million years. A star with a very small mass, say, an M­
type star could take well over 100 million years to
collapse. This means that very massive stars in a young
star cluster may be born, live and die, before the very
smallest stars finish their infant years!

The changes, or transitions, that occur to a protostars
luminosity and surface temperature, can be shown on a
special H-R diagram. This is known as an evolutionary
Irl/ck, or life/rack, for a star. 14 Each point along the
star's track represents ils luminosity and temperature at
some point during its life, and so shows us how the
prOIOSlars appearance changes due 10 changes in its
interior. Figure 2.1 shows Ihe evolutionary tracks for
several protostars of different masses, from 0.5 ~ to

" w~ wUl discu.. 1M prolon-proton ~bain in mucb grt'al~r d~lail in
1M following stelions On lbe Sun, and lbe main sequenc~.

IJ ~ lilt S«lion on lbe Sun for a full discussion On gnvilalional
equilibrium.
.. Wlltn aJlronomers refers 10 a Slar foUowing a specific evolulionary
ll'llck, or moving on a Il_R dillgram, wbal Ih~ rnlly mnn is lb~

Slar'S luminosity andJor t~m~l'lIlu~ cbang~. Thus Ib~ poinl On th~

H-R diogl'llm will change its position.
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sequenc... slOr, Nola !hot !he greoler the mos.!, !he hig....... 1he temperotvre ond lominosoly

IS 1\10 (it is important to realise that these evolutionary
tracks are theoretical models, and the predictions are
only as good as the theory;'S they seem to work very
well, and are being improved all the time). R«all that
protostars are relatively cool, and so the tracks all begin

.. Th~ Iheoretical cak"l.rion5 wen de"dorm by Ih.. J.p.n.....
a~rroph)·sicisr C. H.yashi, .nd rhe phaSe' a prOlo~tar und.. rgon Wor..
;1 re.ch..s Ih.. main Se'qu ..nu is caJlC'll Ih~ Hay<ulli PhaSe'.
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at the right hand side of the H-R diagram. However,
subsequent evolution is very different for stars of
differing mass.

As an example of an evolutionary lifetrack for a
protostar we shall look at the lifetrack for a I M0 , rather
like the Sun. This period in the star's life has four very
distinct phases:

I. The protostar fonns from a cloud of cold gas, and thus
is on the far right of the H-R diagram, but its surface
area is enonnous, with the result thai its luminosity
can be very large. This may be a hundred-times the
luminosity it will have when it becomes a star.

2. Due to its large luminosity, the young protostar
rapidly loses the energy it generated via gravitational
collapse, and so further collapse proceeds at a
relatively rapid rate. Its surface temperature in­
aeases slightly during the next several million years.
However, its diminishing size reduces the luminosity.
The evolutionary track now progresses almost
vertically downward on the H-R diagram.

3. Now that the core temperate has reached 10 million K,
hydrogen nuclei fuse into helium. The rate of nuclear
fusion is not, however, sufficient to halt the collapse of
the star, although it is slowed down considerably. As
the star shrinks, its surface temperature increases. The
result of shrinking and heating is a small increase in
luminosity over the next 10 million years. The
evolutionary track now progresses leftward and
slightly upward on the H-R diagram.

4. Both the rate of nuclear fusion and core temperature
increase over the next tens of millions of years. Once
the rate of fusion is high enough, gravitational
equilibrium is achieved, and fusion becomes self­
sustaining. The result is the star settles onto the
hydrogen-burning main sequence.

Figure 2.2 shows the evolutionary track of just such an
object.

From the viewpoint of an observer, however, Ihis
stage of stellar evolution doesn't present itself with
many obje(ts Ihat can be seen. Even though the
luminosity of such objects is very high, we will never
see one. The reason is obvious. They are enshrouded
within vast clouds of interstellar dust, and if you recall,
these are very efficient at blocking out the light. The
dust in the vicinity of a protostar, often called a cocoon
nebula, absorbs the light, and so they are very difficult

pr
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to observe at visible wavelengths. '6 On the other hand,
they can be seen at infrared wavelengths. But this
doesn't really help us, as visual observational astron­
omers on the Earth.

2,6.1 The EHect of Mass on
Pre-Main Sequence
Evolution

The previous sections explained how a cloud can
contract and become a protostar. In fact, due to the
immense amount of material in a molecular cloud, it is
believed that rather than an individual protostar being
formed, several are formed as a star cluster. However,
there is a slight problem with this scenario; at the time
of writing this book, there is no satisfactory explanation
of how protostars of differing masses are actually
formed within the same cloud. Just what are the
processes that govern the clumping and fragmentation
of the cloud into protostars of widely differing masses?

,. Thu~ ar~ a few examples of nd>ulat in which proIO.ta" art
currently fanning and which art ob.uvablt in Iht S«lian on
tmis.ion nd>ulat. You will not, howevtr, _ proto.ta,. - jll.lt tht
rtgian within which thty residt.
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Even though we cannot explain the process, we can at
least obsel"\le the results of such a process.

Let's begin this section by looking at how protostars
of differing mass are believed to form, and we'll start
with a star of I 10.10 - a star just like our Sun. The outer
layers of such a protostar are cool and opaque,I7 which
means that any energy released as radiation due to the
shrinkage of the inner layers cannot reach the surface.
Thus, the only way of moving this energy toward the
surface layers has to be by the less efficient and slower
method of COIlYecrion. The result of this process is that
the temperature remains more or less constant as the
protostar shrinks, while at the same time the luminosity
decreases because the radius decreases,l8 and the
evolutionary track moves downward on the H-R
diagram. This is exactly what is shown on Figure 2.1.

I said above that the surface temperature remains
roughly constalll during this phase, but conditions inside
the protostar are far from unchanging. The internal
temperature will start to increase during this time, and
the interior becomes ionised. This reduces the opacity
within the protostar and allows the transfer of energy to
be by radiation in the interior regions and by convection
in the outer layers. This process is the one that is ongoing
within the Sun today. The net result of these changes is
that energy can escape much more easily from the
protostar, and thus the luminosity increases. This
increase in energy transport is represented by the
evolutionary track bending upward (meaning higher
luminosity), and to the left (higher temperature). After an
interval of a few million years, the temperature within the
protostar is high enough - 10 million K - for nuclear
fusion to begin, and eventually, enough heat and
associated internal pressure are created so as to balance
the gravitational contraction of the star. We can say that
at this point, hydrostatic l;'(juiHbrium has been reached
and the protostar has reached the main .sequence - it is
now a main~sequence star.

As to be expected, a more massive protostar will
evolve in a different way. Protostars which have a mass
of about or greater than 4 10.10 contract and heat up at a
more rapid rate, and so the hydrogen burning phase
begins earlier. The net result is that the luminosity will
stabilise at approximately its final value, but the surface

11 w~ .hall ...-r why lh~ SUR i. o~u~ in a later kClion.
'"Il«aJJ (rom an ~arlier kClion lhat lh~ luminosily i. proponional to
the square of the ,.dius and to th~ fourth power of th~ ,urfa~e

tempentu,~.
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temperature will continue to increase as the protostar
continues to shrink. The evolutionary track of such a
high mass protostar illustrates this on the H-R diagram;
the luminosity is nearly horizontal (meaning nearly
constant luminosity) from right to left (increasing
surface temperature). This is especially so for the stars
at mass 9 Mo. and 15 Me.

An increase in mass will result in a corresponding
increase in pressure and temperature in the interior of a
star. This is very significant be<ause it means that in the
very massive stars. there is a much greater temperature
difference between the core and its outer layers as
compared to. say, the Sun. This allows convection to
occur much deeper into the interior regions of the star.
In contrast to this, the massive star will have very low
density outer layers, and so energy flow in these regions
is more easily performed by radiative methods than by
convective methods. Thus, stars on the main sequence
which have a mass greater than about 4 Mo. will have
convective interiors and radiative outer layers, whilst
stars less than about 4 Me. will have radiative interior
regions and convective outer layers.

Atthe very low end of the mass scale, those stars that
have a mass less than about 0.8 Mo. have a very
different internal structure. In these objects, the interior
temperature of the protostar is insufficient to ionise the
inner region and .so is too opaque to allow energy
transport by radiation. The only possible method to
transport the energy to the outer layers is by
convection. In these stars, convective methods are the
only means of energy transport. EJ(amples of the
interior structures of low·mass, high-mass, and very
low-mass stars are shown in Figure 2.3.

A very important point to make here is that all the
evolutionary tracks shown on Figure 2.1 end at the
main sequence. Thus, the main sequence represetrls
those stars in wlrich lIudear fusion reactions are
prodllcillg ellergy by collver/itlg hydrogell to helium.
For the large majority of stars this is a stable situation,
and this end point on the main sequence can be
represented by a Mass-LumillosilY Relatiollship, which
is shown in Figure 2.4. What this diagram implies is that
the hot bright blue stars are the most massive, whilst
the faint dim cool stars are the least massive. 19 Thus,
the H-R diagram is a progression not only in

,. Thue is no mal.$-lumioosily relationship for white dwarfs. giant.
and supergiant stars. The reaSOnS for ..'!Iich will be uplained in
Chap!... 3.

pr
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luminosity and temperature but in mass as well. This
can be succinctly summed up as "the greater the mass,
the greater the luminosity".

For stars on the main sequence, there is a ratio
between the mass and luminosity. Basically. the more
massive the star. the greater its luminosity. A star of
mass 10 Mo. has about 3000 l.o; similarly, a slar of
mass 0.1 M0 • has a luminosity of only 0.001 l.o.

Now that we have discussed how stars are formed,
and how star birth is described by the H-R diagram, it
is important that I emphasise two factors that can cause
confusion. Firstly, if you look at the evolutionary track
of protostars, several of them, especially, the high-mass
protostars, begin in the upper right region. But they are
1101 red giam stars! The red stars are at a stage in their
lives that occurs only afrer being a main sequence star.
The second point to note is most stars spend mas/ of
their lives on the main sequence, and only a relatively
brief time as protostars. For example, a 1 M0 protostar
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takes about 20 million years (0 become a mam­
sequence star. whilst a 12 Mo may only take 20,000
years. In contrast, a star like the Sun has been a main­
sequence star for nearly S billion years. and will remain
one for another 5 billion!

One final point is that the masses of stars have limits.
Using theoretical models, astronomers have deduced
that stars above =::: 1SO-2oo Mo cannot form. They
generate so much energy that gravity cannot contain
their internal pressure. These stars literally tear
themselves apart. At the other end of the scale, there
is also, not surprisingly. a lower limit. Those stars with a
mass of less than 0.08 M0

lO can never achieve the
10 million K core temperature necessary to initiate
nuclear fusion. So what is actually formed can be
thought of as a "failed star" that will slowly radiate
away all its internal energy. gradually cooling with time.
These objects have been called brown dwarfs. and seem
to occupy a strange area between what we think of as a
planet and a star. Brown dwarfs radiate in the infrared,
so making them very difficult to detect. The first known
detection was in 1995 of Gliese 2298, a 0.05 M0 object.

.. This figure of 0.08 Me is around 80 times the mass of Jupiter.

or
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Many astronomers believe these small elusive objects
are far more common than previously thought and may
in fact be the most common form of ordinary maue~l

in the universe.
From an observational point of view, this period

in a star's life does not present us with many observable
opportunities. The protostars are cocooned within vaSI
douds of gas and dust. and are therefore invisible to us.
Some objects are of course visible if infrared telescopes
are used. However, it is always worthwhile looking at
areas of the night sky where we know such objects
exist even though they cannot be seen. We can always
use our imagination as we gaze at them and think
that hidden deep in these douds are stars in the process
of being formed. Such an object is of course the
Orio/1 Nebula.

-05 27'05~ 35..4"NGC 1976

• 1-5 $ 65 =; 60' O"on
Also known as the Orioll Nebula. The premier emission nebula and one of the most
magnificent objects in the entire sky. It is part of the vast Orion complex which contains
star forming regions., molecular douds, and all sorts of nebulae! Visible to the naked eye
as a barely resolved pateh of light, it shows detail from the smallest aperture upwards. In
binoculars its pearly glow will show structure and delail, and in telescopes of aperture
10 cm Ihe whole field will be filled. The entire nebulosity is glOWing owing to the light
(and thus energy) provided by the famous Trapl'zium stars located within it. These stars
are stellar power houses, pouring forth vast amounts of energy, and are fairly new stars.
What are also readily seen along with the glowing nebula are the dark, apparently empty
and starle$S regions. These are still part of the huge complex of dust and gas, but are not
glowing by the process of fluorescence - instead they are vast clouds of obscuring dust,
the dark nebulae mentioned previously. The emission nebula is one of the few that shows
definite colour. Many observers report seeing a greenish glow, along with pale grey and
blue, but to ob~e any colour besides gray will need excellent observing conditions.
Also, amateurs state that with very large apertures of 3S cm a pinkish glow can be seen.
I..ocated within the nebula are the famous Kleinman/I-Low Sources and the Becklin­
Neugeboutr Object, which are believed to be dust-enshrouded young stars. The whole
nebula complex is a vast stellar nursery. M42 is at a distance of 1700 light years, and
aboul 40 light years in diameter. Try to spend a long time observing this object _ you will
benefit from it, and many observers just lei the nebula drifl into the field of view. See Slar
Ma s 17,38,41 and 42.

1I By "ordinary" I mean mal1e. composed of atoms, to distinguish it
from "dark mailer" _ whatever thaI may be!
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2.7 Mass Loss and
_Mass Gain
2.7.1 T Tauri Stars

Having read the previous se<"tions you may have gained
the idea that star formation is simply a matter of material
falling inward due to gravity. In fact, most of the material
that makes up a cloud is ejected into space, and never
forms any stars at all. This ejected material can help sweep
away the gas and dust that's surrounding the young stars
and make them visible to us. Several examples of such a
process can be seen in the ROS4!tle Nebula, the Trifid
Nebula and the Bubble Nebula, mentioned earlier.

There are also examples of individual objects that
eject material into space during this aspect of a star's
birth. These are called T Tallri stars, which are
protostars whose luminosity can change irregularly in
a matter of just a few days, and which also have both
absorption well as emission lines in their spectrum. In
addition, due to the conflict between gravitational
contraction and hydrogen burning in these first stages
of main-sequence stability, the element lithium is
produced. Spectral lines of lithium arc a signature of
protostars of the T Tauri type. The masses of these stars
are less than about 3 M0 and they seem to be about
1 million years old. If placed on a H-R diagram, they
would be on the right-hand side of the main sequence.
By analysing the emission lines we can see that
surrounding these protostars are very thin clouds of
very hot gas, which the protostar has ejected into space
with speeds of about 80 km S-1 (300,000 km h- I

). A
T Tauri star bears a superficial resemblance to the Sun,
in that it will exhibit a spectral type of F, G or K, with a
surface temperature of 4000-8000 K.

Over the period of a rear, a trrical T Tauri star would
have ejected about to- to to- solar masses. You may
think that this is a very small amount, but compared to
the Sun, which looses about 10-· Mo a year, it is
significant. This phase of a protostar, called the T Tauri
phase, can last as long as 10 million years, during which
it can eject roughly I M0 of material. A consequence of
this is that the mass of the final main-sequence star is
very much less than the mass it stared with. As these are
objects associated with star birth, they are often, if not
always, found near or in the Milky Way.
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Other young stars which have masses greater than
3 Mo do not vary in luminosity like T Tauri stars. They
do eject mass, however, due to the extremely high
radiation pressure at their surfaces. This class of star
are called Ae or Be stars. Stars which are greater than
10 fo.'!o will reach the main sequence before the
surrounding dust and gas from which they formed will
have had a chance to disperse, and so these stars are
often defected as highly luminous infrared objects
located within molecular clouds.

Fortunately for us as observers, there are several
examples of T Tauri stars that are observable. They are,
however, extremely faint, and so only the archetypal
one is mentioned below,

04~ 22.0"

dGe-Kle

.. 19' 32' Oct-Nov--De<;.

Taurus
This star is aoout 1.8 west and slightly north of ~ (epsilon) Tauri, the northern-most
bright star in the famous "v" shape of the Hyades star cluster. DiSCOI'ered in 1852 by
I, Hind (who also discovered the associated nebula, Hifld's Variable Nebula). The star
varies irregularly in several aspects: the brightness varies from about 8'h to 13'h
magnitude, the period, with a range from a few weeks to perhaps a few months, the
spt<trum varying from G4 to G8. Oddly enough, the variation in spectral type does not
ne<:essarily correlate with variability with magnitude. T Tauri and the nebula lie within
the Taurus Dark Cloud Complex, within which there are numerous, but faint, variable
nebulae and recently formed stars (other T Tauri and similar stars are VV Tallri and FU
Orro"is22

), See Star Ma C','C. ~ _!

2.7.2 Discs and Winds

One aspect of protostar formation that came as a surprise
to astronomers in the late twentieth century, was a
curious phenomenon that was observed in many young
stars, including the T Tauri stars mentioned above. It
involves a loss of maSS, once again, but the mass loss is
directed out from the young star in two jets. These are
very narrow, usually flowing out along the rotation axis
of the star, and in opposite directions, This jet outflowing

'1 Slars named after !he FU Orionis prototype are also ....orth
ol»trving. II is nOw believed that the activity of FU Orionis (and
similar slars) is related to lite T Tauri vari3bles. T Taur; v3riation5
may lflUlt from in5[jlbilit;e5 within and ;nte",ctiQns ....ith the
5urrounding accretion disk, FU Or;oni. activity is cau<e<! by a
dramatic increase in i.l<1ability due to !he dumping of large amounts
of mater;al on an accompanying .tar. Many a.lronomers believe lhat
aU T Taur; .ta... p.obably go through FU OrioniHype behaviQur one
or more timn in their devetopment.
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is referred to as a bipolar outflow. The material is moving
with a velocity that can reach several hundred kilometres
per second, and sometimes interacts with the surround·
ing debris left over from star formation to form clumpy
knots of material called Herbig-Haro objects. The lifetime
of such a phenomenon is relatively short, maybe from
10,000 to 100,000 years. The mechanism which forms
these jets is not yet fully understood, although it is
believed to involve magnetic fields.

We have discussed mass loss in a protostar, hut there
exists a mechanism that can add mass to the normal
star formation process. Recall that a protostar is formed
from infalling gas and dust due to gravity. As this cloud
of denser material clumps together, the protostar
nebula will begin to rotate. This is just a consequence
of physics, and is called the "Conservation of Angular
Momentum", The material will flallen itself out and
form a disc, or protostellar disc, as it is called. The gas
and dust particles within the nehula collide and spin
inwards onto the forming protostar, thus adding to its
mass, This process is often called accretion, and the
build up of material onto the ever-faster rotating disc is
called the circumstellar accretion disc,

The interactions between the magnetic fields, the jets
and the accretion disc is thought to slow down the
protostar's rotation, which would then explain why
most stars have a much slower spin than protostars of
similar mass,

Since the 1990s, the discovery of accretion disks round
new stars led astronomers to speculate that these are the
precursors to possible planetary formation. Many of
these splendid objects were discovered in Orion, but are,
naturally, unobservable for the amateur astronomer,

Stars do not form in isolation. You don't get one star
forming here, and perhaps another forming over there!
A dark nebula can contain the material that could form
hundreds of stars, and so stars tend to form in groups,
or clusters.

However, the stars thai form out of thc same cloud of
material will not necessarily all have the same mass. Far
from il. The masses will differ, and as a consequence,
reach the main sequence at differing times, As I
mentioned earlier, high-mass stars will evolve faster
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than low-mass slars, and so at a time when these high
mass stars are shining brightly as stars in their own
right, the low-mass protostars may still be cocooned
with the their dusty mantles. A consequence of this is
that the intense radiation emitted by the new, hot and
bright stars may disturb the normal evolution of the
low-mass stars, and so reduce their final mass.

Over time, however, the stellar nursery of young stars
will gradually disperse. Calculations predict that
massive stars have much shorter life spans than smaller,
II"Ss massive onl"S, so you can easily see that some stars,
t.hl" more massive ones, do not live long enough to
escapi" thl"ir birthplace, whereas, a smalll"r star, say. of
solar-mass sizl", will in most cases easily escape from its
stellar birthplace.

It's worth noting, in relation to stars of mass about
equal to that of the Sun, that where there may be several
thousand of the objects, thl" combined gravitational
attraction of so many stars may slow down the dispersion
of the group. [t really depends on the star-density and
mass of the particular cluster. Thus the conclusion is that
the most dense or closely packed clusters, which contain
solar-mallS-sized stars, will be the ones that contain the
oldest population of stars, while the most open clusters
will have the youngest star population.

Open clusters, or gn/netic clusters, as they are
sometimes called, are collections of young stars,
containing anything from maybe a dozen members to
hundreds. A few of them, for example, Messier I J in
ScUium. contains an impressive number of stars,
equaling that of globular clusters, while others seem
little more than a faint grouping set against the
background star field. Such is the variety of open
clusters that they come in all shapes and sizes. Several
are over a degree in size and their full impact can only
be appreciated by using binoculars, as a telescope has
too narrow a field of view. An example of such a large
duster is Messier 44 in Cancer. Then there are tiny
clusters, seemingly nothing more than compact multi­
ple stars, as is the case with IC 4996 in Cygnus. In some
cases all the members of the cluster are equally bright,
such as Ca/dwell 7/ in Puppis, but there are others
which consist of only a few bright members accom­
panied by several fainter companions, as is the case of
Messier 29 in Cygnus. The stars which make up an open
cluster are called popularion J stars, which are melal­
rich and usually to be found in or near the spiral arms
of the Galaxy.

p' m
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Tne size of a cluster can vary from a few dozen light
years across, as in the case of NGC 255 in Cassiopeia, to
about 70 light years across, as in either component of
Caldwell 14, the Perseus Double Cluster.

The reason for tne varied and disparate appear­
ances of open clusters is tne circumstances of their
births. It is the interstellar cloud which determines
both the number and type of stars that are born
within it. Factors such as the size, density, turbulence,
temperature, and magnetic field all playa role as the
deciding parameters in star birth. In the case of giant
molecular clouds, or GMCs, the conditions can give
rise to both 0- and B-type giant stars along with solar­
type dwarf stars - whereas in small moleeular clouds
(SMCs) only solar-type stars will be formed, with
none of the luminous B-type stars. An example of an
SMC is the TaUTIIS Dark Cloud, which lies just beyond
the Pleiades.

By observing a star cluster it allows us to study in detail
the process of star fonnation and interaction between
low- and high-mass stars. As an example, look at
Figure 2.5 which shows the H-R diagram for the cluster
NGC 2264, located in MonO(eros. Note how all the high­
mass stars. wnicn are the nottest stars wilh lemperature of
about 20,000 K, have already reached the main sequence,
whilst those with temperatures at about 10,000 K or cooler
have not. These low-mass and cooler stars are in the latter
stages of pre-main-sequence star fonnation with nuclear
fusion just about beginning at their cores. Astronomers
can compare this H-R diagram with the theoretical
models, and have deduced that this particular duster is
very young at only two million years old.

By comparison, we can look at the H-R diagram for
a very famous cluster - the Pleiades star cluster,
Figure 2.6. We can see straight away that the cluster
must be older than NGC 2264, because most of the
stars are already on the main sequence. From studying
Ihe Pleiades H-R diagram, astronomers believe the
cluster to be about 50 million years old. Also look at
the area on the H-R diagram, which has a temperature
of about 10,500 K, and luminosities ranging from 10 to
102 4. You will see a few stars that do not seem to lie
on the main sequence. This isn't because they are still
in the process of being formed. On the contrary, these
massive stars have left the main sequence. They were
amongst the first to be formed, and thus are the oldest,
and are now evolving into a different kind of star. As
we shall see later, all Ihe hydrogen at Ihe centre of

p' m
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these stars has been used Up,13 and helium burning is
now proceeding.

An interesting aspect of open clusters is their
distribution in the night sky. You may be forgiven in
thinking that they are randomly distributed across the
sky, but surveys show that although well over a
thousand clusters have been discovered, only a few
are observed to be at distances greater than 25° above
or below the galactic equator. Some parts of the sky are
very rich in clusters - Cassiopeia, and Puppis - and this
is due to the absence of dust lying along these lines of

Figure 2•.5. NGC
2264 This young slor
duslef is about 600 pc
/rom Eorth. (lnd oontoins
mony T Touli SIo'5. Each
dol is (I slor whose
lempe.-ature ond
luminosity Itm been
meowred.

" Remem~r Iltal Itydrogen burning is a cltan.cleriSlic for Slars on
lhe main M'quencc.
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sight, allowing us to see across the spiral plane of our
Galaxy, Many of the dusters mentioned here actually lie
in different spiral arms, and so as you observe them you
are actually looking at different parts of the spiral
structure of our Galaxy.

[ mentioned earlier that stars are not born in
isolation, neither are they born simultaneously. Recall
that the more massive a star the fasler it contracts and
becomes stable, thus joining the main sequence, and
this results in some clusters having bright young 0
and B main sequence stars, while al the same time
containing low-mass members which lllay still be in the
process of gravitational contraction, for example the
star duster at the centre orthe Ltlgooll Nebula. In a few
cases, the star production in a cluster is at a very early
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stage, with only a few stars visible, the majority still in
the process of contraction and hidden within the
interstellar doud.

A perfect example of such a process is the open
cluster within Messier 42, the OriOIl Nebula. The stars
within the duster, the Trapezium, are the brightest,
youngest and most massive stars in what will eventually
become a large duster containing many A-, F· and G­
type stars. However, the majority are blanketed by the
dust and gas douds, and are only detectable by their
infrared radiation.

As time passes, the dust and gas surrounding a new
duster will be blown away by the radiation from the 0­
type stars, resulting in the duster becoming visible in its
entirety, such as in the case of the young duster
Caldwell 76 in s<orpius.

Once a cluster has formed it will remain more or less
unchanged for at least a few million years, but then
changes within the duster may occur. Two processes
are responsible for changes with any given duster. The
evolution of open dusters depends on both the initial
stellar content of the group and the ever pervasive pull
of gravity. If a duster contains 0-, B- and A-type stars,
then these stars will eventually become supernovae,
leaving the cluster with slower-evolving, less massive
and less luminous members of type A and M stars. A
famous example of such a cluster is Caldwell 94, the
Jewel Box in Crux, which is a highlight of the southern
sky, and. alas, unobservable to northern hemisphere
observers. However, these too will become supernovae,
with the result that the most luminous members of a
duster will, one by one, disappear over time. This
doesn't necessarily mean the demise of a cluster,
especially those that have many tens or hundreds of
members. But some, which consist of only a few bright
stars, will seem to meld into the background star field.
However, even those dusters that have survived the
demise of their brighter members will eventually begin
to feel the effect of a force which pervades everywhere ­
the Galaxy's gravitational field. As time passes, the
duster will be affected by the influence of other dusters
and the interstellar matter itself, as well as the tidal
force of the Galaxy. The cumulative affect of all these
encounters will result in some of the less massive
members of the duster acquiring enough velocity to
escape from the duster. Thus, given enough time, a
duster will fade and disperse. (Take heart, as this isn't

p' m
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likely to happen in the near future so that you would
notice: the Hya,les star duster, even after having lost
most of its K- and M-type dwarf stars, is still with us
after 600 million years!)

For the amateur, observing open dusters is a very
rewarding experience, as they are re-adily observable, from
naked-eye dusters to those visible only in larger telescopes.
Happily, many of them are best viewed by binoculars,
especially the larger clusters that are of an appreciable
angular size. Funhermore, nearly all have double or triple
stars within the duster, and so regardless of magnification
there is always something of interest to be seen.

From the preceding chapter you will know that
colour in observed stars is best seen when contrasted
with a companion or companions. Thus an open duster
presents a perfect opportunity for observing star
colours. Many dusters, such as the ever and rightly
popular P/eiQlles, are all a lovely steely blue colour. On
the other hand, Caldwell 10 in Cassiopeia has contrast­
ing bluish stars along with a nice orange star. Other
dusters have a solitary yellowish or ruddy orange star
along with fainter white ones, such as Messier 6 in
Scorpius. An often striking characteristic of open
dusters is the apparent chains of stars that are seen.
Many dusters have stars that arc across apparently
empty voids, as in Messier 41 in Canis Major.

Because open dusters display such a weahh of
characteristics, different parameters are assigned to a
duster which describe its shape and content. For
instance, a designation called the Tnl7npler type is often
used. It is a three-part designation that describes the
duster's degree of concentration, that is, from a packed
duster to one that is evenly distributed, the range in
brightness of the stars within the duster, and finally the
richness of the cluster, from poor (less than 50 stars) to
rich (more than 100). The full dassification is:

Trumpler Classification for Star Clusters

Concentration
Detached - strong concentration of stars towards
the centre.

H Detached - .....eak concentration of stars towards the
centre.

III Detached - no concentration of stars towards the
centre.

IV Poor detachment from background star field.
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Range of brightness
I Small range.
2 Moderate range.
3 Large range.

Richness of duster
p Poor (with less than 50 stars).
m Moderate (with 5O~100 stars).
r Rich (with more than 100 stars).
n Cluster within nebulosity.

Two further and final points need to be mentioned
which can often cause problems: the magnitude and size
of the cluster. The quoted magnitude of a duster may be
the result of only a few briglll stars, or on the other hand
may be the result of a large number of faint stars. Also,
the diameter of a cluster is often misleading. as in most
cases it has been calculated from photographic plates,
which. as experienced amateurs will know, bear little
resemblance to what is seen at the eyepiece.

Although magnitudes and diameters may be quoted in
the text, do treat them with a certain amount of caution.

In the descriptions given below, the first line lists the
name, the position and the approximate midnight transit
time, the second line the visual magnitude (this is the
combined magnitude of all stars in cluster), object size in
arcminutes (m), the approximate number of stars in the
duster (bear in mind that the number of stars seen will
depend on magnification and aperture, and will increase
when large apertures are used, thus the number quoted is
an estimate using modest aperture), the Trumpler
designation and the level of difficulty (based on the
magnitude, size and ease of finding the cluster).

NGC 2287 06· 47.0'" -20" 44' Dae-Jan--feb

4.5m $ 3S' 70 II 3 m Conis Maio"
Easily visible 10 the naked l'}'t on very clear nights as a cloudy spot slighlly larger in sitt
than the full moon. Contains blue O-Iype giant Slars as well as several K-Iype gianls.
Currenl research indicates lhalthe cluster is about 100 million years old and occupies a
volume of space 80 light years in diameler. See Slar Map 45.

NGC2360 07~ 17S'" -1537' Dae-Jon--feb

7,2m $12' SO 112m ConiiMojor
A beauliful open c1usler, irregularly shaped and very rich. There are many faint stars,
however. so the cluster needs moderate-aperture telescopes for lhese to be resolved,
although il will appear as a £aim blur in binoculars. This is believed to be an old duster
wilh an eSlimated age or around 1.3 billion years. See Star Map 45.
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Caldwell 64 NGC 2362 07~ 18.8'" -24~ 57' Dec-Jon-feb

4.1 m lil 8' 60 I 3 P n Canis Major

A very nice duster, tightly packed and easily seen, With small binoculars the glare from
r CMa tends to overwhelm the majority of stars, but the duster beromc:s truly impressive
with telescopic apertures; the bigger the aperture, the more stunning the vista, It is believed to
be very young - only a couple of million years old - and thus has the distinction ofbeing the
youngest duster in our Galaxy. Contains 0- and a·type giant stars. See Star Map 45.

NGC 2548 OS" 13.S" ..()5G 4S' Dec-Jon-feb

5.8m lil55' 80 13 r Hydro

Located in a rather empty part of the constellation Hydra, this is believed to be the
missing Messier object It is a nice cluster in both binoculars and small telescopes, In the
former, about a dOlen stars are seen, with a pleasing triangular asterism at its centre,
while the latter will show a rather nice but large group of about 50 stars. Many amateurs
often find the duster difficult 10 locate for the reason mentioned above, but also for the
fact that within a few degrees of M48 is another nameless, but brighter, cluSler of stars
which is often mistakenly identified as M48. Some observers claim that this nameless
group of stars is in fact the correct missing Messier object, and not the one which now
hears the name. See Star Map 48.

NGC 2632 OS~ 40.1'" .. 19' 59' Dec-Jon-feb

3.1 m lil 95' 60 II 2 m Cancer

A famous cluster, cal1«1 Praesepe (the Manger) or the Beehive. One of the largest and
brightest o~n clusters from the viewpoint of an observer. An old cluster, about 700
million years, distance 500 light j'ears, with the same space mOlion and velocity as the
Hyades, which suggests a common origin for the two clusters. A nice triple star, Burnham
584, is located within M44, located just south of the cluster's centre. A unique Messier
object in that it is brighter than the stars of the constellation within which it resides.
Owing to its large angular size in the sky, it is best seen through binoculars or a low­
power eyepiece, See Star Maps 43 (page 112) and 49 (page 119).

NGC 2500 08~ 00.2'" -1 ()' 47' Dec--Jan-feb

7.6m lil 7' 100 I 2 r .Monoceros
A nice, rich and concentrated cluster, best seen with a telescope, but one that is often
overlooked owing to its faintness even though it is just visible in binoculars. Includes
many llth- and 12th-magnilUde stars. It is a very old cluster, around 2 billion years, and
contains several blue stragglers. These are old stars that nevertheless have the spe<:trum
signatuTI'S of young Slars. This paradox was soh'ed when rescal"(:h indicated that the
young-looking stars arl' the resull of a ml'rger of two old stars. Sel' Star Map 45.

NGC 2682 08~ 50.4'" .. II· 49' )an--F-.......or

6.9m $ 30' 200 II 2 m Cancer
Oftl'n oVl'rlookl'd owing to its pro~imity to M44, it is Rl'VerthcJl'ss very pleasiRg. Howevl'r.
the stars it is composed of are faint ORI'S, so in binoculars il will bl' unrl'solved, and seen
as a faiRt misty glow. At a distance of 2500 light years, it is believed to be Vl'ry old,
possibly 9 billion years, and thus has had time to move from the Galactic Plane, the usual
abode of open dustl'rs, to a distance of about 1600 light yl'ars off the planl'. See Star Maps
45 (page IlJ) and 49 (page 119).
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NGC 6231 16h 54,0" -41 48' .Moy-Jun-Jul

2.6m $14' 100 13p Scorpiu$

A superb duster located in an 3wt>-inspiring region of the sky. Brighter by 2.5 magnitudes
than its nonhem cousins. the double duster in Perseus. The cluster is full of spectacular
stars: very hot and luminous Ootype and BO-type giants and SUpo.'rgiants. a coupk of IVQIj­
Rayet stars. and ~ I Srorpii. which is a Bl.5 [a extreme sUp<'rg.iant star with a luminosity
nearly 280,000 times that of the Sun! The duster is thought to be a member of the stellar
a.ssoci3tionH SeQ OBI. with an estimated ag... of 3 million years. A wonderful object in
binoculars and telescopes. the dust...r contains many blu.... orange and y...llow stars. 11 lies
between II /oj Scorpii and c" Scorri;. an area rich in spectacular views. See Star /IIap 48.

8,6m $60' 100 N2pn Scorpius

A loose and scattered cluster, set against the backdrop of the Milky Way. It is. along with
nearby Col/it'der 3J6. the (ort' of tht' Srorpill5 OBI stellar association. Set' Star /IIap 48.

$ 80' 80 I 3 r Scorpius

An t'normous and spectacular duster. It prt'St"us a tint' spcrtaclt' in binoculars and
telescopes. containing over 80 blue-white and 1'31e yellow stars. It is only jllS! o"er 800
light rears away. but is owr 200 million years old. /IIany of the stars are around 6th and
7th magnitude, and thus should be rt'SOlvable with the naked eye. See Star Map 48.

18"16,5'" -18 50' Moy-Jun-Jul

2.5m $ 95'~3S' Sag;Mar'u.

Another superb object for binoculars. This is the Small Sagillarius Slar Clorl/I. visible to
the naked eye on clear nights. and nearly four times the angular size of the Moon. Th ...
cluster is in fact pari of Ihe Norma Spiral Arm of our Galaxy. located 3OOU' 15,000 ligJlI
years frolll us. The faint background glow from innumerable unresolved stars is a

backdrop to a breathtaking display of 6th- to 10th-magnitude stars. It also includes
several dark nebulae. which adds to the three-dimensional impression. Many regard the
eluSler as truly a showpiece of the sky. See Star Map 48.

NGC 6611 18h 1B.8'" -13 47' M<ly-.-Jun-Jul

$ 22' 50 113m n Serpens Couda

A tine large cluster easily St'en with binoculars. It is about 7000 light years away. located
in the SagiWlCi"s-Carilw Spiral Arm of the Galaxy. [ts hot O-tyPe stars prOVide the
energy for the Eagl/' Nebula, within which the cluster is embedded. A very young cluster
of only 800.000 years, with a few at 50.000 rears old. See Star Map 48.

,. Sf.t nut R'<:l'on .
.. Located within Sagittarius are numerOus open dusters. Only the
br'&I'lesl ore [,sted here.



Beginnings - Star Birth

lC4725 18~31.6'" _19' 15' Moy-Jun-Jul

lB 32' 40 13m Sogillorius

Visible to the nake<! eye, this is a pleasing duster suitable for binocular observation. It
contains several star chains and is also noteworthy for small areas of dark nebulosity that
seem to blanket out areas within the duster, but you will need perfect conditions to
appreciate these. Unique for two reasons: it is the only Messier objKt reference<! in the
Index Catalogue (Ie), and it is one of the few dusters to contain a Cepheid·type variable
star - USagillQrii. The star displays a magnitude change from 6.3 to 7.1 over a period of6
days and 18 hours. See Star Map 48.

NGC 6913 20" 23.9'" +38' 32' Jun-Ju~Aug

lil 7' 80 12m n Cygnus

A very small duster and one of only two Messier objt<:ts in Cygnus. It contains only
about a doz.en stars visible with small instruments, and even then benefits from a low
magnification. Howevl'r, studil's show that it wntains many more bright 80·type giant
stars, which arl' obscurt'd by dust Without this, thl' duster would be a Vl'ry spectacular
objed. See Star Map 47.

NGC 6705 18~ 51.1"' -06' 16' Jun-Jul-Aug

5.8m $ 13' 200 I 2 , Scutum
Also known as thl' Wild Durk Clusler, this is a gl'm of an objt<:1. Although it is visible with
binoculars as a small, tightly compact group, reminiscent of a globular duster, they do
not do it justicl'. With tell'scopes, however, its full majesty becomes apparent. Containing
many hundrt'ds of stars, it is a very impressive cluster. II takes high magnification well,
wherl' many more of its 700 members bt<:ome visible. At the top of the duster is a
glorious pale yl'lIow tintt'd star. See Star Map 48.

Ie 1396 21~ 39.'"' .57' 30' M-Aug-Sep

lil 50' 40 limn Cepheus

Allhough a telescope of at least 20 cm is net:dt'd to really apprl'riate this cluster, it is
nl'vertheless worth searching out. It lies south of Hersrhl'l's Gamet 5l1lr and is rich but
comprl'ssed. What makes this so special, however, is that it is cocoont'd within a very
largl' and bright nebula. See Star Map 46.

NGC 457 Ol~ 19.'"' +58' 20 Sep-Oct-Nov

6.4m lil 13' 80 I 3 , Couiopeio

This is a wonderful cluster, and can be considert'd onl' of the finest in Cassiopeia. Easily
seen in binoculars as two southward-arcing chains of stars, surroundt'd by many fainter
components. The gorgt'()us blul' and yellow doubll' 4J Cas$ and a lovely rt'd star, HD 7902,
lie within the cluster. Located at a distancl' of about 8000 light yl'ars, this young cluster is
locatl'd within the Perseus Spiral Arm of our Galaxy. See Star Map 46.
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NGC 752 Ol~ 57.8" +37" .41' Sep-Od-Nov

5.7m $ 45' 77 nl I m Ar!d.ornedo
Best seen in binoo::ulars. or even al low powers in a telescope, this is a large, loosely
Siructured group of stars containing many chains and double stars. Ues about S" south­
south-west of y Alldromellac. Often underrated by observing guides, it is worlh seeking
out. It is .. c1usler of intermediate age. See Star Map 46.

Coldwell 14 NGC 869 0211 19.0'" +57" 09' Sep-Od-Nov

5.3m Ell 29' 200 I 3 r P~.

NGC 884 02~ 22.4'" +57" 07'

6.lm Ell 29' 150 a2p
The famous Doubli! ousrl'r in Perseus is a highlighl of the northern hemisphere winter sky.
Strangely, never catalogued by Messicr. Visible to the naked eye and best seen using a low­
power, wide-lield oplical system. But whatever system is used, the views are marvelous. NGC
869 ha$ around 200 members, while NGC 884 has about ISO. Both are composed of A-type and
B-type supergiant stars with many nice red giant stars.. However, the systems are dissimilar;
NGC Il69 is 5.6 million years old (at a distance of 7200 light years), whertas NGC 884 is
younger at 3.2 million (at a distance of 7500 light years). But be advisM that in astrophysics.
especially distance and age determination, there are very la~ erran! Also, it was found that
nearly half the stars are variables of the type Be, indicating that they are youn§.stars wi~
possible circumstellar discs of dust. Both are pan of the Pe~usOBI AssociIltiO/l from which
the PeJ"fe1lS Spiral Arm of the Galaxy has bem named. Don't rush these dusters, but spend a
long time observing both of them and the background star fields. See Star Map 46.

Mcnier45 MeIoHe 22 03~ 47.0'" +240 or Od-Nov--Oec

1.2m III 110' 100 I 3 r Taurus

Without a doubt the sky's premier star duster. The Stvrn Sisters or Pleiades, is beautiful
however you observe it _ naked-eye, through binoculars or with a telescope. To set: aU the
members at one go will require binoculars or a rich·field telescope. Consisting of over 100
stars, spanning an area four times that of the fun Moon, it will never cease to amau. It is often
stated that from an urban location 6 to 7 stars may be glimpsed with the naUd eye. However,
it may come as a surprise to many of you that it has 10 stars brighter than 6th magnitude, and
that seasoned amateurs with perfect conditions have reported 18 being vislble with the naked
l')·e. It lies at a distance of 410 light years. is about 20 million years old (although some report
it as 70 million) and is the 4th-nearest duster. It contaim many stunning blue and white B­
type giants. The duster contains many double and multiple stars. Under perfea conditions
with exceptionally dean optics. the faint nebula NGC 1435, the Merope Nebula surrounding
the star of the same name (Merope - 23 Tauri), can be glimpsed, and was described by
W. Tempel in 1859 as "a breath on a mirror". However, this and the nebulosity associated
with tM other Pleiades are not, as they were once thought, to be the remnants of the
original progenitor dust and gas cloud. The cluster is just passing through an edge of the
Taurus DIlrk Cloud Co",ple:c. It is moving through space at a velocity of about 40
kilometre. a second, so by 32,000 AD it will have moved an angular distance equal to that
of the full Moon. The duster contains the stars Plei01le, Atla.. Alcyo1le, Merope, Maio,
Electta, Ctflle1l0, Taygcw and Asterope. A true celestial showpiece. See Star Map 44.

""stt S«Iion tl> ..... in this chapter for • diocWolion on Sldl••
assoculliolU.

p'
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MeIolIe25 04h 27.0"' +16"00' Oc~

0.5m lil 330' 40 113m Taurus

Also known as the Hyad~s. The nearest cluster after the UrSll Major Mov;/tg Stream, lying at
a distance of 151 light years. with an age of about 625 million years. Even though the cluster
is widely dispersed both in space and over the sky, it nevertheless is gravitationally bound,
with the more massive stars lying at the centre of the cluster. Best seen with binoculars
owing to the largt' utent of the cluster - over Sf. Hundreds of stars art' visible, including
the fine orange giant stars y. 3. l alld 0-1 Tauri. AJdeoorlln, the lovely orange K·type
giant star, is not a true member of the cluster, but is a foreground star only 70 light years
away. Visible even from light-polluted urban art'as - II rarity! S« Star Map 45.

Mossier 38 NGC 191 2 05~ 28.7'" +35" 50' ~-.Jon

6.4m lil21' 75 tll2m Auriga

One of the three Messier clusters in Auriga, and visible to the naked eye. It contains mllny
A-tyPf' main sequence and G-type giant stars, with a GO giant being the brightest,
magnitude 7.9. Is elongated in shape with several double stars and voids within it. It is lin
old galactic duster with a star density calculated to be about 8 sta" per cubic parsec. S«
Star Map 46.

05h 35.1" +09" 56' Nov-Dec-,Ion

«165' 20 II 3 P n Oriorl

This cluster surrounds the 3rd-magnitude stars i.. Oriallis, and includes Ip-l and rp-l
Orionis, both 4th-magnitude. Encircling the cluster is the very faint emission nebula
Sharpless 2-264, only visible using averted vision and an 011I filter with txtremely dark
skies. Perfect for binoculars. See Star Map 45.

NGC 2099 05~ 52.4'" .32" 33' NoY--Oec-Jon

5.6m lil20' 150 II 1 r Auriga

The finest cluster in Auriga. Contains many A-type stars and several red giants. Visible at
all apertures. from a soft glow with a few stars in binoculars to a fine, star-studded field in
medium-aperture telescopes. In small telescopes using a low magnification it can appear
as a globular cluster. The central star is coloured a lovely deep red, although several
observers report it as a much paler red, which may indicate that it is a variable star.
Visible to the naked eye. See Star Map 45.

NGC 2158 06~ 07.5''' +24' 06' Noy Dec-Jon

8.6m lil 5' 70 II 3 r Gemini

Lying at a distance of 160,00 light years. this is one of the most distant clusters visible
using small telescopes, and lies at the edge of the Galaxy. It needs a 20 cm telescope to be
resolved, and even then only a few stars will be visible against a background glow. It is a
very tight, compact grouping of stars, and something of an astronomical problem. Some
astronomers class it as intermediate betw«n an open cluster and a globular cluster, and
it is believed to be about 800 million years old, making it very old as open clusters go. See
Star Map 45.
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There exists another type of grouping of stars, that is
much more ephemeral and spread over a very large
region of the sky, and although not strictly associated
with star formation, they are, however, an integral part
of star evolution. Furthermore, as this is book which
deals with both the evolution ami observational
properties of stars, I think it wise to mention it here.
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A stellar association is a loosely bound group of very
young stars. They may still be swathed in the dust and
gas cloud they formed within and star formation will
still be occurring within the cloud. Where they differ
from open clusters is in the fact that they are enormous,
covering both a sizable angular area of the night sky,
and at the same time encompass a comparably large
volume in space. As an illustration of this huge size, the
Scorp;us-Celllilurus Association is around 700 by 760
light years in extent, and covers about 80 .

There are three types of stellar association:

• DB msocilltiol1s: containing very luminous 0- and
B- type main sequence, giant, and supergiant stars.

• B (lSsociati(JIIS: containing only B-type main
sequence and giant stars but with an absence of 0­
type stars. These associations are just older versions
of the OB association, and thus the faster evolving 0­
type stars have been lost to the group as supernovae.

• T Associariolls: are groupings of T Tauri type stars.
These are irregular variable stars that are still contract­
ing and evolving toward being A-, F-, and G- type main
sequence stars. As they are still in their infancy, more
often than not they will be shrouded in dark dust
douds, and those that arc visible will be embedded in
small reflection and emission nebulae (set' Chapter 4).

The OB associations are truly enormous objects, often
covering many hundreds of light years. This is a
consequence of the fact that massive 0- and B-type
stars can only be formed within the huge giant
molecular clouds which are themselves hundreds of
light years across. On the other hand, the T associations
are much smaller affairs, perhaps only a few light years
in diameter. In some cases, the T association is itself
located within or near an OB associatjon.

The lifetime of an association is comparatively short.
The very luminous O-type stars are soon lost to the
group as supernovae, and, as usual, the ever pervasive
gnwitational effects of the Galaxy soon disrupt the
association. The coherence and identity of the group
can only exist for as long as the brighter components
stay in the same general area of a spiral arm, as well as
having a similar space motion through the Galaxy. As
time passes, the a.type stars will disappear through
stellar evolution, and the remaining A.type and later
stars will now be sprt'ad over an enormous volume of
space, and the only common factor amongst them will
be their motion through space. The association is now
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called a stellar stream. An example of such a stream and
one which often surprises the amateur (it did me!) is
the Ursa Major Stream. This is an enormous group of
stars, with the five central stars of Ursa Major (The
Plough) being its most concentrated and brightest
members. Furthermore, the stream is also known as the
Sirius Superduster after its brightest member. The Sun
actually lies within this stream (more information
about this fascinating stream can be found below).

The Orion Association
This association includes most of the stars in the constellation down to 3.5 magnitude,
except for y Orionis and ,r Oriollis. Also included are several 4'h, 5'h, and 6,h magnitude
stars. The wonderful nebula M42 is also part of this spectacular association. Several other
nebulae (including dark, reflection and emission nebulae) are all located within a vast
Giam Molecular Cloud, which is the birthplace of all the O-and B-type supergiant, giant
and main SC<;juence stars in Orion. The association is believed to be 800 ly across and 1000
Iy deep. By looking at this association, you are in fact looking deep into our own spiral
arm, which, incidentally, is called the Cygnus~Cari'lIl Ann.

The Seorpius-(entaurus Association 550 Iy
A much older, but closer association than the Orion association. It includes most of the
stars of r", 2m! and 3'J magnitude ill $corpius down through Lupus and Centaurus to
Crux. Classed as a B-type association b«ause it lacks Ootype stars, its angular size on the
sky is around 80". It i. estimated to be 750" 300 Iy in size, and 400 Iy d""p, with the
centre of the association midway between" I.upi and { Cell/auri. Its elongated shape is
thought to be the result of rotational stresses induced by its rotation about the Galactic
celltre. Bright stars in this association include () Ophiuchi, p. v. ~ and (1 Scorpii, ". y
Lupi, t. ~. II and t Cenrauri, and PCruris.

The Zek! Persei Association t 300 Iy
Also known as Per OB1, this association includes ( and ~ Persei, as well as 40, 41 and 0
Per~ei. The California nebula, NGC 1499, is also within this association.

The Ursa Major Stream 751y
As briefly melltionedearlier in this s~tion, this stream includes the five central stars of
the Plough. [t is spread over a vast area of the sky, approximately 24 ,and is around 20
x 30 Iy in extelll. It includes as members, Sirius (a Callis Majoris), " Corm"'e /Jorcll/is,
~ Leonis, p Erirlani, ~ Aquarii, and f3 Serpelltis. Due to the predominance of At and AO
stars within the association, its age has been estimated at JOO million years.

The Hyades Stream
There is some evidence (although it is not fully agreed upon), that the Ursa Major stream
is itself within a much older and larger stream. This older component includes A144,
Praesepe in Cancer, and the Hyades in Taurus, with these two open clusters being the core
of a very large, but loose grouping of stars. Included within this are CI,pella (a Aurigae),,,
Callum Vellat;rorum, ~ Cauiopeiae alld). Ursae Majori~. The stream extends to over 200
light years beyond the Hyades star cluster, and 300 light years behind the Sun. Thus, the
Sun is believed to lie within this stream.
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The AlphCl Pc....,,; StreClm 540 Iy

11

Also known as Me/ot/e 20, this is a group of about 100 stars induding Ct Ptrsei, '" Ptrsei,
29, and J4 Ptrsei. The stars ~ and t Persei are believed to be amongst its most outlying
members, as they also share the same space motion as the main groups of stars. The inner
region of the stream is measured 10 be over JJ light years in length; the distance between
29 to '" Persei.

We have seen how,stars are formed from douds of dust
and gas, and how these douds dump together under
the force of gravity to form protostars. In addition, the
evolution of a protostar to a main-sequence star will
depend on the initial mass of the protostar, and so
determine where it will arrive on the main sequence.
But the one thing we have not mentioned is what causes
a protostar to form in the first place! This is the topic of
the final part in this section.

The mechanisms by which provides the "triggers" for
star formation have three very disparate origins:

• the spiral arms of a galaxy;

• expanding HI] regions;

• supernovae.

We mentioned earlier in this chapter that the spiral
arms of galaxies are a prime location for star formation
because the gas and dust clouds temporari';; "pile up"
as they orbit around the centre of a galaxy. In such a
spiral arm, the molecular clouds are compressed as it
passes through the region, In the molecular cloud's
densest regions, vigorous star formation can then
occur.

Massive stars, such as Ootype and B-type emit
immense amounts of radiation, usually in the ultravio­
let part of the spectrum. This in turn causes the
surrounding gas to ionise and an HIJ region is formed
within the larger molecular cloud. The strong stellar
winds and ultraviolet radiation that O-and B-type stars
possess can carve out a cavity within the molecular

" w~ ar~ lalking about spiral galuifl II~,~, and nO! dliptical.
E.Uiptical galaxifl a'~ ~Ii~ved to ~ lilt 'fluhs of m~rgn"$ ~twffn

spiral galuifl where llle rate of star formation is v~ry low.
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cloud, into which the HII region expands. The stellar
wind is moving at such a high velocity that it is
supersonic; i.e., faster than the speed of sound in that
particular region. A shock wave associated with this
supersonically expanding HII region then collides with
the rest of the molecular cloud. In doing so it
compresses the cloud and so further star (ormation
occurs. The new 0- and B-type stars which result from
this induce further Slar formation, but at the same lime,
the precursor 0- and B-type stars which originally
slaned the procedure, may well have dispersed by now.
In this manner an DB association "devours" a
molecular cloud, leaving older stars in ils wake.

The Orion nebula is one such example of such a
mechanism, where the four stars of the Trapezium are
ionizing the surrounding material. The nebula itself is at
the edge of a giant molecular cloud, some SOO,OOO Mo.

The final mechanism which is believed to induce
further star formation is a supernova, As we shall see in
a later chapter, a supernova is the death of a star, and
results in a catastrophic explosion usually blowing the
star to bits! What is important to us at this stage is that
the outer layers of the star are ejected into space at
incredible speeds, maybe several thousand kilometres
per second! This shock wave, which will be an
expanding shell of material, will be moving at super­
sonic velocities, and in a similar manner as mentioned
above, will impact on material in the interstellar
medium, and in doing so will compress and heat it.
In doing so, it will stimulate further star formation.

We have now covered the amazing processes involved
in forming stars, from vast clouds of dust and gas to
glowing spheres of nuclear fusion - the birth of a star.
However, do not think that we know all there is to know
about star birth, be<ause we don't! For instance, a spiral
arm that passes through a giant molecular cloud tends
to produce giant 0- and B-type stars, whereas the stars
induced by supernovae shock waves are predominantly
A-, F-, G-, and K stars. Also, in our home galaxy, there
often seems to be a lot of dust associated with star
formation that shields the newly born stars from the
destructive effects of ultraviolet traditional from other
hot stars that are close by. However, in a nearby galaxy­
Tlte Large Mage//allic C/ouffs (LMC) - it's been

,. 11 isn"l doud It all, Ihi, is jusl,ke nalm ancien' aSlronolmrs gaVt
.ht plaxy btfort 'My knew what i. rully wa5!
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observed that young OB associations have hardly any
dust at all! Nevertheless, what we do know is ama:ting,
and involves mechanisms from star death to the
rotation of galaJlOies.

The next section looks in detail at the steady and
stable middle ages of a star whilst it remains on the
mam sequence.



3.1 Introduction
~ - -

Most of the stars Ihal we observe in the night sky have all
gOI one thing in common - they are on the main
sequence. There are, of course, exceptions: Belelgeuse has
left the main sequence and has become a red giant star,
the hydrogen burning at the centre of its core has
stopped, and now helium is burning by fusion processes;
while Sirius B has evolved far from the main sequence
and has be<ome a white dwarf star, with no nuclear
fusion occurring at all within it. But for the large
majority, the main sequence is a stahle time, with only
small changes in mass and luminosity occurring.
However, as a star ages, changes occur in the way energy
is formed, and this in turn affects its size and thus its
luminosity, and so the star leaves the main sequence to
begin the next phase of its life. This chapter then will look
at these periods in a star's life, whether it is a small, low­
mass and cool star, or a bright, hot and high-mass star.

Before we start to look at the many types of star on
the main sequence, it will be helpful. and indeed
necessary for us to look at the nearest star to us - the
Sun. After all, astronomers have been studying the
closest star to us for a long time now, and so we have a
good idea of what's going on. I In looking at the Sun in

, Thi. i. of COl"~ an uaggfulion a$ only in I~ la$1 ltn )'t'.... have
Ulronome... solvcti (ponibly!) Iht problem of Ihe solar "eulri"o, a$
we .hall see in a laler ~Iion.
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detail, we will be able to see how energy is produced in
the core, and how this energy is transported to the
surface, and then to us on the Earth! We can then look
at other stars, and compare and contrast them with
what we know about the Sun.

In this section we shall look at the Sun bearing in mind
it is a star on the main sequl."nce. So I shall nol discuss
in any depth topics such as sunspots, the sunspot cycle,
elc} but concentratl." instl."ad on the internal structure,
means of energy production, and Ihe manner in which
energy is transported from its source to us on Earth.
With this approach it is possible 10 use the Sun as a
benchmark with which we can compare to stars that are
smaller, or bigger, than the Sun.

Due to thl." advances not only in astronomy, but in
computing as well, astronOml."rS have been able to
describe the conditions inside the Sun by solving
several equations that describe how the temperature,
mass, luminosity and pressure change with distance
from the centre of Ihe Sun. In order to solve them, we
need to know the mechanisms by which energy is
transported throughout the Sun, either with radiation
or convection, the chemical composition of the Sun,
and the rate of energy production at any specific
distance from its centre. Now although the equations
are simple to solve, computers are needed, so we will
just say that the results seem to match the observations,
which is always a good test for any theory.

Now let's take a look at the structure of Ihe Sun, and in
doing so, throw in some mind-blowing statistics as well!

The Sun's internal struclure is shown in Figure 3.1. The
visible surface of the Sun, called the photosphere, has a

, There are many eJCelient books available which are lotally de"OlM
10 the SUIl. See appelldices for a list of suitable luIS.
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Figure 3.1. The
Inlemal Slfuc!ure 01 the
So,.

temperature about 5800 K, and although it may look
like a well-defined surface from the Earth, it is in fact a
gas less dense than the Earth's atmosphere. Both the
density and temperature increase smoothly as we
progress from the surface to the core. Beneath the
photosphere is a very turbulent area, called the cOllvee·
tion zone, where energy generated in the core travels
upward, transported by rising columns of hot gas and the
falling of cool gas. This process is called convection. So
the photosphere is in fact the top of the convection zone.
Descending deeper through the convection zone the
pressure and density increase quite substantially, along
with the temperature. The density there can be far greater
than that of water, but remember that we are still talking
about a gas, albeit one in a very strange state. [t is usual
to call a gas under these extreme conditions of
temperature. and/or pressure, plasma.J The temperature
in this region is about 2 million K, and the solar plasma
absorbs the photons.

About one-third of the way down to the ,entre, the
very turbulent convection zone will gave way to the more
stable plasma of the radiation zone. Here the energy is
transported outward primarily by photons of X-ray
radiation. The temperature in this region is now about
10,000,000 K. At the central region. the core of the Sun.
the temperature is now 15,000,000 K, and it is here that
hydrogen is being transformed into helium. The pressure
in this region is nearly 200 billion times that surface
pressure found on the Earth. The central temperature

o Nuclear 'eo<:~on.

CO<<l produc<l <lr1efgy in core

Con~ec.ion zone

Radioli~e
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and pressure are both impressive; with the core
compressed to a density of about 150,000 kg cm-', which
is about 150 times the density ofwater.lt may come as a
surprise to some people that essentially all of the Sun's
energy is produced in the inner 25% of the Sun's radius,
which corresponds to about 1.5% of its volume. This is a
consequence of the very acute temperature sensitivity of
nuclear reactions. If we were to actually go to a point
about one-quarter of the distance from the centre of the
Sun to its core, the temperature would have fallen to
about 8,000,000 K, and at this lower temperature nuclear
fusion energy production will have fallen to practically
zero. So virtually no energy is produced beyond the inner
25% of the solar radius.

At the surface of the Sun, each kilogram of gas has
about 71% of hydrogen in it, whereas in the core, the
percentage of hydrogen will be much lower, around 34%.
The reason for this is obvious - hydrogen has been the
fuel for nuclear fusion for the past 4.6 billion years. The
total power output of the Sun, which is its luminosity, is
a staggering 3.8 x IOl6 joules per second. This may not
mean much to most of us, but if we could somehow
capture all this energy, e\'en if for only one second, then
it would be sufficient to meet all current energy demands
for the human race for the ne:tt 50,000 years! But
remember, only a tiny fraction of this reaches the Earth,
as it is all dispersed in (Ill directions into space.

The current model of energy production in the Sun is
that in which nuclear fusion is the generator of energy.
It is a source so efficient that the Sun will shine for 10
billion years, and as it is only 4.6 billion years old at the
moment, it has a long way to go! This current model of
solar-energy generation means that the Sun's size will
generally be stable, maintained by a balance between
the competing forces of gravity pulling inward, and
pressure pushing outward. This balance between forces
is called hydrostatic equilibrium (or sometimes gravita­
tiol/al equilibrium). What this means is that at any
given point within the Sun, the weight of the overlying
material is supported by the underlying pressure. You
may think that this is a simple concept, and 50 it is, but
it maintains the integrity of the Sun, and most stars in
the universe. When one or the other of the forces gains
the upper hand, however, the consequences are
spectacular, as we shall see in a later section. The
hydrostatic equilibrium in the Sun means the pressure
will increase with the depth. This makes the Sun
e:ttremely hot and dense in its core.

p' m
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The efficiency by which the energy is transported
outward by radiation is strongly influenced by the
opacity of the gas through which the photons flow. The
opacity describes the ability of a substance to stop
the flow of photons. For instance, when the opacity is
low (think of it as a clear day), photons are able to
travel much greater distances between emission and re­
absorption, than when the opacity is high (a foggy, hazy
day). If opacity is low, the transport of energy by
photons is very efficient. But when the opacity is high,
the efficiency is reduced, which leads to an inefficient
flow of energy and a higher rate of temperature decline.

To explain the Sun's energy we need a process that
involves the most abundant element in the Sun,
hydrogen. The fusion of hydrogen into helium was
first proposed in 1920 by the British astronomer, A.S.
Eddington, although the details were not fully under­
stood until 1940.

The hydrogen nucleus, which is the lightest of all
elements, consists of just one proton. The nucleus of
helium, however, has four nuclear particles - two
protons and two neutrons. So four hydrogen nuclei are
needed to make one helium nucleus. But we cannot
expe<:t four protons to collide together and instantly
make a helium nucleus. This is so unlikely to happen
that it has probably never happened before, not even
once, in the entire history of the universe. What
happens instead is a series of reactions involving two
reactions at a time. This series of reactions is called the
prawn-proto" chain.' The reactions begin with an
interaction between two protons which must come to
within 10-15 metres of each other in order for a nuclear
reaction to occur. There is a slight problem, however, as
the protons are positively charged and so, just like
magnets, they will repel each other. The resull of this
mutual repulsion is that most collisions between
protons do not result in any reaction. Instead, the

• tn Slars thaI a~ mor~ mUlin than th~ Sun, th~ fusion of hdium
occurs via a diff~rem ..,ri~. of ruction.. called th~ CNO cycl.... w~
shall discuss this lal~r.
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two protons deflect each other and move apart. At
room temperature there is no possibility at all that two
protons would collide with enough energy to get close
enough to instigate a reaction.

So, for any reactions to be able to occur, we need
something that will allow protons to move at very high
velocities. Such a place is the centre of the Sun (and, of
course, other stars). At the core of the Sun the
temperature is 15 million K, and a typical proton will
be travelling at about I million kilometres per hour. But
even at this fantastic speed, the likelihood of a reaction
occurring is still very smalL If we could watch a single
proton to see how long it would take before it
evemuaUy reacted with another proton in nuclear
fusion, we would be waiting about 5 billion years! The
important point here is that there are so many protons
in the Sun's core that, every second, 10'" of them can
undergo a reaction.

The sequence of steps in the proton-proton chain is
shown in Figure 3.2.

Step 1: Two protons fuse to form a nucleus consisting
of one proton and one neutron. This is the
isotope of hydrogen called deuterium eH). The

~
'H

~
'H 'H

~~

'H
+W+ V

'H +W+ V

'H

Figure 3.2. The
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Step 2:

Step 3:

other products formed are a positively charged
electron, called a pOSilWIl ({1+), and a nelllrillO

(v), a minuscule particle with a tiny mass. The
positron doesn't last long, however. It soon
meets up with an ordinary electron and the
result is the creation of two gamma rays, which
are rapidly absorbed by the surrounding gas,
heating up as a result. What happens to the
neutrino? We shall discuss that later.
The deuterium now fuses with a proton,
producing a helium nucleus ('He) and gamma
TtI,Y5. The JHe nucleus consists of two protons
and one neutron, whereas an ordinary helium
nucleus has two protons and two neutrons. This
step, of producing 'He from a deuteron, takes
place very rapidly, so that a typical deuteron in
the core of the Sun will survive for only
4 seconds before reacting with a proton.

Usually, the final reaction in the proton-proton
chain requires the addition of another neutron
to the 'He nuclei, thereby making normal ~He.

This final step can proceed in several ways, with
the most common involvin1. a collision of two
'He nuclei. Each of these He nuclei resulted
from a prior, separate occurrence of step 2
somewhere else in the core. The final result is a
normal ~He nucleus and two protons. On
average, a 'He nucleus has to wait for <I million
years before it participates in this reaction.

The net result of the chain of reaction is:

61H _ 4He + iH + 26.72 MeV

Although it takes six protons to make one helium
nucleus, there is a net loss of only four protons because
two are regenerated in thr fmal step. Because the six
protons arr more massive than the two protons and a
helium nucleus, mass is lost in the proton-proton chain
and converted to energy. Each resulting 4 He nucleus has
a mass that is slightly less than the combined mass of the
four protons that creatl'd it (by around 0.7%). The
energy produced by a singlt' proton~proton chain
rt-action is 26.27 MeV, and although the units are
unfamiliar to you, this convrrts to about onr ten­
millionth of the amount of energy nttded to lift a drop
of water. This, as you can s~'(', is not a lot of energy;
overall, however, the Sun converts about 600 million
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tons of hydrogen inlO 596 million tons of helium every
second; the m;ssiTlg 4 million Ions of mailer are
converted to energy in accord with Ihe famous equation
formulated by Einstein: E = me. The neutrinos carry off
about 2% of this energy. Since neutrinos rarely inieraci
wilh maller, Ihis energy passes straight oul into space.
The remaining energy emerges as kinelic energy of Ihe
nuclei, and as the radialive energy of the gamma rays.

3.5 The Flow of Energy
from the Core to
the Surfoce

Energy produced in the central region of the Sun flows
oulward lowards Ihe surface. If Ihe Sun were transpar­
enl, the photons, or gamma rays, emilled by the
extremely hOi gases in the core would travel straight out
at the speed of light 2 seconds after being emitted. The
Sun's gases, however, are not very transparent and so a
typical photon only travels about iO-fi metres before it
is absorbed again. In being absorbed, it healS up the
surrounding gases, and these gases in turn emit
photons, which are then subsequently re-absorbed.
The emilled photon will not necessarily be emitted in
an oulward direction, but rather a tOlally random
direclion, which means that at least IOU absorptions
and reemissions occur before energy reaches the
surface. This slow, outward migration of photons is
often called a random walk.

The above process means that there is a considerable
time delay before energy produced at the core reaches
the surface. On average, aboul 170,000 years will pass
before energy created at the core, eventually reaches the
surface.5 Furthermore, the energy produced in one
second does nOI all erupt from the surface all in one go.
It appears that il is radiated from the surface over a
period of more than 100,000 years. Some energy
appears in about 120,000 years, and some other energy
lakes 220,000 years. But the bulk of it is emitted after
170,000 years.

This tells us two things about the Sun. Firstly, when
we observe the light emitted by Ihe Sun, we learn

• Thi. rnulU lhal .vtragW Ovtr I~ di"anu frorn I~ cort 10 lht
.urfatt. a "pholon~ tra".,l. aboul OS rn ptr hour, or .bout 20 lime<
.Iowtr than. snail.
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Mass and Energy Conversion
in the Sun

It is easy to calculate how much mass the Sun loses
through nuclear fusion. First let's look at the input
and output masses of the proton-proton chain. A
single proton has a mass of 1.6726 x 10-27 kg, so
four protons have a mass of 6.90 x 10-27 kg.

A single 4He nucleus has a mass of only
6.643 x 10-27 kg, which is slightly less than Ihe mass
of four protons; i.e.;

6.90 X IO-D kg- 1.6726 x 10 lJ kg= 4.7 x 10 -N kg

This is only 0.7% or 0.007 of the original mass, so if I
kg of hydrogen fuses, the resulting helium weighs
993 grams, and 7 grams of mass are turned into
energy. In ordcr to calculate the total alllount of
energy, let's use Einstein's famous equation;
E = mc2

•

The tolal amount of energy that Ihe Sun produces
each sewlld is 3.8 x 101~ joules, so the lotal mass
converted to energy is given by;

E ' E c3;.:.8;;'-'c'I;:;O~.-'j=o="'i"c'
=mC"~m=-=;;

c! (3.0 x lOS ms 1)
4.2 X 109 kg

Thus, the Sun loses about 4 billion kg of Illass every
second, which is aboul Ihe same as the mass of 100
million people.

lei'S now see how much hydrogen is converted to
helium every second. We know that the Sun loses
4.2 x 109 kg of mass every second, and this is only
0.07% of the mass of hydrogcn Ihat is fuscd:

4.2 X 109 kg = 0.007 x [mass of hydrogen fused)

4.2 x 109 kg
mass of hydrogen fused - ':::7:ii,-""

0.007
= 6.0 x 1011 kg

I metric lonne

IQJ kg

= 6 x loa metric lonnes

So, the Sun fuses 600 million tonnes of hydrogen
each sc<ond. With 596lonnes fused into helium, and
the remaining 4 million becoming energy.
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nothing about what is going on m the core at tllis
1II0Ille"t. All we can say is that energy was created in the
core many Ihousands of years ago. The second point is
Ihat if energy gen.-ration were to suddenly cease in the
core for, say, a day, or even a hundred years, we would
not notice il. because by Ihe time the energy flowed to
the surface, it would have been averaged out over more
Ihan 100,000 years. This implies Ihat the brighlness of
the Sun is very insensitive to changes in the energy
production rate.

The abovt- processes occur in some form or olher in
many of the stars on the main sequence. As we shall see,
more massive stars carry their energy outward in a
different manner, and the energy is crealed in a slightly
differenl way. We shall now look at other stars and how
they are placed on Ihe main sequence.

Observing Ihe Sun is a very popular pastime wilh
amateur astronomers. But let me say: never observe, or
even look at, the Sun with the naked eye or through a
telescope. It is exceedingly dangerous. and you must
have specially made equipment to do so. Don't do it.
Instead, project Ihe Sun onto a card. There are several
excellent books on solar observing and a very recent
one is by Chris Kitchin and called Observillg 'lie 51111,
which [ thoroughly recommend.

3.6 Main Sequence
_Lifetimes_
We have covered topics that describe how a Slar forms,
and how long it takes to become a star, but now we
shall discuss how long a star will remain on the main
sequence, and then look at whal happens due to
changes in its internal structure.

The stars that are on the main sequence are
fundamentally alike in their cores, because it is here
Ihat stars converl hydrogen to helium. This process is
called core hydrogen bUrI/;ng. The maill sequellce
lifetime is Ihe amount of time a star spends consuming
hydrogen in its core, and so the main sequence lifetime
will depend on the star's internal structure and
evolution. A newly born star is often referred to as a
zero-age-lIlui,,-sequellce-star, or zams, for shari. There
is a sublle but important difference between a zams star
and a main-sequence star. During its long life on the
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main sequence, a star will undergo changes to its
radius, surface temperature and luminosity due to the
core hydrogen burning. The nuclear reactions alter the
percentage of elements within the core. Initially, it
would have had, say, in the case of the Sun, about 74%
hydrogen, 25% helium and 1% metals, but now, after a
period of 4.6 billion years, the core has a much greater
mass of helium Ihan hydrogen at its core.

Due to the hydrogen burning at the core, the total
number of atomic nuclei de<:reases with time and 50
with fewer particles in the core to provide the internal
pressure, the core will shrink very slightly under the
weight of the star's outer layers. This has an effect on the
appearance of the star. The outer layers expand and
become brighter. This may seem odd to you; if the core
shrinks, why doesn't the star shrink? The explanation is
very simple. The core shrinkage will increase its density
and temperature. This has the effect of causing the
hydrogen nuclei to collide with each much more often,
which increases the rate of hydrogen burning. The
resulting increase of core pressure causes the star outer
layers to expand slightly, and as luminosity is related to
the surface area of a star, the increase of the star's size will
result in increase of luminosity. In addition, the surface
temperature will increase as well. In the case of the Sun,
astronomers have calculated that the Sun has increased
its luminosity by 40%, its radius by 6%, and its surface
temperature by 300 K, all during the past 4.6 billion years.

As the star ages on the main sequence, the increase of
energy flowing from its core will also heat the surround­
ing area, and this will cause hydrogen burning to begin in
this surrounding layer. As this can be thought of as
"new" fuel for the star, its lifetime can be lengthened by
a few million years for a main-sequence star.

The one factor that determines how long a star will
remain on the main sequence is the mass of the star.
Basically it can be summed up in a few words - "Iow­
mass stllrs have "llIch IOllger lifetimes than higJr-mass
Slars". Figure J.J illustrates this nicely.

High-mass stars are extremely bright, and their
lifetimes are also very short. This means that they are
using up their reserve of hydrogen in the core at a very
high rate. Thus, even though an 0- or B- type star is
much more massive, and contains more hydrogen than,
say, a less massive M·type star, it will use up its
hydrogen much sooner than the M-type star. It may
only take a few million years for 0- or B- type stars to
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use up their supply of hydrogen. whereas for a low~

mass M-type star, it may take hundreds of billions of
years. Think about that for a second: the lifetime of an
M-type star may be 10llger than the presellt age of tile
universe!6 Table 3.1 shows the mass of a star relates to
temperature and spectral class.

The differing lifetimes of stars can be easily
demonstrated by looking at star clusters. Massive stars
have shorter lifetimes than less massive stars, and so a
star cluster's H-R diagram will give information on the
evolution of the star in the cluster. Such a diagram will
show a main sequence that lacks O-type stars, which are
the most massive, then A-type. and so on and so forth
as the duster ages. Figure 3.4 sholVs this erosion of
main-sequence stars by comparing the H-R diagrams
of several different star dusters. In every case, some
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stars will have left the main sequence to become red
giants/ or are already red giants.

The temperature and the spectral type of the very hot
stars thaI are left on the main sequence are used to
determine the age of a star cluster. Suppose the hottest
star that is on the main sequence is an AO-type star,
with the much hotter and more massive stars already
evolved to red giants. We know that AO stars have a
main-sequence lifetime of about 100 million years, so
we can say with some confidence that the star cluster is
about 100 million years old.

Generally, the more massive the star, the faster it
goes through all of its phases, so we are fortunate to be
able to observe stars in the main-sequence phase as they
remain on it for such a long time. It is also very easy 10
estimate the lifetime of a star if we know its mass.

, ~ the nel! ~t;on for a discussion On rffi gi.lonl starJ.
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Main Sequence Lifetimes

The length of time a star remains on the main
sequence is very easy 10 calculale. There is an
approximate relationship between the mass of a star,
and its lifetime:

I I
t = A-'-zS = ""'Ii,./M"M~

and astronomers usually relate the malO sequt'nce
lifetime to the Sun (a typical 1 M star), which is
believed to be 10'0 years, or ten billion years.

For example, the main sequence lifetime of 9 M
Slar will be:

1 I 1
- - solar lifetimes

9u - 9:.19 - 243

So a 9 M star will burn hydrogen in its core for
about 1/243 1010 years, or about 40 million years.

On the other hand, a main-sequence star with a
mass of 0.5 M will have a lifetime of:

I 1 1 ,,_,_
~- ,=~--=S.66soar I climes
O.5z,s - 0.5 ... 0.5 0.111

which is about 56 billion years.

There are many stars on the main sequence that can
be observed. The brightest of these have already been
mentioned in previous sections. They include: Regulus,
Vega, Sirills A, Procyotr A, rlre 51111, and Bflrnard's Star,
10 name but a few.

3.7 Towards the Red
_Giant

Although the amount of hydrogen in the core of a star is
vast, it is not infinite, and so, after a very long time, the
production of energy will cease when lhe central supply
of hydrogen is used up. Throughout the length of time
thaI nuclear fusion has been taking place, the hydrogen
has been transformed into helium, by way of the proton­
proton chain, and without this source of energy, the star
uses gravitational contraction to supply its energy needs.
Thus, the core will stan to cool down which means that
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F'lgure 3.5. Star with
Shell Hydrogen Burning.
The core will consist of
helium but the outer
layers are hydrogen
rich. The shell where
energy production
occurs is reahively thin
Inot to scale).

the pressure also decreases, with the result that the outer
layers of the star begin to weigh down on the core and
compress it. This has the effect of causing the
temperature within the core to rise again, and for heat
to flow outward from the core. Note that although a
tremendous amount of heat is formed now, it is not due
to nuclear reactions, but is due to gravitational energy
being converted into thermal energy.

In a relatively short time, astronomically speaking, the
region around the star's hydrogen-depleted core will
become hot enough to begin nuclear fusion of hydrogen
into helium, in a thin shell around the core, in a process
called shell hydrogen burning. This is shown in Figure 3.5.

For a star like the Sun, this hydrogen-consuming shell
develops almost immediately from the moment nuclear
fusion stops in the core, and so the supply of energy is
more or less constant. For massive stars, there can be an
interval of perhaps a few thousand years to a few million
years from the end of the core nuclear fusion phase to the
beginning of the shell hydrogen burning phase.

The new supply of energy, and thus heat, has the
effect of causing the rate of shell hydrogen burning to
increase, and so it begins to eat further into the
surrounding hydrogen. The helium that is the by­
product of the hydrogen fusion in the shell falls to the
centre of the star, where, along with the helium already
there, heats up as the core continues to contract and

Hydrogen-burning shell

Hydrogen-rich outer layers
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increase its mass. In the case of, say, a 1 Me star, the
core will be compressed to as much as one-third of its
original size. The result of this core compression is an
increase of the tempernture, from about 15 million K to
nearly 100 million K.

Now, most of what has happened in this slage of a
star's life has been inside it, and so invisible to our eyes.
Nevertheless, it does have effects on the structure of a
star, which drastically alters its appearance. The star's
outer layers expand as the core contracts. What with the
increasing /tow of heat from Ihe contracting core, and
the ever-expanding shell of hydrogen-burning, the
star's luminosity increases quite substantially. This
causes the star's internal pressure to increase and
makes the outer layers of the star expand to many times
their original radius. The tremendous expansion
actually causes the outer layers !O cool, even though
the inner core temperature has risen dramatically. The
new, much.expanded and cooler outer layers can reach
temperatures as low as 3500 K, and will glow with a very
distinctive reddish tint, as can be explained by Wien's
Law that we mentioned earlier. The star has now
become a red giant star.

So we can now set' that red giant stars are former
main-sequence stars that have evolved into a new phase
of their lives.

Due to the large diameter and thus weaker surface
gravity of the red giant, quite a substantial amount of
mass loss can occur. This means that gases can escape
from the surface of a red giant star. Such an effect is
relatively easy to observe by looking al the absorption
lines produced in the star's spectrum. Calculations and
measurements have shown that a typical red giant star
can lose 10-7 M0 each year. Compare this to the much
smaller 10- 1

' M0 that the Sun loses each year. So from
Ihis we can set' thai as a star evolves from the main
sequence to Ihe red giant stage, it can lose quite a lot of
its mass. The evolutionary track from the main
sequence to the red giant phase for stars of differing
mass is shown in Figure 3.6.

There are many wonderful red giant stars that are
observable in the night sky. We have already mentioned
a few of these in earlier se<tions. These include Capella
A, Arc/urus, AidebarlHt, Pollux, Mirach, R tepori$ alld
Mira. But Ihere are several other, lesser known red
giant stars which are also worth observing.

Note that as a star ages and moves from the main
sequence to the red giant stage, its spectral type will

pr



The Main Sequence and Beyond

100,000

10,000

1000

100

10

,
1° )'110'5

\l.::----~

,,,

, ,
:5.1110 y«JfS

Moin-Mquence

30,000 10,000

Tempefalu'e, (K)

',000

Figurtt 3,6. EvoluliOOOry Troth From !he Moin Sequence kl the Red Giant Pflo~ lor Stors ol
Dilfe<ent Mon The dot!ed blue !,ne5 indicate Time Kales of 10 million, 50 m,l~on. 100 m~~on

and 1bl]t.on yeors. y~ can see Ihot a slo. ciaboul15 soIor mosses leaves the moin sequence lrhe
M.aded Drfl(l) aro.md 100 lime1 eo~ier Thon 0 sic' ci 1.5 solor moS$llS.

also change. For instance, the Sun, at present a G-type
star, will gradually change its spectral class to K, and
then to a warm M-type star - it may even become an
M2 or M3 type with the temperature falling to about
3200 K. Similarly, stars of different mass will also
change their spe<tral type.

Finally for this section it is worth noting in passing
that there are two red giant phases. Which one a star
will follow depend~, as I am sure you will have guessed
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TX Psc 23 h 46.4m +03 0 29' Aug-Sep-Oct

HD 222800 23 h 43.8m Jul-Aug-Sep

4.95y m B-Y:2.5 C5 II 3500 K Pisces

A red giant star with a persistent periodicity, class SRA, it has a period of 417.39 da
'h 'd f6 ys,Wit a magmtu e range 0 .5 to 9.5m. A strange star where the light curve can vary

appreciably, with the maxima sometimes doubling. A deep red-coloured star. See Star
Map 50.

HD 192443 20h 1i.3m Jun-JUIl--Aug

8.1 ym B-Y:3.3 C5 Cygnus

This is a symbiotic double star and is classed as a Z Andromedae type star. R Aqr is a nice
red giant, which incidentally has a small, blue - thus, very hot - companion star. Due to
its variable nature, its magnitude can fall to 11.5, and so be somewhat difficult to locate. It
is believed to lie at a distance of about 640 ly. It is also an AGB star (see the section on
Star Death). See Star Map 52.

A slow, irregular-period variable star. Classification LB, with a magnitude range of 4.8 to
5.2m. The colour is an orange-red, best seen in small instruments. It lies at a distance of
750 ly. See Star Map 51.

HD 224490 23 h 58.4m Sep-Oct-Nov

5.5
y
m B-Y: 1.5 M7 Ille 2000 K Cassiopeio

This is a Mira-type variable star with quite a large magnitude range, 5.5-13.0m. It i.s
estimated to lie at a distance of 350 ly. Its surface temperature of only 2000 K is still~
matter of speculation. It is also an AGB star (see the section on Star Death). See Star ap

5.8y m B-Y: 1.5 M4 pe 2500 K Aquarius

HD 84748 09h 47.6m Jon_feb-Mar

6.02
y
m B-Y: 1.5 M8 Ille 2000 K Leo.

. . rs AgalO,
A very bright Mira-type variable star and a favounte With amateur astronome : very
like so many other red giants, its low temperature of 2000 K is in some doubt. It IS : whO
deep red colour. This star is often cited as being a perfect introductory star for tho~) See
wish to observe a variable star. It is also an AGB star (see the section on Star Deat .
Star Map 19.

13

by now, on the star's mass and can lead to the
formation of supergiant stars. We will discuss these in a
later and more appropriate section.



Observer's Guide to Stellar Evolution

.. - • -- • ... -- -- '.
•- "- ·,,", Mop .2 '--- · " ••- ,

-'-" •, p- / .::.- \0--:- ,W, .. - f;:-e-
•

• , - o., , -,---- - • --..• -- / ,. .
•

, -<, • •.. ..
.. "1.,/ . l.~

• • ..
\~~i

, .. POe',. · \·l .. 1 -, .
\J\qu

.. '- •,
r~us ,.

M •
/ )(1",.

I ..• \ .. '.
/ w,

I;i -· \ · -,
.I · · . ,o!"

" " .• .. •
/ • , '. \ ".. Aq,

•!
, : ••• >,• • •• ,

• ••.. • , • ,.. ,, .. · .~

. .. •

- ·. .. -- --. .. -. -· • .- -. ".
• • ,. ·. - ..,' ·

· ,!.. --" '. / ;.
--,--",I- • .' /- "

,

-1' -- . •

Pisce ::;eusirinus •

'- ". ) "
, ". -1'-_ •~~,":o.r.n"

'" ~ :'" ...... = •

"

. ..

I
,../

..,."..

,~, .
',-",

,.

'.

,,

• •

". • • 0. 0" '."
0.0-- --. • ,

:'" a;o.,

.. .;

,.

. <
'.

, .

\
\

.. \\

ca~~ifpeia :

" .
-;

•."!-" ,.
I:" \ . ).• .,. /· \- / .•••.. \I~. ~

,
" \ I ..

" - ..
---V~

• · ,...... ..
"

•
,.

\
..

, •
\ • •••.,. ._...

',\

"
..

-

,.

. -, .
Star Map 53" .

· '-,.

..

•".



The Main Sequence and Beyond

3.8 Helium Burning and
the.Helium.Flash _

All the stars that have a mass greater than, or equal to,
the Sun's will eventually become red giants. But how
energy is produced in the star after it has reached the
red giant phase depends on its mass. We shall look at
thest" two stages, beginning with how the helium in its
core produces energy.

3.8.1 Helium Burning

Helium can be though of as the "ash" left over from
the hydrogen burning reactions, and can in fact be
used as the fuel for another nuclear fusion reaction,
that this time uses helium. This is the Ilelium bUrl/hlg
phase. As a star approaches and becomes a red giant.
its core temperature is too low to initiate helium
burning. But the hydrogen burning shell which
surrounds the dormant helium core, adds mass to
the core, with the result that it contracts further,
becomes denser and the temperature increases sub­
stantially.s Something else happens as the temperature
increases - the electrons in the gas become degenerate.
Electron degeneracy is a very important process, and
is e:w.:plained in greater detail in the appendices. When
the electrons become degenerate, they in effect resist
any further contraction of the core, and the internal
temperature of the core will no longer affect the
internal pressure.

As the hydrogen shell continues to burn, the
degenerate core grows even holler, and when it reaches
lOO.million K, and has a mass of about 0.6 Mo (i.e., the
inner 60% of the hydrogen in the star has been
converted to helium), core helium bUrl/inK begins,
converting helium into carbon and produdng nuclear
energy. During this stage of a star's life, it can be nearly
I AU in radius, and almost 1000 times as luminous as
the Sun. The, by now, old star has once again obtained a
central energy source for the first time since it left the
main st"quence.

• Recall that for hydrogen burning 10 sUrt. th~ t~mpc""nurt has to
reach about 10 million K, wh~rtas, for h~lium burning. th~

tempc'raturt hu to a(hi~,'~ a slagg~ring 100 million K.
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The helium burning in the core fuses three helium
nuclei to form a carbon nucleus, and is called the triple
0' process. This occurs in two steps. In the first step, two
helium nuclei combine to form an isotope of beryllium:

4 He + 4 He ----> 'Be

This isotope of beryllium is very unstable and very
quickly breaks into two helium nuclei. But in the extreme
conditions in the core, a third helium nucleus may strike
the 'Be nucleus before is has had a chance to break up. If
this happens, a stable isotope of !arbon is.formed and
energy is released as a gamma-ray photon (y):

'Be + 4 He -l- I~C + y

The origin of the phrase "triple 0''' comes about because
helium nuclei are also called alpha particles.' The
carbon nuclei formed in this process can also fuse with
addilional helium nuclei, producing a stable isotope of
oxygen and supply additional energy:

IlC + 4 He --;. \60 + y

So the "ash" of helium burning is carbon and oxygen.
This process is very interesting as you will note that
both these isotopes of oxygen and carbon are the mosl
abundant forms, and in fact make up the majority of
carbon atoms in our bodies, and the oxygen which we
breathe. We will explore this fascinating piece of
information in greater depth later in Ihe book.

The formation of carbon and oxygen not only provides
more energy but also re·establishes thermal equilibrium
in the core of the star. This prevents the core from any
further contraction due to gravity. The length of lime a
red giant will spend burning helium in its core is about
20% as long as the time il spent burning hydrogen on the
main sequence. The Sun, for example, will only spend
2 billion years in the helium burning phase.

3.8.2 The Helium Flash

As I mentioned earlier, the mass of Ihe slar will decide
on how helium burning begins in a red giant star. In a
high mass Slar, Ihat is, with a mass greater than 2-3 Mo
the helium burning begins gradually as the temperature

• If you a~ a l'"r1icl~ physicisl!

p'
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in the core approaches 100 million K. The triple 0'

process is initiated but it occurs before the electrons
become degenerate. However, in low-mass stars, that is,
with a mass of less than 2-3 Mo , the helium burning
stage can begin very suddenly, in a process called the
helium flash. This stage, the helium flash, occurs due to
the most unusual conditions found in the core of a low­
mass star as it becomes a red giant.

The energy produced by helium burning heats up the
core of the star, and raises its temperature. Now, in
normal circumstances this would result in an increase of
pressure that would lead to an expansion and subse­
quent cooling of the core. This explains why nuclear
reactions do not usually cause a rapid increase in the
central temperature of a star. But we must remember
that the gas in the core of alMa red giant is far from
normal. It is a gas of degenerate electrons. This means
that any temperature increase that the helium burning
produces does not increase the internal pressure. What
the rise in temperature does do, however, is strongly
affect the rate at which the triple 0' process occurs. A
doubling of the temperature will increase the triple 0'

production rate by about 1 billion times.
The energy that is produced by the triple 0' process

heats up the core, and its temperature begins to rise
even more. This increase and the subsequent rise in
energy production can cause the temperature to reach
an amazing 300 million K. Due to the rapid heating of
the core, a nearly explosive consumption of helium
occurs, and this is the helium flash mentioned earlier.
At the peak of the helium flash, the core of the star has,
very briefly, an energy output that is some 1011 to 10

14

times the solar luminosity. This converts to a rate of
energy outut that is about 100 times greater than the
entire Milky Way.

Eventually, however, the high temperature becomes
so high that the electrons in the core can no longer
remain degenerate. They then behave normally for
electrons in a gas, with the result that the star's core
expands, which ends the helium flash. These events
occur very quickly so the helium flash is over in a
matter of seconds, and the star's core settles down to a
steady rate of helium burning.

An important point to make here is that no matter
whether the helium flash occurs or doesn't occur, the
start of helium burning actually reduces the luminosity
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of the star. Here's what happens. The superheated core
expands, and this core expansion pushes the hydrogen
burning shell outward, lowering its temperature and
burning rate. The result is that, even though the star has
both helium fusion in its core and a shell of hydrogen
burning taking place simultaneously, the total energy
production falls from its peak during the red giant
phase. This reduced total energy output of the star
therefore reduces the luminosity, and also allows its
outer layers to contract from their peak size during the
red giant phase. As the outer layers contract, so the
star's surface temperature will increase slightly.

The helium burning in the core lasts for a relatively
short time, however, and from calculations we can
make an estimate of this time. For, say, a I M0 star like
the Sun, the period after the helium flash will only last
about 100 million years. which is 1% of its main
sequence lifetime.

3.9 Red Giants, Star
Clusters and the
H-R Diagram

At this point on our story of stellar evolution, it is a
good idea if we take stock of what we have learned so
far. We have discussed how stars are formed before
moving on to the main sequence. Their lifetime on the
main sequence depends on their mass; massive stars
have shorter lives. The red giant phase is next along
with a change in the hydrogen and helium burning
within the star's core. To put all this together in one
coherent picture is useful as we can see how a star
develops from the moment of its birth, so we shall do
just this by looking at the H-R diagram for stars that
have just started their main sequence lifetimes and
those that are in the red giant phase.

Stars that have just emerged from the protostar stage.
and are about to join the main sequence, are burning
hydrogen steadily and have attained hydrostatic
equilibrium. These stars are often referred to as zero­
age main sequence stars, and lie along a line on the
H-R diagram called the zero-age main sequence, or
ZAMS. This is shown on the H-R diagram in Figure 3.7
as a green line. Over time, which can be relatively short
or exceptionally long, depending on the star's mass, the
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Figure 3.1. PostMa,"
SequetlCe Evoluliooary
Trod for Several
Different Moss Stars,
Higlwnass srors wi'"
cOte helium-burning
e~kibit skorp downword
turns in lf1e red giant
regioo 01 the H-R
diagram. Low-man stan
hove a helium Rosh at
lf1eir COtes (red starsl

hydrogen in the core is converted to helium, and the
luminosity increases. This is accompanied by an
increase in the star's diameter and so the star moves
on the H-R diagram away from the ZAMS. This
explains why the main sequence is actually more of a
broad band, rather than, as often portrayed, a thin line.

The blue-dashed line in Figure 3.7 represents those
stars where the hydrogen has been used up in the core
and so nuclear fusion has ceased. As you can see, high­
mass stars, 3 Mo. S Mo , and 10 Mo. then move rapidly
from left (high temperature) to right (low temperature)
across the H-R diagram. What is happening here is a
decrease in surface temperature, but the surface area is
increasing, so its overall luminosity remains fairly
constant; Le., an approximately horizontal line. In the
phase, the core is contracting and outer layers
expanding as energy flows from the hydrogen-burning
shell.

1.5M~
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The evolutionary track of the high-mass stars then
makes an upward turn to the upper right of the H-R
diagram. This occurs just before the onset of core helium­
burning. After the start of helium-burning. the core then
expands, the outer layers contract, and the evolutionary
track of the star falls from these high, albeit temporary,
luminosities.. Notice how the tracks then just wander back
and forth on the H-R diagram. This represents the stars
readjusting to their new energy supplies.

The low-mass stars, 1 ~, and 1.5 ~, behave in a
somewhat different manner. The start of helium-burning
is marked by the helium flash, indicated by the red stars in
the diagram. The star shrinks and becomes less luminous
after the helium flash although the surface temperatures
rise. This occurs because the reduction in luminosity is
proportionally less than the reduction in size. So now the
evolutionary tracks move down (lower luminosity) the H­
R diagram, and to the left (hotter) region.

We can observe the evolution of stars from birth to
helium burning by looking at young star clusters and
then comparing the actual observations with theoretical
calculations. But there exists another astronomical
grouping of stars that contain many, maybe millions,
of very old post.main sequence stars - globular
dusters. These are the subject of our next section.

3.10 Post-Main
Sequence Star
Clusters: The
Globular Cluster'Sjl

In the night sky are many compact and spherically
shaped collections of stars. These star clusters are called
globular clusters. These are metal-poor stars and are
usually to be found in a spherical distribution around
the galactic centre at a radius of about 200 light years.
Furthermore, the number of globular clusters increases
significantly the closer one gets to the galactic centre.
This means that particular constellations which are
located in a direction towards the Galactic bulge have a
high concentration of globular clusters within them,
such as Sagittarius, and Scorpius.

The origin and evolution of a globular cluster is very
different to that of an open or galactic cluster. All the
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stars in a globular duster are very old, with the result
that any star earlier than a G- or F-type star will have
already left the main sequence and be moving toward
the red giant stage of its tife. In fact, new star formation
no longer takes place within any globular dusters in
our Galaxy, and they are believed to be the oldest
structures in our Galaxy. In fact, the youngest of the
globular dusters is still far older than the oldest open
duster. The origin of the globular dusters is a scene of
fierce debate and research with the current models
predicting that the globular dusters may have been
formed within the proto-galaxy clouds which went to
make up our Galaxy.

As mentioned above, the globular dusters are old, as
they contain no high~mass main sequence stars, and this
can be shown on a special kind of H-R diagram called a
colour-magnitude diagram. On a colour-magnitude
diagram, the apparent brightness is plotted against the
colour ratio for many of the stars in a duster, as in
Figure 3.8. The colour ratio of a star can tell you the
surface temperature, and if we assume that all the stars in
a duster tie at the same distance from us, their relative
brightnesses can leU us their relative luminosities.

Even a cursory glance at such a colour-magnitude
diagram will tell you something strange has happened. In
fact, you will see that the upper half of the main sequence
has disappeared. This means all the high-mass stars in a
globular duster have evolved into red giants a long time
ago. What are left are the low-mass main sequence stars
that are very slowly turning into red giants.

One thing that is very apparent on the diagram is a
grouping of stars that lie on a horiwntal band towards
the centre-left of the diagram. This is called the
horizontal bral/ch, while the stars in this area are the
horizontal-branch stars. These stars are low-mass, post
helium-flash stars of around 50 4>, in which there are
both core helium-burning and shell hydrogen-burning.
In the future, these stars will move back toward the red­
giant region as Ihe fuel is devoured.

One very practical use of the H-R diagram is to
estimate the age of a star duster. With a very young star
duster, most if not aU of the stars are on or near the
main sequence. As it ages, however, the stars will move
away from the main sequence, with the high·mass, high
luminosity stars being the firSI to be<ome red giant
stars. As time passes, the main sequence will get
increasingly shorter. The top of the main sequence
which remains after this time can be used to determine
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the clusters age and is called the turnoffpoint. The stars
that are at the turnoff point are those that are just
exhausting the hydrogen in their cores, so the main­
sequence lifetime is in fact the age of the star cluster. An
example of the H-R diagram for open star clusters
showing their turnoff points is shown in Figure 3.9.

From an observational point of view, globular
clusters are ideal, if not a challenge. Many are visible
in optical instruments, from binoculars to telescopes,
and a few are even visible to the naked eye. There are
about 150 globular clusters ranging in size from 60 to
150 light years in diameter. They all lie at vast distances
from the Sun, and are about 60,000 light years from the
Galactic plane. The nearest globular clusters, for
example Caldwell 86 in Ara lies at a distance of over
6000 light years, and thus the clusters are difficult
objects for small telescopes. That is not to say they can't
be seen, rather, it means that any structure within the
cluster will be difficult to observe. Even the brightest
and biggest globular will need apertures of at least

--'0

.~ ld
o
c
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Figure 3.9. H-R
Diagram for Star Clusters
Showing the Turnoff
Point. The time for the
turnoff point is shown as
a purple line. For
example, the cluster
MAl has a turnoff point
near the 108 year point,
so the cluster is about
100,000,000 years old.
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15 em for individual stars to be resolved. However, if
large aperture teleswpes are used, then these objects
are magnificent. Some globular dusters have dense
concentrations towards their centre whilst others may
appear as rather compact open clusters. In some cases,
it is difficult to say where the globular duster peters out
and the background stars begin.

As in the case of open clusters, there exists a
classification system, the Shapley-Sawyer Concentra­
rion Class, where Class I globular clusters are the most
star-dense, while Class XII is the least star-dense. The
ability of an amateur to resolve the stars in a globular
actually depends on how condensed the duster actually
is, and so the scheme will be used in the descriptions,
but it is only really useful for those amateurs who have
large aperture instruments. Nevertheless. the observa­
tion of these dusters which are amongst the oldest
objects visible to amateurs can provide you with
breathtaking. almost three-dimensional aspects.

The many globular clusters listed below are just a few
of the literally hundreds that can be observed, and are
meant to be just a representative sample. The EIJ indicates
the approximate size of the cluster.

NGC 4590

Q) 12"

-26' 45'

x

Messier 3

Appearing only as a small, huy pa;\(h in binoculars. this is • nke duster in telescopes,
wilh an uneven core and faint halo. A definite challenge to naked·eye observers, where
perfect seeing will be needed. Use averted vision and make sure that your eyes are well
and truly dark-adapted. See Star Map 55.

NGC 5272 13~ 42.2" .28' 23' fo!kJr......JW:Jy

5.9m lB 16" VI CO~ Venotici

A good tesl for the naked eye. If using giant binoculars with perfect seeing. some stars may
be resolved. A beautiful and stunning cluster in telescopes. it easily rivals MIJ in Hercules. It
definitely shows pale coloured tints, and reported colours include yellow, blue and even
grl'ffl; in fact, il is oflen quoled as the mOSI colourful globular in w nonhern sky. Fun of
structure and detail including several dark and mysterious tiny dark palches. Many of the
stars in the duster are also variable. Olle of the three brightest dusters in the northern
hemispMre. located at a distance of aooul 35,000 light years. See Slar Map 55.

NGC5024 13~12.~ +18'10' MoI--Afw...JW:Jy

11l 12" V Coma &erenw
An often·igoo~ globular duster, telescopes show il nice symmetrical glow with a
concentrated core. It stands up nicely 10 magnification, and indeed is lovely sight in
telescopes of aperture to em and greater. li" at a distance of around 330,000 light years.
See Star Map 55.
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NGC 5904 15~ 18.6'" +O:Z- OS' Apr-May-Jun

6117."" V Serpen~

Easily sun as a disc with binoculars, and with large telescopes the view is breathtaking­
presenting an almost three-dimensional vista. One of the few coloured g1obulars, with a
faint, pale yellow outer region surrounding a blue-tinted interior. It gets even better with
higher magnification, as more detail and stars become apparent. Possibly containing over
half a million stars, this is one of the linest clusters in the northern hemisphere; many say
it is rhe linest. See Star Map 55.

NGC 6093 16~ 17.0'" -2:Z- 59' Apf-May-Jun

7.3m (D 8,9" II Scorpiul

Telescopes will be needed to resolve its 14th.magnitude stellar core. One of the few
globulars to have been the origin of a nova, T Scarpii, when it flared to prominence in
1860, then disappeared back into obscurity within 3 months. See Star Map 54.

NGC 6121 16~ 23.6'" -26' 32' Apr-Moy-Jun

5.8m 1I126.J" IX Scorpiul

A superb object, presenting a sp«tacle in all optical instruments and even visible to the
naked eye. But it does lie very close to the star Antares, so that the glare of the latter may
prove a problem in the detection. Telescopes of all apertures show detail and structure
within the cluster, and the use of high magnification will prove Ix-nelicial; but what is
more noticeable is the bright lane of stars that runs through the cluster's centre. Thought
to Ix- the dosest globular to the Earth at 6500 light years (although NGC 6397 in Ara may
Ix- closer), and about to billion years old. See Star Map 54.

NGC 6171 16~ 32.5" -13' 03' Apr-May-Jun

8.lm Ell 10" X Ophil,OCltul

Not visible with the naked eye, it ne'·ertheless presents a pleasing aspect when medium to
high magnification is used. What makes this inconspicuous globular important, however,
is that it is one of the very few that sum to be affected by the preseJlCe of interstellar dust.
Deep imaging has revealed several obscured areas within the cluster, possibly due to dust
grains lying between us. This isn't such a surprise, as the globular is located over the hub
of the Galaxy in Scorpius. See Star Map 54.

NGC 6205 16~ 41.7'" .36" 28' Moy-Jun-.wl

S.7m 61 16.5" V Htlrcules

AIS() known as the Hercules Cluster. A splendid object and the premier cluster of the
northern hemisphere. Visible to the naked eye, it has a hazy appearance in binoculars;
with telescopes, however, it is magnificent, with a dense core surrounded by a sphere of a
diamond-dust-like array of stars. In larger telescopes, several dark bands can be seen
bisecting the cluster. It appears bright because is close to us at only 23,000 light years, and
alS() because it is inherently bright, shining at a luminosity eqUivalent to over 250,000
Suns. At only 140 light years in diameter, the stars must Ix- very crowded, with several
stars per cubic light year, a' density some 500 times that of our vicinity. All in all a
magnilicent cluster. See Star Map 54.
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NGC 6218 16~ 47.2" -01° 57' ~ul'-Jul

$ 14.5" IX OphiudlUs

In telescopes of aperture 20 em and more, this duster is very impres.sin, with many stars
being resolved against the fainter background of unresolved members. It is nearly the
twin of Messier 10, which is within )0 south-east. See Star Map 54.

NGC 6254 16~ 57.1" -04°06' Moy-Jul'-Jul

$ 15" VlI Ophiuchus

Similar to M12, il is, however, slightly brighter and more concentrated. It lies do~ to the
orange star 3D Ophiuchi (spectraltypc K4, magnitude 5), and so if you locate this star
then, by using averted vision, MIO should be easily seen. Under medium aperture and
magnification, ~veral coloured components have been reported; a pale blue tinted outer
region surrounding a very faint pink area, with a yellow star at the duster's centre. See
Star Map 54.

NGC 6273 17~ 02.6" _26° 16' Moy-Jun-Jul

6.7m $13.5" VIII Ophiuchus

A splendid, albeit faint, duster when viewed through a telescope. Although a challenge to
resolve, it is nevertheless a colourful objKt, reported as having both faint orange and blue
StarS, while the overall colour of the duster is a creamy white. S« Slar Map 54.

NGC 6333 17~ 19.2'" -18' 31' .Y.oy-Jun-Jul

$ 9.3" VII Ophiuchus

Visible in binoculars, this is a small duster, with a brighter core. The duster is one of the
nearest to the centre of our Galaxy, and is in a region conspicuous for its dark nebulae,
induding Bamard 64; it may be that the entire region is swathed in interstellar dust,
which gins ri~ to the cluster's dim appearance. It lies about 19,000 light years away. See
Star Map 54.

NGC 6656 18~ 36.4'" -23' 54' Moy-Jun-Jul

5.lm $24" VII Sogilloriul

A truly spc<tacular globular duster, visible under perfe<:! conditions to the naked eye.
low-power eyepi~es will show a hazy spot of lighl, while high power will resolve a few
stars. Often passed over by northern hemisphere ob~rvers owing to its low dKlination.
Only 10,000 light years away, nearly twice as do~ as MlJ. See Star Map 54.
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NGC 6341 17~ 17.1"' +43" OB' Moy-Jun-Jul

6Am $ 11" IV He.-eu~

A beautiful cluster, often overshadowed by its more illustrious neighbour, Ml3. In
binoculars it will appear as a hazy small patch, but in 20cm telescopes its true beauty
becomes apparent with a bright, strongly concentrated core. It also has several very
distinct dark lanes running across the face of the duster. A very old duster, 25,000 light
years distant. See Star Map 54.

Mcuier 14 NGC 6402 17~ 37.6"' -03' 15' Moy-Jun-Jul

7.6m $ 11.7" VIII Ophiuchus

Located in an empty part of the sky, it is brighter and larger than is usual for a globular.
Though visible only in binoculars as a small patch of light, and not rl'$O[ved even in a
small telescope «IS cm), it is nevertheless worth searching for. It shows a delicate
structure with a lot of detail, much or which will be obscured if set'n from an urban
location. It has a pale yellow tint, and some observers report seeing a definite stellar core,
....hich has a striking orange colour. But this feature is seen only with telescopes or
aperture 15 cm and greater and using a high magnification. See Star Map 54.

NGC 6715 lB~ 55. I"' -30" 29' Juo-Jul-Allg

7.6m e9.1" III SogillOrius

It has a colourful aspect - a pall.> blue outer region and pale yellow inner core. Rfi:eo\
research has found that the duster was originally related to the Sagillilriu$ Dwarf Galax)',
but that the gravitational attraction of our Galaxy has pulled the duster from its parent.
Among the globular clusters in the Messier catalogue it is one of the densest as ....1'11 as
being the most distarn. See Star Map 54.

NGC707B 21~30.0'" +12"10' M-Aug-Sep

6.4m e 12" IV Pegasus

An impressive duster in telescopes, it can be glimpsed with the naked eye. It does,
ho....ever, under medium magnification and aperture, show considerable delail such as
dark lanes, arcs or stars and a noticeable asymmetry. [t is one of the few globulars that
have a planetary nebula located within it - PetlSe·/, which is seen only in apertures of
30 I'm and greater. The cluster is also an X-ray source. See Star Map 54.

NGC 70B9 21~ 33.5''' -00'> 49' Jul-Aug-Sep

6.4m e 13" II Aquarius

This is a very impressive non-stellar objfi:1. It can be seen with the naked eye, ahhough
averted vision will be necessary. However, as it is located in a barren area of the sky it can
prove difficult to locate. But when found it is a rewarding objfi:t, and even in large
binoculars its oval shape is apparent. Believed to be about 37,000 light years away and 10
contain over 100,000 stars. See Star Map 54.
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I showed earlier thaI there are stars far more massive
than the Sun that contract and move hori:wntally
across the H-R diagram, while at the same time they get
hotter but remain at a constant luminosity. As they
move across the H-R diagram they can also become
unstable and vary in size. Some stars, however, change
their size quite considerably, alternately shrinking and
expanding, as their surface moves in and out. As the
stars very in size, so does their brightness. These stars
are the pulsating varillble stars. There exist several
classes of pulsating variable star, but we will just discuss
the main types; the long·period variables, the Ceplreid
variables, and the RR Lyme stars. Figure 3.10 shows
where on the H-R diagram these pulsating stars reside.
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3.11.1 Why Do Stars Pulsate?

You may think that the pulsations are caused by
variations in the rate of energy production deep in the
core of a star. You would be wrong, however, as the rate
of nuclear fusion remains constant in a pulsating star.
Astronomers have realised that the variations are
caused by changes in the rate at which energy can
escape from the star. The explanation is surprisingly
simple, but somewhat involved, so I shall go through
the various stages in some detail.

Imagine a normal star, where there is a balance
between in downward-pushing force of gravity, and the
upward force of pressure; i.e., the star is in hydrostatic
equilibrium. Now picture a star where the pressure in
the outer layers exceeds the force of gravity in those
layers. In such a scenario, the star's outer layers would
begin to expand. See Figure 3.11 for a schematic of this
process. As the star expands, its gravity will naturally
fall, but the pressure force would fall at a faster rate. A
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time would then come when the star will have
expanded to a larger size where, once again, hydrostatic
equilibrium would reign. But this doesn't necessarily
mean that the star would stop expanding. The inertia of
the outward-moving outer layers will carry the expan­
sion past the balance point. By the time that gravity will
have brought everything to a stop, the pressure would
now be to small to balance the gravity, and so the oUler
layers would begin to fall inward. At this point gravity
will rise again, but less than the pressure. The outer
layers will fall past the balance point until eventually
the force of pressure would prevent any further fall and
so would come to a stop. And here is where we came in
- the pulsations would start all over again.

You can think of a pulsating star behaving just like a
spring with a heavy weight attached to it. If you pull
down on the weight and then let it go, the spring will
oscillate around the point al which the tension in the

Figure 3.10. Variable
Stau on the H-11
Diogfam
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PulSOhng Slar

spring, and the (orce o( gravity, are in balance. A(ter a
while, however, (riction in the spring will dampen down
the oscillations unless the spring is given a little push
upwards each time it reaches the bottom o( an
oscillation. In a pulsating star, (or the pulsations to
continue, and not die out, the star also needs an
outward push each time it contracts to its minimum
size. Discovering what caused that extra push was a
challenge to astronomers o( the twentieth century.

The first person to develop an idea o( what was
happening was the British astronomer Arthur Edding­
ton in 1914. He suggested that a star (in this case, a
Cepheid variable) pulsated because its opacity increases
more when the gas is compressed than when it is
expanded. Heat is trapped in the outer layers i( a star is
compressed which increases the internal pressure, this
in turn pushes upward the outer layers. As the star
expands, the heat will escape and so the internal
pressure (ails and the star's surface drops inward.
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Then, in 1960, the American astronomer John Cox
further developed the idea, and proved that it was
helium that is the key to a Cepheid's pulsations. When a
star contracts, the gas beneath its surface gets hOlier,
but the extra heat doesn't raise the temperature, but
instead ionises the helium. This ionised helium is very
good at absorbing radiation, in other words, it becomes
more opaque and absorbs the radiant energy flowing
outward through it, towards the surface. This trapped
heat makes the star expand. This, then, provides the
"push" that propels the surface layers of the star back
outward again. As the star expands, electrons and
helium ions recombine, and this causes the gas to
become more transparent, i.e., its opacity falls, and so
the stored energy escapes.

In order for a star to be susceptible 10 pulsations, it
must have a layer beneath its surface in which the
helium is partially ionised. The existence of such a layer
will depend not only on the size and mass of a star, but
also on its surface temperature, which, in most cases,
will be in the range of 5000 to 8000 K. There is a region
on the H-R diagram where such a region exists, and is
the location of the pulsating stars. II is called the
ill5tabi/ilY strip. In this region are found the Cepheid
variable and RR l.yre stars.

3.12 Cepheid Variables
and the Period­
Luminosity Relationship"

Cepheid variables are named after" Cephei, which was
the firSI star of ils type to be discovered. It is a yellow
giant star that varies by a factor of two in brightness
over 5.5 days.lo Figure 3.12 shows the approximate
variations of /j Cephei in luminosity, size and
temperature.

You will immediately notice that its luminosity and
temperature have a near maximum value when its size
has a minimum value. And vice-versa; its size is at
near maximum when its luminosity and temperature
are al their minima. Cepheids are very important to

,. Tht limt for ~ 5lar 10 compltlt 0.... cyclt of itl brighlneu v..i~tion

is called its ptriod. Thus, for i Ctphei, ill ptriod is ~.s days

p'
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astronomers for two reasons. They can be seen at
extreme distances, perhaps as great as a few millions of
parsecs. This is because they are very luminous, with a
range from a few hundred to a few tens of thousands of
solar luminosity; i.e.• 100 I.e to 10,000 I.e. Secondly,
there exists a relationship between the period of a
Cepheid and its average luminosity. The very faintest
Cepheids, (which are in fact hundreds of times brighter
than the Sun) pulsate with a very rapid period of only one
or two days. whilst the brightest (as much as 30,000 times
brighter than the Sun) have a much slower period or
about 100 days. The correlation between the pulsation
period and luminosity is called the period-luminosity
relafion. If a star can be identified as a Cepheid, and its
period measured, then it.s luminosity and absolute
magnitude can be determined This can then be used,
along with its apparent magnitude, to determine its
distance.

The amount of metals in a Cepheid star's outer layers
will determine how it pulsates. This occurs because the

pr
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metals can have a substantial affect on the opacity of the
gas. This means they can be classified according to their
metal contenl. If a Cepheid is a metal-rich, Populatiou 1
star, II it is called a Type / Cepheid, and if it is a metal­
poor, Popllia/ioll 1I star, it is called a Type // Cepheid.
Figure 3.13 shows a period-luminosity diagram for the
two types of Cepheid. So. an astronomer must first
determine what type of Cepheid he or she is observing
before Ihe period-Iuminosily relationship can be applied.

10' _

10' _

~10' _

Type II Cepheid.

1

3

1 1

10 30

Period in Day.

1

100

Figure 3.13.
Period-WrnlMliIy
ReIcmoNhip lor 1M Two
Types of Cepheid
VQriable Slor.

" Pl1pUll1li,m I stars are brighl sul't'rgi~nl main·~uence Slars with
high luminosily. such as 0- ~nd 8.1yl'" Sian and membtrs Qf )'<lung
Qp<'n Slar c1uSler$. Molecul~r clouds are often found in the same
location as I'QpUlaliQn I slars. Th"')" are usually locOied in the disc of a
galaxy and CQncenl<ated in the spiral ~rms, fQIIQwing nearly. but nQl
al ....ay$, circular OrbilS. Population I stars are Slars wilh a range of
age$, m~ybe 10 billion years, or one year. old. Pl1pular;"" /I stars..
however. are usually <>ld llars. Examples include RR Lynu stars and
the umrol stan of plcmrrary "rbuillr. This typt' of star has no
cmrdation wilh the location Qflhe 5piral armS. They are also found in
globular clusters, which are almOSI entirely in the halo and untraJ
bulgr of the GalaJy. Therefore th"')" rtp'd('nt the oldesl Slars Ihal
were formed very early in lhe hislQry of the Caluy.

,
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3.13 Cepheid Variables:
Temperature and
Mass
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The period-luminosity relationship comes about bt"~

cause the more massive stars are also the most
luminous stars as they cross the H-R diagram during
core helium burning. These massive slars are also larger
in size and lower in density during this period of core
helium burning, and the period with which a star
pulsntes is larger for lower densities, so that the massive
pulsating stars have the greater luminosities and the
longest periods. This is shown in Figure 3. J4.

We have seen how old, high-mass stars have evolu­
tionary trncks that cross back and forth on the H-R
dingram, and thus they will intercept the upper end of
the instability strip. Such stars become Cepheids when
the helium ionises at just the right depth to drive the
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ADS 1477 02 h 31.8 m Sep-Oct-Nov

HD 45412 06h 28.6 m Nov-Dee-Jon

HD 187929 19h 52.5m Jun-Jul-Aug

HD 213306 22h 29.1 m Jul-Aug-Sep

3.48-4.37m -3.32M 5.37 days Cepheus

3.48-4.39m -3.91M 7.17 days Aquila

1.92-2.07m -3.64M 3.97 days F7:lib-liv Ursa Minor

e Main Sequence and Beyond

describe the brightest members of each of the three
aforementioned classes: Cepheid, RR Lyrae and long­
period variable stars. All that is needed in observing
these stars is a degree of patience, as the changes in
magnitude can take as little as a few days, to several
hundred days, and of course, clear skies.

The nomenclature used in the list is the same as before,
with a few changes. The apparent magnitude range of the
variable is given, along with its period in days.

This is a nice Cepheid to observe as its variability can be seen with the naked eye. The rise
to brightest magnitude takes two days, with the remainder of the time in a slow fading.
The nearby star Beta (f3) Aquilae (3.71 m) is often used as a comparison. It is the third
brightest Cepheid (in apparent magnitude), after Delta Cephei and Polaris. The actual
period is 7 days, 4 hours, 14 minutes and 23 seconds! See Star Map 57.

5.29-6.6m -2.65M 3.73 days F5-G0 Auriga

Also known as 48 Aurigae, this star was discovered to be variable by T. Astbury in 1905,
whilst a member of the British Astronomical Association. The rise to maximum takes I!
days, with a diminishing over 2! days. Easy to observe in binoculars, it lies midway
between Epsilon(E) Geminorum (3.06m) and Theta (e) Aurigae (2.65 m). The period has
been measured with an astounding accuracy to be 3.728261 days! See Star Map 58.

This is the prototype star of the classic short-period pulsating variables known as
Cepheids. It was discovered in 178~ by the British. a~ateur J.o~n. Goodricke. It is an ea.sy
favourite with amateurs as two bnght stars also he III the VlCIDlty - Epszlon (E) Persez
(4.2m), Zeta (s) Persei (3.4m), Zeta (s) Cephei (3.35m), and Eta (ry) Cephei (3.43m). The
behaviour of the star is as follows: the star will brighten for about 1'/2 days, and will then
fade for 4 days, with a period of 5 days, 8 hours and 48.2 minutes. Delta Cephei is also a
famous double star, with the secondary star, (6.3m) a nice white colour, which contrasts
nicely with the yellowish tint of the primary. See Star Map 56.

Possibly the most famous star in the entire sky. Polaris, or the Pole Star, is located less
than a degree from the celestial pole. It is a Type II Cepheid, which are also known as
W Virginis variable stars. The magnitude changes are very small and therefore not really
detectable with the naked eye. It is also a nice double consisting of a yellowish primary
and a faint whitish blue secondary at a magnitude of 8.2. The primary is also a spectro­
Scopic binary. Although claims have been made to the effect that the system can be re­
solved in an aperture as small as 4.0 cm, at least 6.0 cm will be required to split it clearly.
Will be closest to the actual pole in 2102 AD. See Star Map 67.
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pul~ation~ ..Those stars on the left (high-temperature) of
the lllstabihty strip will have helium ionisation happening
too ~lose to the s~face and will involve only a small
fractlOn of the star s mass. The stars on the right (low-
temperature) side will have convection in the star's outer
layers, and this will prevent the storage of the heat
necessary to drive the pulsations. Thus, Cepheid variable
stars can only exist in a very narrow temperature range.

3.14 RR Lyrae and
Long-Period
Variable Stars

The faintest, and hottest stars on the instability strip are
the RR Lyrae stars. These stars have a much lower mass
than ~epheids. After the helium flash occurs, their
evolutlOnary tracks pass across the lower end of the
instability track as they move across the horizontal
branch of the H-R diagram. The RR Lyrae variables,
named a.fter the prototype in the constellation Lyra, all
have penods shorter than Cepheids of around 1.5 hours
to 1 day. They are small and dense stars compared to
the ~ephelds (but are nearly 10 times larger and about
100. hmes mo~e IU~i?ous than the Sun). The RR Lyrae
regl.on of the lllstabllity strip is in fact a segment of the
honzontal branch. They are all metal-poor, Population
II stars, and so many are found in globular clusters.

The long-period variables are cool red giant stars that
can vary by as much as a factor of 100, in a period of
months or even years. Many have surface temperatures of
about 3500 K and average luminosities in a range of 10 to
as much as 10,000 Lo . They're placed on the middle
right-hand side of the H-R diagram. Many are periodic,
but there are also a few which are not. A famous example
of a periodic long-period variable star is Mira, (0 Ceti), in
Cetus. A famous non-periodic long-period variable star is
Betelgeuse (a Orionis) in Orion. After all that has been
written above, it may come as a surprise to you to know
that we do not fully understand why some cool red giant
stars become long-period variable stars.

There are many pulsating stars that can be observed
by the amateur astronomer, and in fact several
organisations exist throughout the world that cater
specifically for this pastime. 12 However, r shall just

12 A 1:_ ~
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Other stars that are Cepheid variables and can be
observed with amateur equipment are: U Aquilae,
Y Ophiuchi, W Sagittae, SU Cassiopeiae, T Monocerotis,
T Vulpeculae.
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HD 182989 19h 25.3 m Jun-Jul-Aug

7.06-8.12m 1.13 M 0.567 days Lyra

This is the prototype of the RR Lyrae class of pulsating variable stars. These are similar to
Cepheids but have shorter periods and lower luminosities. There are no naked-eye
members of this class of variable, and RR Lyrae is the brightest member. There is a very
rapid rise to maximum, with the light of the star doubling in less than 30 minutes, with a
slower falling in magnitude. From an observational viewpoint, it is a nice white star,
although detailed measurements have shown that it does become bluer as it increases in
brightness. There is some considerable debate as to the changes in spectral type that
accompany the variability. One source quotes A8-F7, while another A2-F1 - take your
pick. There is also some indications that there is another variability period along with the
shorter one, which has a period of about 41 days. See Star Map 60.
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Other RR Lyrae variable stars are: RV Arietis, RW
Arietis, and V467 Sagittarii. However, all these stars are
faint, and so will present a considerable challenge to
observers.

Other Mira-type stars are R Leonis and R Leporis,
both of which have been described in earlier sections.

We have now seen how stars evolve during the middle
age of their life, and how a star behaves on the main
sequence depends on the mass of the star. Small mass
stars will evolve in a different manner to those which
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oC..

-J.S4M

02~ 19.)"'

331.96 days

-02" 59'

M9-M6e c.'"
An impoortallt star, and maybe the first variable star ever observed. Wrillen records
certainly exist as far back as 1596. The prototype of the long-period pulsating variable. it
varies from 3rd 10 I01h magnitude over a period of 332 days. and is an ideal star for the
first-lime variable star observer. At minimum, the star is a deeper red colour. bUI of
course fainter. It now has a lower temperature of 1900 K. The period, however, is subje<:t
to irregularities. as is ilS magnitude. and can be longer, or shorter, than the quotC'd
average of 332 days II has been observed for maximum light to rt'ach 1st magnitude ­
similar to Airiebarllll! One of the oddities about Mira is that the challge in spectral class
does llot occur exactly with maximum. but rather a few days later! AllOlher oddity is that
Wh..ll MiTI. is at ilS fainlest, il apparently is also at its largest, when you would lhink that
the opposite would be true. A reaSOll for this has b..-en put forward recently in that the
star produces titanium oxide in its atmosphere. as it cools and expands. The compoound
then acts lik.. a filter, blockill8 out the light. The llame Mirl. is Arabic for "wollderful
star". S« Star Map 7.

have a high mass. As you may have already guessed, the
same criteria will also decide how a star proceeds into
old age. This then is the topic for the next section - Star
Death!

~ ."
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Stars live for millions, billions, and even hundreds of
billions arrears,1 and so you may be thinking "how on
Earth can we know anything about how a stur dies?"
After all, we have only been on a planet Ihal is about
4.5 billion years old, and been studying astronomy for
about 10,000 years. Well, fortunately for us, it is
possible to observe thl' many disparate ways in which
a star can end its life.

Once again, it is the mass of a star that drcides how it
will end its life, and the results are very spectacular and
sometimes very strange indeed. Low-mass Slars can end
their lives in a comparatively gentle manner, forming
beautiful and apparently delicate structures that we
know as plane/aTY nebl/lae, before then proceeding to a
small and ever.cooling white dwarf star. At the other
end of the scale, high-mass stars tend to end their lives
in a far more spectacular fashion by exploding! These
are the rare slipemovile.

We begin our journey by looking at stars that have a
low mass.

I Current th<"()rie<; predict th~l low-mass I>Hype Slars will Slay on lhe
main sequence for trillions of )"t'ars!!!

"
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4.2 The Asymptotic
_Giant,Branch_
Let's recap briefly how low~mass stars (and by this [
mean stars that have a mass of around 4~ and less)
behave after leaving the main sequence. When core
hydrogen.burning ceases, the core will shrink and this
heats up the surrounding hydrogen gas and so
hydrogen-shell burning begins. The outer layers of the
star will expand, but also cool and so the slar becomes a
red giant. The post-main-sequence star will move up
and to the right on the H-R diagram as its luminosity
increases and temperature falls. We can say that the star
now lies on the red-giant branch of the H-R diagram.
The next stage involves the onset of helium-burning in
the core. If a star is has a high mass (greater than about
2-3 Mo ), then this starts gradually, but if the star has a
lower mass, this stage begins suddenly, in what is called
the helium flash. But no matter which way it starts, a
result of the helium-burning is that the core actually
cools down, with a resulting slight decrease in the
luminosity. The outer layers of the star also contract a
little, heating them up in the process, and so the
evolutionary track of the red giant now moves left
across the H-R diagram. The luminosity during this
phase remains more-or-less constant, so the path is
nearly horizontal, and so is called the horizomal
brU/lell. Stars on the horizontal branch are stars in
which helium-burning is occurring in the core, which in
turn is surrounded by a shell of hydrogen·burning.
Many such stars are often found in globular dusters.

We can now look at the next stage of a star's life.
Recall from Chapter 3 that by-products of the triple
ex process are the elements carbon and oxygen. So after
a suitably long period of time, maybe 100 million years,
we could expect all the helium in the core to have been
converted into carbon and oxygen. This would mean
that core helium-burning would then stop. A similar
process to that which was explained in Chapter 3 then
begins. The absence of nuclear fusion results in a
contraction of the core because there is no energy
source to provide the internal pressure necessary to
balance the force of gravity. The core contraction is
Slopped, however, by degenerate electron pressure,
which is something we met earlier. A result of the core
contraction is a release of heat into the helium gas
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Figure 4.1. The
Slruc:lvre 01 on AG6

S."

which is surrounding the core, and so helium burning
begins in a thin shell around the carbon-oxygen core.
This is, aptly enough, called shell helium-burning.

Now an extraordinary thing happens: the star enters
a second red-gi(lnt ph(lse. It is as if history has repeated
itself. Stars become red giants at the end of their main
sequence lifetimes. The shell hydrogen-burning phase
provides energy causing the outer layers of the star to
expand and cool. In a similar fashion, the energy from
the helium-burning shell also causes the outer layers to
expand, and so the low-mass star rises into the red
giant region of the H-R diagram for a second lime. But
this time it has an even greater luminosity.

This phase of a star's life is often called the
asymptotic giant branch phase, or AGB. Thus these
stars are called AGB stars, and are on the asymptotic
giam branch of the main sequence. Its position on the
main sequence is shown on Figure 3.8.

The structure of an AGB star is shown in Figure 4.1.
Its central region is a degenerate carbon-oxygen mix
surrounded by a helium-burning shell, which in turn
is surrounded by a helium-rich shell. This is further
surrounded by a hydrogen-burning shell. All this,
however, is further encompassed by a hydrogen-rich
outer layer. What is truly remarkable is the size of these
objects. The core region is around the same size as the
Earth, while the hydrogen envelope is immense. It can
be as large as the orbit of the Earth! When the star has
aged, however, the outer layers, which are expanding,

Hydrogel'l-burning shell

\
HeliUnHich shell

Helium-bvrni"ll shell

Ca'bon- and o"Y'!len-rich co<e

Hydrogen-rich OUJef Iayeu
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cause the hydrogen-burning shell to also expand and
thus cool, and so the nuclear reactions occurring
therein may cease, albeit temporarily.

The luminosity of these stars can be very high indeed.
For example, a 1 M0 AGB star may eventually attain a
luminosity of 10,000 1.0. Compare this to the luminosity
of only 1000 1.0 it achieved when it reached the helium
flash phase and a poor I 1.0 when it resided on the main
sequence. It is sobering to think ahead and imagine
what will happen when the Sun becomes an AGB star in
about 8 billion years from now!

There are many AGB stars that can be observed by
amateurs, and in fact we have already mentioned and
described several of them: the archetypal AGB star is
Mira (0 Ceti), but there are also R Leonis, R Leporis,
R Aquarii, and R Cassiopea. In addition there are also a
few others, albeit somewhat fainter. These include;
X Cygni, W Hydrae, S Pegasi and IT Morwcerolis.

4.3 Dredge-Ups . _ _.
We have seen how energy and heal are transported
from a star's core to the surface by two methods ­
convection and radiation. Convection is the motion of
the star's gases upwards towards the surface, and then a
cooling of the gases so that it falls downwards. This
ntethod of energy transfer is very important in giant
stars. Radiation, or radiative diffusion as it is also
sometimes called, is the transfer of energy using
electromagnetic radiation, and is only important when
the gases in a star are transparent (the opacity is low).
When a star ages, and has left the main sequence, the
convective zone can increase substantially in size, and
sometimes extend right down to the core. This means
that the heavy elements, or metals, that are formed
there can be carried to the surface of the star by
convection. This process has the very unglamorous
name of dredge-up. The first dredge-up begins when the
star becomes a red giant for the first time, i.e., core
hydrogen-burning phase has stopped. The by-products
of the eNol cycle of hydrogen are transported to the

• In 5tars which art huntr than tht Sun, and also havt I hightr",au,
tht chlin ufrnctiuns that Itld5 tu hydrognl fusiun i. clnnt tht eND
cyclt. wht~ C. Nand O. 5tlnd fur Carbon, Nitr"ll"n and Oxygtn,
~'p«tivtlr. 1'h<' -.nounl of tnugy proooctd in lhi5 rtaction i5
nacdy tht umt U Ihat producnt by tht protun-protun rtaction
di$<:u»td nrlitr, but i\ OCCUl'$ 1\ a much mort rapid ratt.

p'
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surface because the convective zone now reaches deeply
down into the core regions. A secoml dredge-up starts
when the helium-burning phase e~ds. Then, during the
AGB phase, a Illird dredge-lip occurs, but only if the
mass of the star is greater than 2 Mo , when a large
amount of newly formed carbon is carried to the star's
surface. The spectrum of a star that has such a carbon
enriched surface exhibits very prominent absorption
bands of carbon-rich elements such as C1, CH and CN.
Such slars that have undergone a third dredge-up are
often called cllrbon Slars.

As the star continues to rise up the AGB it increases in
both brightness and sile, and one of the consequences
of this is that the star develops a very strong stellar
wind. This blows the star's outer layers into interstellar
space. Thus the star undergoes a substantial mass loss
during this phase, maybe as much as iO~ ~~ per year
(this is about 1000 times greater than the lllass loss of a
red giant star, and about 10 billion times the mass loss
of the present-day Sun). The cuuse of these extreme
stellar winds is still a puzzle, although the surface
gravity of AGB stars is very low be<:ause the stars are so
large, lhus any sort of diSlurbance on the star surface is
capable of expelling material outwards. The outer layers
of the star flow outward al 10 km per second, (about 2%
of the speed of the solar wind), cooling as they move
from the star. Dust parlicles can thus form in lhe cooler
surrounding gas formed out of the ejected carbon-rich
molecules. In fact, it is believed that tiny grains of soot
are formed! Many carbon stars have been observed,
surrounded by cocoons of carbon-rich mailer. [t some
cases, the dust cloud is so thick that it can totally
obscure lhe slar, absorbing all the emilled radiation.
The dust then heats up and re-emits the energy, butlhis
time in lhe infrared.

It may come as a surprise to know that AGB stars,
which can have luminosities that are 10,000 times that
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of the Sun, were, until the 1960s, hardly known. The
reason for this is simple: the dust that surrounds the
star, and re-emits the radiation, is so cool that
the reradiated energy is almost entirely in the infrared
part of the spectrum. This is, of course, invisible to the
naked eye and has only been explored in detail in the
past 30 years. This is shown in Figure 4.2. These stars
are very faint, or even invisible in the visible part of the
spectrum. By comparison, the Sun is very bright in
the visible part of the spectrum and very faint in the
infrared. The surface of an infrared star can be thought
of a starting at the surface layer of the dust cloud, and
for some AGB stars, this can have a radius as much as
500 AU, which is some 10 times the size of the Solar
System. These outer layers of the star are extremely
tenuous and hold only a fraction of the total mass of the
star. The vast majority of the mass is in the carbon­
oxygen core and the energy-forming layers that
surround it. So we can picture an infrared stars as
having a very small and dense central part, and an
enormous, low density outer layer.

Most of the energy emitted by the Sun is in the visible
part of the spectrum. In comparison, nearly all the
energy radiated from the dust surrounded an infrared
star is invisible to the naked eye.

Figure 4.2. The
Spectrum of on Infrored
Star Compared to the
SO"

Ultraviolet

100 1000

Wavelength. nm

Infrared

10'
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4.6 The End of an AGB
_Star's Life_
As it ages, the AGB star continues to grow in size and
increase its luminosity, along with an increase in the
rate at which it loses mass. As mentioned earlier, the
mass loss can be 104 Me per year, which means thaI if
the Sun lost mass at this rale, il would only last for
10,000 years. So, obviously, even giant stars cannot
carry on this way for very long. If a star has a mass less
that about 8 Mo, its stellar wind will soon strip away the
outer layers almost down to the degenerate core.
Therefore, a loss of the outer layers would signal the
end of the AGB phase. For those stars that are greater
than 8 M0 , the end of the AGB phase arrives in a much
more spectacular event a - supernova. But we leave that
discussion for a later section.

I want to end this section on the AGB part of a star's
life with a sobering and amazing thoughl. Recall that
carbon stars enrich the interstellar medium with not
only carbon, but some nitrogen and oxygen as well. In
fact, carbon can only be formed by the triple a process
that occurs in helium-burning, and carbon stars are the
main means by which the element carbon is dispersed
throughout the interstellar medium. The part which
always amazes me is when I consider that the carbon in
my body, and in fact in the body of every living creature
on the Earth, was formed many billions of years ago,
inside a giant star undergoing the triple a process. [t
was then dredged-up to the star's surface, and then
expelled into space. Later on, by some means it formed
the precursor to the Solar System, made the Sun and
planets, and all life on the Earth.

We are made of the stuff of stars!
One of the benefits of a carbon star, from the point of

view of an observer, is that there are many of the rare
carbon stars visible in the night sky that can be seen
with amateur instruments. We have already come
across a few of these: R Leporis, RS Cygni, and /9
Piscium, but there are several more that are worth
seeking out, and I have listed these below. The one
aspect of these stars that will be immediately apparent
to you is their colour. All of them are strongly coloured
red. They are, in fact, the reddest stars visible to the
amateur astronomer.
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HD 7622\ 08~ 55.4'" +17 14' Jon-feb-oY.o.

612..m S-V-297 C6 Conce>'

An eXlr..mely orange star, this semi-regular varjabl .... star, classification SRII. has a p..riod
of ISO to 19S days, and has been observed to r.lnge in m~gmlude from 5.610 7.5. See Star
Map 61.

V HydF'Clle lolonde 16 1O~ 516'" -21 15' Feb-Mgr-Apr

7.0.,m S.v45 (9 Hydro
The Slar, another dassie long period variable, period ahout 533 days, varies in brightness
between 6 and 12m. It also has a second periodicity of 18 years. [t has ocen desaibffi as
coloured a "magnificent coppa red". II is, however. difficult 10 observe owing 10 its large
magnitude range. See Star Map 62.

La Superba y CVn 12" 45 1'" +45 26' Mcr-Apr-M.ay

5.4"m S.V:2.9 (7 Cone, Venolici

The colour of this star is best st'en through binoculars or a small telescope. With a pl'riod
of 159 days. and varying in magnitude belween 4.9 and 6.0m, Ihis red gianl has ,1 dlJmclCr
of 400 million kilometres. See Star Map 63.

GD 112559 12~ 56.3"' +66 00' Mor-Apr-Moy

6.4.,m a.V,3.3 C7 Draco

A red gianl variable with poorly understood pl'riodic;ly. class SRB. w;lh a period believM
to be 200 days, and a magnilude rauge of 6.0-8.0m, this Slar has a 10n'ly red colour. Set'
Slar Map 64.

HD 160435 17" 43.3"' -57 43' Moy-Jun-Jul

6.65.... SOV;2,45 C5 POYo

A red giant variable Slar. dass SRB. varying in brightness from 6.3 10 8.2m. over a pl'rlod
of 225.4 days. II also has a secondary period of about 3735 days. A glorious deep-red
colour. Sec Star Map 65.

18" 32.3"' +37 00' Moy-Jun-Jul

SOV' C8 lyra

An extremely red·coloured Slar, Ihis is another Wilh an irregular period; magnilude range
7.5 10 9.3. See Slar Map 66.

HD 177336 19" 04.4"' -05 41' Jun-Jul-Aug

7.5.... a.V;5.46 C5 Aquila

A semi-regular variable Slar, with a period of about 350 days, val)';ng in magnitude from
6.6 to 8.lm. A very deep red in colour. Set' 5tH Map 57.
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HD 206362 21 h 3S.2 m Jul-Aug-Sep

7.9vm B-V:2.7 C6 Cepheus (g

Amoderately difficult star to observe, owing to its magnitude range of between 7 and 12
magnitudes, it nevertheless has a very high colour index, making it one of the reddest
stars in the sky if not the reddest. Its red colour immediately strikes you, and once seen,
never forgotten. See Star Map 67.

HD 8879 01 h 26.9m Sep-Oct-Nov

S.79vm B-V: 1.4 C6 Sculptor

Asemi-regular-period variable star, with a period of between 140 and 146 days, it varies
in brightness from 5.0 to 6.5. See Star Map 68.

B-V:4.9 N7

+620 39' Od-Nav-Dec

Camelopardalis

©
Asemi-regular variable star, period 412 days with a magnitude range of 7.7 to 9.5m. It has
a very deep-red colour. See Star Map 69.

HD 32736 OSh 0.4 m Nov-Dee-Jan

6.3vm B-V:3.33 NS Orion

A red giant variable star, classification SRB, with a period of 212 days, although a
secondary period of 2450 days is believed to occur. Varies in magnitude from 5.5 to 7.7m.
A deep-red star. See Star Map 17.

II! ;we '"' m HD 141S27 I 1Sh 48.6m I +280 09' I Apr-May-Jun

o ~.~9:~ -0, B-V: 0.608 I GOlab:pe I ICorona Borealis

Although not strictly a carbon star, R Cor Bar, as it is known affectionately, should be
mentioned here. It is the prototype variable star of the class ReB. What makes this star so
special is that it is an irregular variable, usually seen at maximum brightness, but then
suddenly fading down to 12'h magnitude, which can last several weeks, or months, or even
as long as a year.3 Then just as suddenly, it can brighten back again to its normal
brightness. The reason for this strange behaviour is that carbon grains condense out in the
star's atmosphere, thus blocking out the light from the star. Radiation then causes the
grains to dissipate and so the star returns to its usual magnitude. The cycle then begins
once again with the grains building up over time. Other stars which show a similar
behaviour are RY Sagittarii (6.5 m), SU Tauri (10 m) and S Apodis (10 m). See Star Map 70.

J On one occasion it remained at minimum magnitude for 10 years!
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_ Star Map 61
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At the end of the AGB phase, all that will remain of the
star is the degenerate core of carbon and oxygen,
surrounded by a thin shell in which hydrogen-burning
occurs. The dust ejected during the AGB phase will be
moving outward at tens of kilometres per second. As
the debris moves away, the hot, dense and small core of
the star will become visible. The ageing star will also
undergo a series of bursts in luminosity, and in each
burst, eject a shell of material into interstellar space.
The star now begins to move rapidly towards the left of
the H-R diagram, at an approximately constant
luminosity, but geuing increasingly hotter. It will only
take, say, a few thousand years for the surface
temperature to get to 30,000 K. Some stars achieve
temperatures of 100,000 K. The exposed core of the star
will, at these high temperatures, emit prodigious
amounts of ultraviolet radiation that can excite and
ionise the expanding shell of gas. The shell of ionised
and heated gas will begin to glow, and produce what is
called a planetary nebula.

To appreciate fully what is happening here, let's look
a little deeper into what's going on. We know that as the
helium in the helium-burning shell is depleted, the
pressure that supports the dormant hydrogen-burning
shell decreases. Therefore, the hydrogen-burning shell
contracts and heats up, thereby initiating hydrogen­
burning. This newly started hydrogen-burning creates
helium, which falls down upon the temporarily
dormant helium-burning shell. If the shell temperature
reaches a specific value, it re-ignites in what is called the
helium-shell flash, similar to (but less intense than) the
helium Aash that occurs in the evolution of the low­
mass stars. The newly created energy pushes the
hydrogen-burning shell outward, cooling it as it does
so, which results in a cessation of the hydrogen-burning
and the shell becomes dormant once again. The process
then starts all over again.

The luminosity of the AGB star increases quite
substantially when the helium shell Aash occurs,
although it is only for a relatively short time. This
short lived burst is called a thermal pulse. After a
thermal pulse has occurred, the star resumes its former
appearance until enough helium builds to allow another
thermal pulse to occur. With each thermal pulse, the
mass of the degenerate core, consisting of carbon and
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oxygen, will increase. For the very massive stars, the
thermal pulse occurs in the very deep interior of the
star, and produces only a slight, temporary change in
luminosity. For a star of mass 1 Mo, a thermal pulse
would be close enough to the surface to cause the
luminosity to increase by a faClor of 10, and last about
100 years. The time between thermal pulses varies
depending on the star's mass, but calculations prfi1ict
that they would occur at ever decreasing intervals,
perhaps as short as 100,000 to 300,000 years, whilst the
luminosity of the star during this time would slowly
increase overall.

Significant mass loss can also occur during the
thermal pulses. The star's outer layers can separate
completely from the carbon and oxygen rich core, and
as the ejected material disperses into space, grains of
dust can condense out of the cooling gas. The radiation
from the very hot core can propel the dust grains
further and so the star sheds its outer layers completely.
In this manner a star of mass, say, 1 Mo. can lose about
40% of its mass. Even more mass is lost by the massive
stars. As the dying star loses its outer layers, the hot
core is exposed, and illuminates the surrounding dust
and gas cloud.

The evolution of the remaining core is itself of
interest as it progress rapidly to its final state. There are
two factors that can influence the rate at which the core
evolves. Firstly, due to the star's extreme luminosity,
which can be as high as 100,000 Le. it consumes its
hydrogen at a very fast rate. Secondly. little hydrogen
remains in the thin hydrogen-burning shell that
surrounds the degenerate core, so there is hardly any
fuel left to be consumed. The central stars of some
planetary nebulae have as liule as a few millionths of a
solar mass of hydrogen left to burn, and so they fade
very rapidly. In fact some can have luminosities that
can decrease by as much as 90% in as little as tOO years,
whereas others may require a little longer, perhaps a
few thousand years. As the source of ionising photons
decreases over time, the planetary nebula grows darker,
and eventually fades away.

Planetary nebulae4 are some of the most interesting
and beautiful objects in the sky and have a lot to offer
the amateur. They range across the whole of the

• TI>e name Mplaneury nmuJa" was fint applifd 10 Ihe5e obj«11 by
Hel'5Chfl who thought lhat lhe nebula lookfd like )upiler wilen Ittn
in • ldncopt'.

p' m
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observational spectrum: some are easy to find in
binoculars, whilst others will require large aperture,
patience, and even maybe specialised filters in order for
them to be diStinguished from the background star
fields. These small shells of gas, once the atmosphere of
slars, come in a variety of shapes, sizes and brightness.
Many have a hot central star within the nebula, which is
visible in amateur equipment. and is the power source,
providing the energy for the gas to glow.

Several nebulae have a multiple shell appearance, and
this is thought due to the roo giant experiencing several
periods of pulsation where Ihe material escapes from the
star. The strong stellar winds and magnetic fields of the
star are also thought responsible for the many observed
exotic shapes of the nebulae. Planetary nebulae are only a
fleeting feature in our Galaxy. After only a few tens of
thousands of years, the nebula will have dissipated into
interstellar space, and so no longer exist. Thus the
planetary nebulae we observe today cannot be older than
about 60,000 years old. However, this aspect of a star's
evolution is apparently very common, and there are over
1400 planetary nebulae in our part of the Galaxy alone!

Visually, the nebulae are one of the few deep sky
objects that actually appear coloured. Around 90% of
its light comes from the doubly-ionised oxygen line,
011I, at wavelengths 495.9 nm and 500.7 nm. This is a
very characteristic blue-green colour, and, it so
happens, the colour at which the dark adapted eye is
at its mosl sensitive. The specialised light filters are also
extremely useful for observing planetaries as they
isolate the Olll light in particular, increasing the
contrast between the nebula and the sky background,
thus markedly improving the nebula's visibility.

Such is the variety of shapes and sizes that there is
something to offer all types of observer. Some
planetaries are so tiny that even at high magnification,
using large aperture telescopes, the nebula will still
appear starlike. Others are much larger. for instance the
Helix Nebula, Caldwell 63, is half the size of the full
Moon, but can only be observed with low magnifica­
lion, and perhaps only in binoculars. as any higher
magnification will lower its contrast to such an extent
that it will simply disappear from view. Many exhibit a
bi-polar shape, such as the Dumbbell Nebula, M27, in
Vulpecula. Whilst others show ring shapes, such as the
ever-popular Ring Nebula, M57, in Lyra.

An interesting aside is tht' possibility of observing the
central stars of the nebulae. These are very small,

~ '"
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subdwarf and dwarf stars. They are similar to main­
sequence stars of type 0 and B, but, as they are running
down their nuclear reactions, or in some cases, no longer
producing energy by nuclear reactions, are consequently
fainter and smaller. These two characteristics make
observation very difficult. The brightest central star is
possibly that of NGC 1514 in Taurus, at 9.4 magnitude,
but the majority are at magnitude 10 or fainter.

There is a classification system called the Vorontsoz­
Vellyaminov Classification System, which can be used to
describe the appearance of a planetary. Although it is of
limited use, it will be used here.

Planetary Nebulae Morphology types

1. Starlike
2. A smooth disclike appearance

a. bright towards centre
b. uniform brightness
c. possible, faint ring structure

3. Irregular disclike appearance
a. irregular brightness distribution
b. possible faint ring structure

4. Definite ring structure
5. Irregular shape
6. Unclassified shape

can be a combination of two classifications;
i.e., 4 + 3 (ring and irregular disc)

The usual information is given for each object, with
the addition of morphology class (@ ) and central star
brightness (.). In addition, the magnitude quoted is
the magnitude of the planetary nebula as if it were a
point source. This last parameter can often be
confusing, so even if a nebula has a quoted magnitude
of, say, 8, it may be much fainter than this, and
consequently, hard to find.

NGC 2392 07h 29.2m Dec-Jan-Feb

8.6m E9 15" @ 3b + 3b .9.8 Gemini

Also known as the Eskimo Nebula. This is a small but famous planetary nebula which can
be seen as a pale blue dot in a telescope of 10 em, although it can be glimpsed in
binoculars as the apparent southern half of a double star. Higher magnification will
resolve the central star and the beginnings of its characteristic "Eskimo" face. With an
aperture of 20 em, the blue disc becomes apparent. Research indicates that we are seeing
the planetary nebula pole-on, although this is by no means certain. lts distance is also in
doubt, with values ranging from 1600 to 7500 light years. See Star Map 71.
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NGC 3242 1d' 24.8'" -18· 38' )ort-Feb-Mor

8.4m lB 16" 4+3b .12.1 Hydro
Also known as the GllOSf of}ljpift'r. One of the brighter planetary nebula, and brightest in
the spring sky for northern observers, this is a fine sight in small telescopes. Visible in
binoculars as a tiny blue disc. With an aperture of 10 em, the blue colour becomes more
pronounced along with its disc, which is approximately the same size as that of Jupiter in
a similar aperture. The central star has a reported temperalUre of about 100,000 K. See
Star Map n.

NGC 3587 llh 14.8'" +55 01' feb-Mor-Apr

9.9m 91 19<1" • 30 .16 Ur!oCl Major \i""

Also known as the Owl Nebula. Not visible in binoculars owing to its low surface
brightness. AperlUres of at least 20 cm will be needl'd to glimpse the "eyes" of the nebula.
At about 10 cm aperture, the planetary nebula will appear as a very pale blul' tinted
circular disc, although the topic of colour in rl'gard to this particular planetary nebula is
in question. See Star Map 71.

NGC 6543 17h 58.6'" +66 38' Moy-Jun-Jul

8.3m 9118" e30+2 .11 DrocoQ
Also known as the Cil/'s Eye Nebula. Seen as a bright oval planetary nebula with a finc
blue-green colour, this is one of the planetary nebula that became famous after the liST
published its image. Visible even in a telescope of 10 em, but a large telescope (20 em)
will show SQme faint Structure, while to observe the cenlral star requires 40 cm aperture.
The incredibly beautiful and complex structure is thought to be the result of a binary
system. with thl' central star dassifil.'d as a IVolf-Ruyet slar. See Star Map 71.

Meuier 57 NGC 6720 18" 53.6'" +33 02' J..,rt-Jul-Aug

8.8m e71" @<l+3 .15.3 lyfo

Also known as thl' Rillg Nebula. The most famous of all planetary nebula, and, surprisingly
- and pleasantly - visible in binoculars. However, it will not be resolved into the famous
"smoke-ring" shape seen so often in colour photographs - it will, rather, resemble an out­
of-focus star. It is just resolved in telescopes of about 10 em aperture, and at 20 em the
classic smoke-ring shape becomes apparent. At high magnification (and larger aperture), the
Ring Nebula is truly spe<:tacular. The inner region will be seen to be faintly hazy, but large
aperture and perfect conditions will be needed to see the central star, See Star Map 71.

NGC 6826 19"" 44.8'" ..50" 31' Jurt-Jul-Aug

8.8m e25" • 30+2 .11 Coo.,
Also known as the Bliltki"g Pluttetllry. A difficult planetary nebula to locate, buC,=w=,,",-i
worth the effort. The blinking effect is due solely to the physiological structure of the eye.
rf you stare at the central star long enough, the planeta<}' nebula will fade from view. At
this point should you move the eye away from the star, and the planetary nebula will
"blink" back into view at the periphe<}' of your vision. Although not visible in amateur
telescopes, the planetary nebula is made up of two components - an inner region
consisting of a bright shell and two ullsae, and a halo which is delicate in struclure with a
bright shell. See Star Map 71.
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Oct-Nov-Dec

Camelopardalis

©

.14.5

+600 55'

@3Ell 52"

NGC 246 OOh 47.0m Sep-Oct-Nov

NGC 1501

NGC 1535 04h 14.2 m Oct-Nov-Dec

NGC 6501 01 h 42.4m Sep-Oct-Nov

85m Ell 225" @ 3b • 11 Cetus

10.1m Ell 65" @3+6 .15.9 Perseus©

9.6m Ell 18" @ 4 + 2c • 12 Eridanus

Also known as the Little Dumbbell Nebula. This is a small planetary nebula that shows a
definite non-symmetrical shape. [n small telescopes of aperture 10 cm, and using averted
vision, two distinct "nodes" or protuberances can be seen. With apertures of around
30 cm, the planetary nebula will appear as two bright but small discs which are in contact.
Even larger telescopes will show considerably more detail. See Star Map 71.

A nice planetary nebula that is large and bright and shows a distinct circular appearance.
An aperture of at least 20 cm is needed for its true nature to become apparent. With larger
apertures the mottling appearance is easily seen, with bright and dark areas making up the
characteristic shape of this planetary nebula. Its central star is very strange, believed to be
one of the hottest stars known, with a temperature of at least 135,000 K. It is also thought to
be a binary star, which may account for its peculiar shape. See Star Map 71.

One of the few planetary nebulae that show a distinct circular appearance in small
telescopes. With an aperture of 5 cm and magnification of at least 100%, a small hazy
glow will be seen. Under higher apertures, the disc is resolved along with the nice blue
colour. Telescopes of 20 cm will easily resolve the subtle hazy outer ring structure, and
the bright bluish-green disc, and central star is easily seen. See Star Map 71.

Has been called the Oyster Nebula. A very nice blue planetary nebula, easily seen in
telescopes of 20 cm, and glimpsed in apertures of 10 cm. With larger aperture, some
structure can be glimpsed, and many observers liken this planetary nebula to that of the
Eskimo nebula. See Star Map 71.
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NGC 6905 20h 22.4m Jun-Jul-Aug

NGC 7009 21 h 04.2 m Jul-Aug-Sep

NGC 7293 22 h 29.6m Jul-Aug-Sep

NGC 7662 23 h 25.9m Aug-Sep-Od

NGC 6853 19h 59.6m Jun-Jul-Aug

7.3m Ell 348" @ 3 + 2 • 13.8 Vulpecula

11.1 m Ell 40" @ 3 + 3 • 15.5 Delphinus

Also known as the Dumbbell Nebula. This famous planetary nebula can be seen in s 1I
binoculars as a box-shaped hazy patch, and many amateurs rate this as the sky's pre::

r
planetary nebula. In apertures of 20 cm, the classic dumbbell shape is apparent, with the
bnghter parts appeanng as wedge shapes which spread out to the north and south of th
planetary nebula's centre, and central star may be glimpsed. See Star Map 71. e
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8.6m Ell 12" @ 4 + 3 • 13.2 Andromeda

Also known as the Blue Flash Nebula. The true nature of this planetary nebula only
becomes apparent at apertures of at least 20 cm, when the lovely blue colour is seen. The
central star can be seen only under good seeing conditions. See Star Map 71.

Also known as the Saturn Nebula. Although it can be glimpsed in small aperture, a
telescope of at least 25 cm is needed to see the striking morphology of the planetary
nebula which gives it its name. There are extensions, or ansae, on either side of the disc,
along an east-west direction, which can be seen under perfect seeing. High magnification
is also justified in this case. Recent theory predicts a companion to the central star, which
may be the cause of the peculiar shape. See Star Map 71.

6.3m Ell 770" @ 4 + 3 .13.5 Aquarius

8.3m Ell 25" @ 4 + 6 • 12.78 Aquarius

Also known as the Helix Nebula. Thought to be the closest planetary nebula to the Earth,
at about 450 light years, it has an angular size of over 1° - half that of the full Moon.

. 4
However, It has a very low surface brightness and is thus notoriously difficult to locate.
With an aperture of 10 cm, low magnification is necessary, and averted vision is useful in
order to glimpse the central star. The use of an OIII filter will drastically improve the
image. See Star Map 71.

Also known as the Blue Snowball. This nice planetary nebula is visible in binoculars
owing to its striking blue colour, but will only appear stellar-like. Research indicates that
the planetary nebula has a structure similar to that seen in the striking HST image of the
Helix Nebula, showing Fast Low-Ionisation Emission Regions (Fliers). These are clumps
of above-average-density gas ejected from the central star before it formed the planetary
nebula. See Star Map 71.
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We now look at the final end point for low mass stars,
and it is a very mange end indeed We have seen how
stars whiclJ have a mass less than 4 M0 • never manage to
produce the internal pressure and temperature that is
necessary to provide the means to burn the carbon and
oxygen in the core. What happens instead is an ejection
of the star's outer layers leaving behind the very hot
carbon-oxygen rich core. In such a scenario, the core has
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stopped producing energy by nuclear fusion, and so just
cools down, admittedly over a vast time scale. These
cooling relics are called white dwarf stars. In many
instances they are no bigger than the Earth.

4.9 Electron Degeneracy
_and White Dwarfs
Experience tells us that as the mass of an object increases,
so does it size, and this applies for many astronomical
objects, such as stars on the main sequence. However, the
opposite is true for white dwarfs. The more massive a
white dwarf star is, the smaller it becomes. The reason for
this contrary behaviour is to do with the electron
strudure of the material of the white dwarf. Increasing
the density of an object will lead 10 an increase in
pressure, as observed in main-sequence stars, but the
pressure in a white dwarf star (which is, remember, the
core of a once much larger star), is produced by
degenerative electrons. This electron degenerate pressure
supports the star. An increase in density, however, also
leads to an increase in gravity. For the white dwarf star,
this increased gravity will exceed the increase in pressure
and so the star will contract. As it gels smaller, both the
gravity and pressure increase further and come into
balance with each other, but at a smaller size for the white
dwarf. What this means is that the more massive a white
dwarf star, the smaller it is. As all example, a
0.5 M0 • white dwarf star is about 90% larger than the
Earth, whereas a I M0 • white dwarf star is only around
50% larger than the Earth. If the white dwarf is 1.3 M0 •
then it is only 40% as large as the Earth.

White dwarf stars have a very unusual mass-radius
relationship that relates it mass to its radius, and this is
shown in Figure 4.3. It shows that the more degenerate
math,'r you put into a white dwarf star, the smaller it gets.
However, you cannot do this ad infinitum, there is a
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maximum mass that a white dwarf can have. This mass,
which is about 1.4 Mo , is called the ChandraS<!kllar limit,
named after the Indian scientist who first seriously
studied the behaviour of white dwarfs. It is the mass for
which the mass-radius relationship drops to zero, so that
a white dwarf star with a mass equal to the Chandrase­
khar limit will shrink to a very small size. But no star with
a mass greater than 1.4 ~ can be supported against the
crush of gravity by the pressure of the degenerate
electrons. This meanS that the main-sequence stars of
type 0-, B- and A-, which have masses greater than the
Chandrasekhar limit, will need to shed mass if they are to
become white dwarf stars. This they do whilst becoming
AGB stars, as we saw earlier. But not all stars do achieve
the necessary mass loss, and in such cases where the
contraction cannol be stopped by degenerate electrons,
the stars collapse even further to become neutron stars
and perhaps even black holes.

A question that is often asked is "what is a white
dwarf Slar made out or.", and the anSwer often
surprises - it surprised me! The matter making up the
white dwarf star consists for the most part of ionised
oxygen and carbon atoms, that are floating in a sea of
fast moving degenerate electrons. As the star continues
to cool, the particles in this mailer slow down which
results in electric forces between the ions beginning to
dominate over the random thermal motions that they
originally had. These ions now no longer move freely

2.0 - Rodiu. decrea.... a.
ma.. ir>e.reoa ....
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though the white dwarf, but instead are aligned in
orderly rows, rather like a giant crystal lattice. It is
appropriate to think of the white dwarf as being "solid",
with the degenerate electrons still moving freely in the
crystal lattice, just as electrons move in, say, a copper
wire. Another interesting point to make is that a
diamond is a crystal lattice of carbon, so a cooling white
dwarf star can also be thought of as a (sort-of) giant
spherical diamond. The density in a white dwarf star is
immense, typically 109 kg m- J • This is about one million
times the density of water. One of the statistics that
astronomers like to throw out is that one teaspoon of
white dwarf mailer weighs about 5.5 tons, equal to the
weight of an elephant. Providing of course of you could
get a teaspoon of the matter to the Earth in the first place.

When the white dwarf shrinks down to its final size, it
will no longer have any fuel available for nuclear fusion.
It will, however, still have a very hot core, and a large
reservoir of residual heat. For example, the surface
temper3ture of a famous white dwarf star, Sirius B, is
ahout 30,000 K. Time will pass, and with it, the white
dwarf will cool down as it radiates its heat into space.
As it does so, it will also grow dimmer, as is shown in
Figure 4.4, where white dwarf stars of differing mass are
pIonI'd on a H-R diagram. The more massive a white
dwarf star the smaller its surface area than those white
dwarfs which are less m3ssive. This means that massive
white dwarfs are less luminous for a given temperature,
so that their evolutionary tracks are below those of the
less massive white dwarf stars.

Theoretical models have been constructed of the
evolution of white dwarfs and they show that a white
dwarf with a mass of 0.6 Mo will fadl.' to 0.1 lc:> in about
20 million years. Any further falls in luminosity take
progressively longer amounts of time. This means that it
will take 300 million years to fade to about 0.01 4 and a
billion years to get 10 0.001 leo It will take about 6 billion
years for the white dwarf reach a luminosity of 0.001 leo
At this point the white dwarf will have the S;lme
temperature and colour of the Sun. it will be so faint,
however, that unless it were within a few parsecs of the
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Earth, it would be undetectable. Those white dwarf stars
with masses greater than 0.6 Mo have more internal heat
and so will take even longer to cool down and grow faint.

In the case of the Sun, it will eject most of its mass into
space, and will eventually end up about the same size as
the Earth, but its luminosity will change dramatically,
perhaps only achieving one tenth the brightness it has
presently. As it ages even further it will continue to get
even fainter. When around 5 billion years have passed,
the Sun will only be able to achieve one ten-thousandth
of its present luminosity. As time passes into the
unimaginable future, it will simply fade from view!

4.12 White Dwarf
_Origins_
It is now believed that most, if not all, white dwarfs have
evolved directly from the central stars of planetary
nebulae. These in turn are the former cores of AGB stars.
We saw earlier that during the AGB phase, a star will lose
much of its mass via a cool stellar wind. If the star strips
away sufficient mass to one that is lower than the
Chandrasekhar limit, a carbon-oxygen rich core of
matter surrounded by a very thin layer of helium·rich
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gas is the result. In some cases, there may even be a thin
outer layer of hydrogen-rich gas. The star and expelled
gas is now a planetary nebula, and at the moment nuclear
fusion ends, a white dwarf is bom.5 But even though
theory matches well with observations, there is still doubt
as to what the mass of the star may originally have been
and still lose enough mass to become a white dwarf star.
Current ideas suggest a mass limit of 8 M0 Those main­
sequence stars that have a mass between 2 and 8 M0
produce white dwarfs of mass 0.7 and 1.4 ~, whereas
main-sequence stars less than 2~ will produce white
dwarfs of mass 0.6 to 07 ~. If a white dwarf star has a
mass less than 0.6 ~, then the progenitor main­
sequence star will have a mass less than 1 ~. What is
incredible about these lower mass stars is that their main
sequence lifetimes are so incredibly long. that the
universe is not yet old enough for them to have evolved
into white dwarf stars. This means that there are no white
dwarf stars with a mass less than about 0.6 ~, The
timescale for the evolution from giant star to white dwarf
can take between 10,000 to 100,000 years.

Due to their faintness and small size, white dwarf
stars present a challenge to observers. There are, of
course, a lot of them in the night sky, and those
amateur astronomers with large telescopes of, say,
aperture 25 cm in diameter and larger will have no
problem in locating and observing them. On the other
hand, there are a handful that can, given the right
conditions, be seen with much more modest instru­
ments. These are Ihe ones I shall outline below. The
symbol 67 indicates the size of the white dwarf star as
compared to Ihe Earth, thus O.5e would mean thaI it is
half the size of the Earth.

06~45.1" -16' 43' Oec-Jan-feb

804m 11.2M 0.92 fj 27,000 I( Conis Majori~

The companion star to the brightl'st star in the sky Sirius, is a white dwarf known as the
Pup, the first ever to be discovered. It is a difficull, though not impossible star to observl',
for two main rea$Ons. Firstly, it is overcome by Ihl' dazuing primary star, and $0 the light
from Sirius oflen needs 10 be blocked OUI by some means. In fact, if Sirius B was not a
companion to Sirius, it would be easily visible in binoculars. Secondly, its orbit changes
over a period of SO years. This means that at certain times it will be too close to Sirius for
it to be dete<:ll'd with amaleur instruments. The nl'x:t time when il will be at max:imum
separation will be in 2025. See Star Map 2.

• RKent observatioru have detKtl'd a star (VH)4 Sagillarii) that wu
wdl on its way tQ 'being a white dwarf, when it underwent a final
helium flash, and grew to red·giant site once again, and is nQW
ej«ting more gas. AnQther star which hu slH>wl'd a similar behaviour
i. V60S A<Juil.e.
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We have seen what happens to those stars that have a
low mass, and how they age and fade away gracefully.
We now turn our attention to the high-mass stars. And
as you have probably surmised by now, the death
throes of these stars are very different from those of
low-mass stars, and very spectacular.

Throughout the entire life of a low-mass star, that is,
one that is less than 4 M0 , only two nuclear reactions
occur - hydrogen burning and helium burning, and the
only elements besides hydrogen and helium that are
formed are carbon and oxygen. Stars that have a zero-age
mass greater than 4 M0 , also begin their lives in a similar
manner, but theory predicts that due to the increased
mass, and therefore higher temperatures involved, other
nuclear reactions will occur. The tremendous crush of
gravity is so overwhelming that degeneracy pressure is
never allowed to come into play. The carbon-oxygen core
is more massive than the Chandrasekhar limit of 1.4 M0 ,

and so the degenerate pressure cannot stop the core from
contracting and heating.

The nuclear reactions that take place in the star's
final phase of its life are very complex with many
different reactions occurring simultaneously. But the
simplest sequence of fusion involves what is termed
helium capture. This is the fusing of helium into
progressively heavier elements.6 The core continues to
collapse with an accompanying rise in temperature to
about 600 million Kelvin. At this high temperature, the
helium capture can give rise to carbon burning, and
the carbon can be fused into heavier elements. The
elements oxygen, neon, sodium and magnesium are
produced. The carbon fusion provides a new source of
energy that, albeit temporarily, restores the balance
between pressure and gravity. If the star, however, has a
mass greater than 8 M0 , even further reactions can
occur. In this phase the carbon burning may only last a
few hundred years. As the core contracts further the
core temperature reaches 1 billion Kelvin, and neon

6 Some helium nuclei do remain in the star's core, but these are not in
sufficient number to initiate helium burning in any great amount.
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12.3m 14.1M 0.9(?IEEl 6000K Pisces

Van i\1aanen's Star ~ ...:t.

This dwarf star is not easily visible in small amateur telescopes, having a magnitude of
10.8 and a mean separation of 5 arcseconds. Note that it has a low temperature as
compared to other white dwarfs. It is the second closest white dwarf to the Earth. A
challenge to observers. See Star Map 2.

One of the few stars visible to amateurs, it is a close white dwarf, at only 13.8 light years
distant. It is located about 2 south of 8 (delta) Piscium. Discovered by A. van Maanen in
1917 due to its large proper motion of 2.98 arcseconds per year. See Star Map 73.

Even though this is a challenge to split with binoculars, it is, nevertheless, the easiest
white dwarf star to observe. The star will be in a prime observing position relative to its
brighter primary star for the next 50 years or so, What makes this system so interesting is
that the secondary is the 2nd brightest white dwarf star visible from Earth. In addition,
under high magnification, the white dwarf will be seen to have a companion star of its
own - a red dwarf star! All in all, a nice triple star system. See Star Map 8.
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bum;ng begins. In this manner the neon produced by
the earlier carbon burning reaction, is used up, but at
the same time, increases the amount of oxygen and
magnesium in the star's core. This reaction lasts as little
as I year. As you can imagine, with each stage of
element burning, higher temperatures are reached, and
further .reactions occur; oxygen burning will occur
when the temperature reaches lo5 billion Kelvin, with
the production of sulphur. Silicon burni/lg can also
occur if the core temperature reaches the staggering
temperature of 2.7 billion Kelvin. This reaction
produces several nuclei, from sulphur to iron.

Despite the very dramatic events that are occurring
inside the high-mass star, its outward appearance
changes only slowly. When each stage of core nuclear
fusion stops, the surrounding shell burning intensifies
and therefore inflates the star's outer layers. Then each
time the core flares up again and begins further
reactions, the outer layers may contract slightly. This
results in the evolutionary track of the star z.ig-zagging
across the top of the H-R diagram.

Some of the reactions that occur also release neutrons,
which are particles similar to a proton, except that they
do not have an electric charge. This neutrality means that
they can, and do, collide with positively charged nuclei
and also combine with them. The absorption of neutrons
by nuclei is tenned /leutrotl capture. in this way many
elements and isotopes that are not produced directly in
the fusion reactions, are produced.

Each stage during this phase of a high-mass stars life
helps to initiate the next succeeding phase. As each
phase ends due to the star using up the specific fuel in
its core, gravity wilt cause the core to contract to an
ever-higher density and temperature, which in turn is
responsible for starting the next phase of nuclear
burning. In effect, you can think of each stage as
burning the "ash" of the previous one.

An interesting point to make here is that we tend to
think of astronomical events taking place over many
millions of years. However, theoretical calculations
have shown that when we are dealing with high-mass
stars, events can proceed at a very fast pace, with each
successive stage of nuclear burning proceeding at an
ever increasingly rapid rate. One calculation has been
made in detail for a 20-25 Mo zero-age slars, and the
results are very surprising. The carbon burning slage
can last for about 600 years, whilst the neon burning
stage can be as short as I year. Then things start to

p' m



The End Potnt - $tor Death

figure 4.5. The
Multiple-loyer Structu'e
01 on Old High.Mou
S.,

speed up! The oxygen burning last only 6 months, and
the silicon burning only 1 day!

At each phase of core burning, a new shell of material
is formed around the core of lhe high-mass star, and
after several such stages. in say, a very massive star of
mass 20-25 Mo , the internal structure of the star can
resemble an onion, shown in Figure 4.5.

Nuclear reactions are taking place in several different
shells simultaneously, and the energy released does so at
such a rapid rate that the star's outer layers can expand to
an immense size. The star can now be called a supergiam
star. The luminosity and temperature of such stars are
much higher than those of a mere giant star.

Many of the brightest stars in the night sky are
supergiants. Including several we have met earlier in
the book. These include Rigel and Betelgeuse in Orion,
and ArClurus in !korpius. Rigel has a temperature of
11,000 Kelvin, while Betelgeuse is only 3700 Kelvin (or
even cooler), and is an example of a "red supergiant'.
Thus, although Betelgeuse is cooler, it must be
correspondingly larger in order for it to be as bright
as Rigel. Oddly enough red supergiants are rare,
perhaps even rarer than the Ootype stars. One current
estimate predicts that there is only one red supergiant
star for every million stars in the Milky Way, and only
around 200 have ever been studied.

What makes these stars stand out is their immense
size. The radius of Betelgeuse has been measured to be
about 700 times that of the Sun, or 3.6 astronomical
units. This can be better appreciated by thinking of it
this way; if it were placed in the Solar System, it would

Nonburning hyd,ogefl

Neon fu$ion

Silicon fusion

In",t i,on CO'"
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extend past the asteroid belt to about half-way between
the orbits of Mars and Jupiter. Antares would extend
nearly to Jupiter! Alpha Her(uli~ is only a mere
2 astronomical units in radius. The record howeller
must go to VV Cephei, which is an eclipsing binary star.
Its radius is a staggering 1900 times that of the Sun, or
8.8 astronomical units. This means that it would extend
nearly all the way to Saturn.

As I mentioned abolle, supergiant stars are quite rare,
but fortunately for us as observers, there are selleral we
can see with the naked eye, and these are listed below.

HD36389 05~ 32 2'" .18 35' Nov-Dec-Jon

4.38m -6M M2 lob Taurus

Also known as 119 Tauri, this star has a radius of 2.9 astronomicaillmts, and lies about
2000 light years from us. It has the odd distinction of being classified as both a semi­
regular and irregular variable star meaning it is an erratic lIariable star, and so its period
is difficult to predict with any certainty, It lies within a field of stars of similar brightnl!SS
which makes it difficult to locate unless a good star atlas is handy. ~ Star Map 74,

HD44478 06~ 12.3'" .22,54' Noo;-Dec-jon

65 I m -4.09M M2 lob Gemini
Part of the Cem OBI stellar association, this is at the limit of naked eye llisibility as
observ;;-d (rom an urban l<Xalion. It lies at a dislallce of 4900 light years. ScI' Star Map 9.
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Other stars that are supergiants, but have been
mentioned in earlier sections are: Rigel, Betelgeuse,
All/ares, Mu Cephei, Eta Persei, 1/1-1 Aurigae, VV Cephei,
Alpha HercuUs.

Before we leave supergiant stars, I should mention a
class of stars that are similar to supergiants, and these
are the WoIf-Rayer stars. These are very hot, very
luminous supergiant stars, similar to the Ootype stars,
but have very strange spectra that show only emission
lines and, strangely enough, no hydrogen lines. They
are few and far between, with perhaps only 1000 in our
Galaxy. They have, however, a terrific mass loss, and
images from large telescopes show these stars sur­
rounded by rich clouds of material that has been
ejected. Fortunately for us, there is a very bright
example which can be easily observed.

HD 66273 08" 09.5" --.47 20' De..:-JalHeb
1.99.,m O,05M we 8 V&!a

The brightest and dosest of all Wolf-Rayer stars. Believed to be precursors to the
formation of planetary nebulae. Extremely luminous Slars, they have luminosities that
may reach 100,000 times that of the Sun, and temperatures in excess of 50,000 K. y- Vel is
an easy double, of eolours white and greenish·white. See Star Map 33.

This aspect of a supergiant's life, whereby several
layers of nuclear burning occur, resembling the layers
of an onion, cannot go on for ever, as there is only a
finite amount of material to burn. Thus a point comes
when the high-mass star undergoes yet another change,
but this time, with catastrophic consequences. It is star
death but in a very spectacular manner - a supemova.

When nuclei collide in the core and fuse, energy is
emitted, and it is this energy flowing from the core and
surrounding shells of nuclear burning that supports the
tremendous weight of material that makes up the star.
The energy is a consequence of the strong nuclear force
of attraClion between neutrons and protons, or
nucleons, as they are sometimes called. But you may
recall thai protons also repel each other by what is
called the weak electric force. This has profound
consequences for the life of the high-mass star.
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Up to this point energy has been released, i.e. the
energy has been an output, but, due to the repulsive
effect, if any protons are added to nuclei larger than iron,
which has itself 26 protons, then energy must be input to
the system. What this means is that any nuclei greater
than and including iron, will not release any energy.
Therefore, the various stages of nuclear burning end with
the production of silicon. After that, iron can be formed,
but there will be no release of energy associated with its
formation. The result is an iron-rich core that has no
nuclear reactions talking place within it.

Of course, surrounding this inert core of iron will be
the various shells of nuclear burning.' However, this is
a state of affairs that cannot go on for much longer.

Astronomers use a variety of techniques in order to
find out about the life of a star. Observations are made,
and then theoretical models are devised so that they fit
the observations. In the case of supemovae, it can be said
that most, if not all, of what we know about supernovae
come from very theoretical and mathematical calcula·
tions. After all, it is not easy to see what is happening in
the central regions of a star! You will also see that we are
now talking about densities. pressures and velocities
which will stagger our comprehension. With this in
mind, note that the following descriptions of the events
in a high mass star are theoretical predictions. albeit
ones that seem to fit the observations.S

During these final days of the star, the core of inert
iron, in which there are no nuclear reactions taking
place, is surrounded by shells of silicon, oxygen, neon,
carbon, helium and hydrogen. The core, which can be
thought of as essentially a white dwarf star surrounded
by the outer layers of a red giant star, is supported by
the pressure of its degenerate electrons. But recall there
is a limit to the mass of a white dwarf star, the
Chandrasekhar limit, and so when the core surpasses
this limit, its weight becomes too great to be supported
by the degenerate electrons, and so it collapses.

A consequence of the core contraction is an increase
in the density, and this in turn gives rise to a process

? 1be entire energy producing rtgion in the scar is now in a volume
abotH tM .samt Silt as Ihe Earth: one million times smaller in radius
than the size of Ihe Slar.
• Don'cChink that utronomers know all the", ;s to know about what
gives rise to a supernova.. Prior to Ihe famous supernova. in 1981, USN
1981"'''' astronomers ~Ii<wd chat only rro supergiants could form
supernovae. They were Ihrown into ""me confusion when it waS
djsco,~n-d IhatlM 1'1'08"nitor liar of 5NI987 waS a blut supergiant!
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called /leulrollisalio/l. This is a process where electrons
react with the protons in the iron nuclei to form
neutrons. This shown below.

e- +p+ __ n+\'

Each neutronisation reaction will also produce a
neutrino. Now more and more electrons will react with
the protons, and so there are fewer left to support the
core, and so resist the compression. This results in a
speeding up of the contraction and actually could beller
he termed a collapse of Ihe core. It only takes about a
second for the core to collapse from a radius of
thousands of kilometres, to about 50 kilometres. Then
in only a few more seconds, it shrinks down to a
5·kilometre radius. The core temperature also increases
during this time to about 500 million Kelvin. The
gravitational energy released as a result of the core
collapse is equal to the Sun's luminosity for several
billions of years. Most of this energy is in the form of
neutrinos, but some is also in the form of gamma rays,
which are created due to Ihe extremely hot core
temperature. These gamma ray photons in turn have
so much energy thai when they collide with the iron
nuclei, the nuclei are broken down into alpha particles
(which are "He nuclei). This process is called pllOlO­
dis!Il/egrll/ iOI1.

After a short interval of time, which is thought to be
about 0.25 of a second, the central 0.6 to 0.8 M0 of the
collapsing core will reach a density equal to the density of
atomic nuclei,that is, some 4 x 10H kg m-J

• At this point,
the neutrons become degenerate and strongly resist any
further allempts of compression. To get an idea of what
this density means, the Earth would have to be
comprrssrd to a sphere 300 metres in diameter. The
core of the star, for all intents and purposes can now be
thought of as a neutron star, and the innennost part of
the core suddenly becomes rigid, and the contraction
abruptly halts. This innermost part actually rebounds
outward and pushes back against the rest of the infalling
core driving it outward in a pressure wave. This is
ilIustratrd in Figure 4.6. This is caUrd the core bowlee.

The cort' also cools at this stage, and this causes the
pressure to decrease significantly in those regions that
surround the core. If you recall, there is a balancing act
between the pressure pushing upward, and gravity
falling downward, and so a consequence of this reduced
pressure is that the material surrounding the corc now
falls inward at a velocity close to 15% of the speed of

p'
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light. This inward moving mat~rial ~ncounters the
outward moving pressur~ wav~, which, incid~ntally, can
~ moving at on~-sixth th~ speed of light. In just a
fraction of a s«ond, Ih~ falling mat~rial now moves
back outward towards the surfac~ of the star.

Surprisingly enough, Ihis W3\'e of prtsSur~ would
soon die out long ~fore it r~ached the surfac~ of the
star if it wasn't for the fact that helping it along is the
imm~nK amount of n~utrinos Ihat ar~ trying 10 escape
th~ star's cor~. Th~ upward moving wave of pressure
speeds up as it ~ncount~rs th~ ltss d~nu regions of Ih~

star and achi~v~s a speed in exc~ss of that of Ihe speed
of sound in th~ star's out~r regions. The prtssur~ W3v~

now behaves lik~ a shockwave.
Th~ neutrinos actually escape from the star in a few

s«onds, bUI it takes a f~w hours for th~ shock wave to
reach the surface, Most of the material of the star is
pushed oulward by Ihis shock wave and is expelled
from the Slar at many thousands of kilometres per
s«ond. The energy rel~ased during this event is a
staggering IO-wl joules, which is 100 times more than the
enlire OUlput of the Sun during the last 4.6 billion years.
lt will surprise you to know that the visible light we
observe is only about 1% of the total energy released
during the event.

Recent studies have proposed that up to 96% of the
material making up the star may be ejected into the
interstellar medium that, of course, will be used in
future generations of star formation, But before this
matter is ejected it is compressed to such a degree thaI
new nuclear reactions can occur within it, and it is these
reactions that form all the elements thaI are heavier

Ftgur. 4.6. E<ooIuhon
01 0 Sup..CM1
E'Ifl'osion.
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than iron. Elemenls such as lin, zinc, gold, mercury,
lead and uranium, to name bUI a few, are produced,
and this has profound implications because it means
that the stuff which makes up the Solar System. the
Earth - and, in fa(l, us - was formed long ago in a
supernova.

The expansion of the star's surface due to Ihe shock
wave is the cause of the Iremendous increase in
luminosity thaI we observe, but after several months
the surface will cool and so the brightness will fade.
During this later stage lime, Ihe main source of the
supernova's light is in fact the radioactive decay of
nickel and cobalt nuclei which were produced in Ihe
supernova event. These de(aying nuclei are able 10 keep
the supernova shining for many years.

As an observer, il would be delightful if, on a few
nights a year, you could go out and jusl pick a
supernova that you wish to look al. Life isn't like Ihat,
however. From a stalistical point of view, there should
be about 100 supernovae a year in our Galaxy, and so
you would think thaI you would have a good chance of
observing one. But think again. The mOSI recent bright
supernova, in 1987, was in fact in anolher galaxy
completely - the Large Magellanic Cloud - and the laSI
bright one in our Galaxy was several hundred years ago.
So why is this? The answer is simple. As we have seen in
earlier sections, our Galaxy is filled with dUSI and gas,
and it is this material which blocks out Ihe light from
any supernova thaI may be happening. ThaI isn'llo say
thaI we will never see a supernova, far from it, but we
cannot predicl with any certainty when one will ocwr,
although there are a few stars which we should keep an
eye on, Betelgeuse and Eta Carinae to name but two.

We can, however, see the remains ofa supernova, the
supemova reml//llll.

• •

The supernova remnant (usually abbreviated to SNR)
represents Ihe debris of Ihe explosion, Ihe layers of the
star that have been hurled into space, and the remains
of the core which will now be a IIeUlrOIl slar. The
visibility of the remnant actually depends on several
factoTS; its age, whelher there is an energy source 10
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continue making it shine, and the original type of
supernova explosion.

As the remnant ages, its velocity will decrease,
usually from 10,000 km S-I to maybe 200 km s-'. It
will, of course, fade during this time. A few SNRs have a
neutron star at their centre that provides a replenishing
source of energy to the far-flung material. The classic
archetypal SNR which undergoes this process is the
Crab Nebula, MI in Taurus. What we see is the
radiation produced by electrons travelling at velocities
near the speed of light as they circle around magnetic
fields. This radiation is cal1ed synchrotron radiation,
and is the pearly, faint glow we observe. Some SNRs
glow as the speeding material impacts dust grains and
atoms in interstellar space, whilst others emit radiation
as a consC<juence of the tremendous kinetic energies of
the exploding star material.

NGC 6960 20" 45.7'" +30 43' Jul-Aug-Sep

.3-5 lil7016" CY9r>u~

Also known as thi.' V~il Nebula (lYesurn S""rion). This is the western portion of the Grellt
Cyg""s Loop, which is th... remnant of a supernova thai occurred aoout 30,000 years ago.
[t is easy to locat!.' b«auS{' it is close to the star 52 C)'glti, though the glare from this star
makes il difficult to 5""'. The llebulosit)' Wi.' obsen'e is the result of thl.' shockwave from
the supernova explosion impacting on the much den~r interstellar medium. The actual
remains of the star have not bel.'n dl.'tecll.'d. ScI.' Star Map 75.

NGC 69925 20" 56.4'" +31 43' M-Aug-Sep

• 2-5 $60 18" Cygnus

Also known as the Veil Nebula {Easrern Seail/n}. A spectacular object when viewed under
good conditions. It is the only part of the loop lhat can be seen in binoculars, and has
been described as looking like a fish·hook. Using a telescope, it b«omes apparl.'nt why
the nebula has been the naml.'d the Fillimell/ary Nebilla, as lacy and delicate strands will
be seen. HoweVl.'r, there is a down side: it is notoriously difficult to find. Patience. clear
skies and a good star atlas will help. A sho"lliece of the summer sky (whl.'n you have
finally found it). See Star Map 75.

IC 2118 OS" 06.9'" -07 13' Nov-Dec.-Jon

Ell 160160" Orion

Also known as the lI'ird, Head Nl'bula. This is a very faint patch of nebulosity which
apparently is the last of a vfry old supernova remnant. II ffsl.'mbks a long ribbon of
matfrial, which can be glimpsed with binoculars. It is glowing by reflcrling the light of
nearby Rigel. Vl.'ry rarely mfotiool.'d in observing guides. See Star /IIap 77.

p'
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Messier I NGC 1952 05~ 34 5'" +22 01' Nov-Dee-Jon

.1-5 m614" Touros

Also known as Ihe Crab Nebula. The mOSI famous supernova remnant in the sky, it can
be glimpsed in binoculars as an ovai light of plain appearance. Wilh lelescopes of
apenure 20 cm it becomes a ghostly patch of grey light. In 1968, in its cenlre was
discovered the Crab Pulwr, the source of the energy responsible for Ihe pearly glow
observed: a rapidly rOlating neutron star which has also been optically detected. The Crab
Nebula is a Iype of supernova remnant called a pierron, which, however, is far from
common among supernova remnants. See Star Map 76.

05~ 56.0'" -02 00' NoY-Dec-Jon

• 6.5 ? m600" Orion
Also known as Barnard's Loop. 11 seems to be the remains of a very old supernova. Often
mentioned in books, but wry rarely obsen'ed, Ihis is a huge arcing loop of gas located to
the east of Ihe constellation Orion. 11 encloses bolh Ihe sword and belt of Orion, and if il
were a complete circle il would be about 10 in diameler. The eastern part of the loop is
well defined, but Ihe western part is exceedingly difficult to locate, and has never 10 my
knowledge been seen visually. Needless 10 say, perfe<t conditions and very dark skies will
greatly heighlen Ihe chances of it being seen. See Star Map 77.
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4. 16 A Final Note on
Su elino~ae< ,

Before we say a fond farewell to supernovae, and hello
to the final phase of a star's life, 1 should mention, albeit
briefly, that there are two types of supernovae. The
classification system used to distinguish between the
two types is a rather obtuse (for the non-professional
astronomer) system based upon whether the supernova
has emission lines of hydrogen in its spectrum. Type I
supernova do not have these lines, whereas Type II do
have them. The supernova we have discussed above is a
Type II supernova. This class of supernova involves the
final death throes of a very evolved and massive star.
These stars, as we have seen, have quite a lot of
hydrogen left in their outer layers, hence the classifica­
tion as a Type II. On the other hand, Type 1 do not have
hydrogen emission lines and can be further
sub-divided into Type la, Ib and Ie. Type la has
absorption lines of ionised silicon, and Type Ib and Ie
do not. Furthermore, the difference between Ib and Ie is
also a spectroscopic one, in that the former has a
helium absorption line, whereas the latter does not.

There is a further twist to the story that has to be
mentioned. Types Ib, Ie and Type II are massive stars, but
Type 1 stars have had their outer layers stripped away
either by a strong stellar wind, or by the action of a close­
by star (so that the progenitor supernova star is in fact
part of a binary star system) and mass is transferred from
one star to another. Furthermore, aU three are usually
found near sites of star formation. This is to be expected
as we know that massive stars have short lives, and so we
do not expect them to move far from their birthplace.

However, Type la supernovae are a different beast
altogether. They are found usually, but not always, in
galaxies where star formation may be minimal or even
stopped altogether. You can now see that this implies
that they originate not from the final phases of massive
stars, as described above, but from some other new
phenomenon. Actually, we have discussed, in an earlier
section, stars that are the originators of Type la
supernovae. These are white dwarf stars which literally
explode by thermonuclear reactions. Now, you may
think that this is contradictory to what you read earlier
where 1 said that white dwarf stars do not have any
nuclear reactions occurring within them. This is
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absolutely correct, but in this case, the carbon-rich
white dwarf star is part of a binary system where the
other star is a red giant.

Recall that as a red giant star evolves, its outer layers
expand, and it can overflow what is called its Roche
Lobe. This is the region around a star in which the
gravity of the star dominates. Any matter within the
Roche Lobe is gravitationally bound to the star, but if
the Roche Lobe is filled, then mailer can overcome the
gravitational attraction of the star, and in fact can
"flow" or be transferred to a companion star.9 This
material then falls onto the white dwarf star. A
consequence of this extra material is that the
Chadrasekhar limit can be reached, and the increase in
pressure will cause carbon burning to commence deep
in the star's interior. This is, of course, accompanied by
a resulting increase in temperature.

Nonnally, this temperature increase would mean a
further increase in pressure, resulting in an expansion of
the white dwarf, resulting in the star cooling down, and
the carbon burning ceasing. However, as we have seen,
white dwarfs are not nonnal. They are made of degenerate
matter and this means that the increase in temperature
just results in the carbon burning reactions proceeding at
an ever-increasing rate. This is reminiscent of lhe helium
flash process seen in low-mass stars mentioned earlier.
The temperature soon gets to be so high that the electrons
in the white dwarf b«ome non-degenerate, and, simply
put, the white dwarf blows itself to bits!

So we can see that Type I supernovae involve nuclear
energy and emit more energy in the form of electro·
magnetic radiation,lO whereas Type II involve gravitational
energy and emit an enonnous number of neutrinos..

All this of course has no bearing on the amateur
astronomer who wishes to observe a supernova, as this
will not help or hinder you in the observation of any
supernova. Nevertheless, it is important on know, when
and if you read about it in magazines or on the WWW,
that the latest supernova is of Type lb (or Ie or la or
even Type II).

We now move on to the final phase of a star's life, the
end result of millions, and even billions, of years of
stellar evolution - the end of a long journey.

• The subject of binary 5tars, Roche lobes, and other a5$Orled
ephemera could fill a book ,n itselA IIny ,nlerested reulers will find
rduenCIOs 10 book.. on .ueh lopics in tltr appendices.
'0 11$ there is nO Core eollapu in a Type r supernova, there w,lI be
comparatively little neutrino emission.
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4. 17 Neutron Stars,
Pulsars and

. _... ;, .. Black·' ....oles· -.

1

The final end point of a star's life is now in sight, and
although these objects are probably forever beyond the
vision of amateur astronomers, it is important that we
discuss them for the sake of completeness. These
objects are either very small, maybe 10 km in radius, or
invisible, so to all intents and purposes are not
observable with amateur equipment. 11 They represent
the conclusion of a star's evolution and until fairly
recently had never been seen, only predicted. The
fascinating properties of these objects could fill a book
in itself, so I shall just briefly describe those properties
that are relevant to the evolutionary story.

Recall how in a Type II supernova the central 0.6 Mo
of the collapsing core has a density that equals that of the
nuclei of atoms, and the neutrons become degenerate.
This central core region has become a neutron star. In
fact, after a supernova explosion has flung all the outer
layers of the star into space, what remains (usually) is just
this central core region. These neutron stars were actually
predicted as far back as 1939 by Robert Oppenheimer and
George Volkoff who calculated the properties of a star
made entirely of neutrons.

The actual structure of the star is not completely
known, but there are many theoretical models that
accurately describe the observations. Many of their
properties are similar of those of white dwarf stars. For
instance, an increase in mass of a neutron star will
result in a decrease in radius, with a range of radii from
10-15 km. The mass of a neutron star can be from
1.5-2.7 Mo. But of course these figures depend on what
calculation is being used at the time. Nevertheless, they
give a good picture of the star.

Two properties of neutron stars that we can describe
with confidence are its rotation and magnetic field. A
neutron star rotates at a very rapid rate, as many as a
hundreds and even thousand of times per second. It
does this because of a law of physics called the
conservation of angular momentum. Although it is a
complicated law, it is easy to visualise. Just picture an

11 No doubt I shall soon be corrected on this poinl, when an amateur
images the Crab Nebula Pulsar. It is only a matter of time!
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ice skater spinning around, as she/he pulls in her/his
arms, she/he spins faster. It is the same with the
neutron star. The Sun rotates about once every 30 days,
but if it were shrunk to the size of a neutron star, it
would have a rotation rate of 1000 times per second. We
also know that every star has a magnetic field, but
imagine compressing that field into the size of a
neutron star with the result that it would be enormous.
Again using the Sun as an example, its magnetic field
would increase by 10 billion times if it shrank to the size
of a neutron star. The strength of the field of a typical
star is about 1 tesla, whereas in a neutron star it can be
as high as 100 million tesla.

Some neutron stars are believed to be in a binary
system, and material can be transferred from the
companion star onto the magnetic pole regions of the
neutron star with the matter travelling perhaps at
nearly half the speed of light. The material literally
crashed onto the star and results in hot spots. The
temperature of these "hot spots" are high, in the range
108 K and can result in the emission of X-rays. In fact,
to casually say they emit X-rays is a bit misleading as
the amount of X-ray emission is tremendous. The total
amount of X-ray luminosity can be as high as 1031

watts, which is nearly 100,000 greater than the total
amount of energy emitted by the Sun at ALL
wavelengths! These X-ray bursters typically flare up
and last from a few hours to a few days. Each burst will
last only a few seconds, but then declines in energy and
brightness. This type of binary system is called an
X-ray binary pulsar, and examples are Hercules X-1,
and Centaurus X-3.

This leads rather nicely to the subject of Pulsars. In
1967, a young graduate student in Cambridge, Jocelyn
Bell, discovered a source of extremely evenly spaced
pulses of radio emission. The period of the pulses was
1.337 seconds and was very constant to an accuracy of
about 1 part in 10 million. The object, designated PSR
1919+21, was the first pulsar to be discovered! The
problem was trying to explain what this object was.
Some theories predicted a neutron star that pulsated in
a manner similar to that of a Cepheid variable star,
where its size actually changed. One proposal even
suggested that these pulsars were in fact messages from
an alien civilisation. Not surprisingly, this last idea was
discounted. Another model was that of a rotating white
dwarf star. All these plausible explanations were
eventually discounted and the correct one accepted.
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The generally accepted model of a pulsar is one in
which the magnetic axis of the neutron star is tipped
with respect to its rotation axis. Very energetic panicles
travel along the magnetic field lines and are literally
beamed out from the magnetic poles. As the neutron star
rolates around its rotation axis, the beamed radiation
sweeps across the Earth and is the pulse that we detect.
In some instances two pulses can be observed per
rotation if the beams from both magnetic poles sweep
past the Earth. As time passes the period of a pulsar
increases. For instance, a pulsar with a period of
I second will slow down to a rate of 2 seconds in
30 million years. One observational point to make is
that although I'll' know of many pulsars, there are none
which have periods of say, S seconds or longer. This
would imply that the pulse mechanism must stop after
a period of time. So neutron stars only exist as pulsars
for the first tens of millions of years after the supernova
explosion.

I mentioned above that neutron stars are the remains
from a supernova explosion, and that pulsars are
rotating neutron stars. So I'll' would expect to find
pulsars at the centre of supernova remnants, or SNRs.
We do, but so far there are only three known SNRs with
associated pulsars. There are two reasons for this. In
order to detect a pulsar, the beams have to sweep past
the Earth, and if they don't I'll,' will not detect them.
Secondly, tht" supernova remnant will only last a
relatively short time, perhaps 100,000 years before it
merges into the interstellar medium, and disappear
from view. On the other hand, a pulsar can last for
mj)]ions of years. So many of the pulsars I'll' observe
now arc old, with their SNRs having dispersed.

An example of a pulsar at the centre of an SNR, and
probably the most famous, is the one in the Crab
Nebula, designatt"d PSR 0531-21. In fact, the energy
from the pulsar is responsible for the pearly glow and
appearance of the nebula, and is caused by synchrotron
radiation produced by high velocity electrons spiralling
around the magnetic field. An 5NR that has a filled-in
appearance as opposed to a shell-like appearance is
termed a plerioll.

I mentioned in the section on white dwarfs that there is
a limit on a white dwarfs mass, the Chandrasekhar limit,
beyond which the star cannot support the weight of the
material making up the star. Not surprisingly, there is
also a limit to the mass a neutron star can support.
Current estimates put this figure at about 2-3 Mel' In

pr
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some supernovae, the most massive outer layers may
not have been dispersed into space during the
explosion, and matter may fall back onto the already
dense core. This extra material may push the neutron
star core above its limit, and neutron degeneracy
pressure will not be able to fend off gravity.

The core will continue to collapse catastrophically,
and not even the increasing temperature and pressure
can halt the inevitable result. In fact, according to the
famous equation of Einstein, E = mc2

, energy is
equivalent to mass, and so the energy associated with
the incredible pressure and temperatures concentrated
in the now tiny core acts like additional mass, thus
hastening the collapse. To the best of our knowledge,
nothing can stop the crush of gravity. The core
collapses without end, forming a black hole. 12 We have
reached the end of a star's life.

4. 18 From Beginning
. to End "

We have travelled a path through space and time,
following the birth of stars from clouds of dust and gas,
deep in the cold of interstellar space. We have seen how
the star ages and grows, and how it behaves depending
on its mass. Then we watched as it aged and died,
perhaps a slow process as in a white dwarf star, or
perhaps in a vast brilliant explosion that sends the
building blocks of stars, planets, and life itself, into
space. It is a fascinating and at times amazing story. But
perhaps the most incredible aspect of this whole
process is that, not only have we the ability to
comprehend and begin to understand what we see in
the night sky, but that we ourselves are made from the
very material that we observe. We are starstuff.

Read this book - and then go outside and see for
yourselves what wonderful things the stars are.

12 I have chosen to end here even though black holes are fascinating
objects. They play no further role in stellar evolution. A list of books
covering the topic can be found in the appendices.



The topic of degeneracy is a very important one, especially in
the later part of a slar's life. It is, however, a topic that S<'nds
quivers of apprehension down the backs of most people. It has
to do with quantum mtx:hania, and that in itself is usually
enough for most people to move on, and not learn about il.
That said, it is actually quite easy to understand providing that
the information given is basic, and not peppered throughout
with mathematia. This is the approach [ shall take.

[n most stars, the gas of which a star is made up will behave
like an idelll gas; i.e., one that has a simple relationship between
its temperature, pressure and density. To be specific' the pressure
exerted by a gas is directly proportional to its temperature and
density. We are all familiar with this. If a gas is rompressed, it
heats up; likewise, if it expands, it cools. This also happens inside
a star. As the temperature rises, the core regions expand and
cool, and so it can be thought of as a safety valve.

However, in order for certain reaclions to take place inside a
star, the rore is compressed to very high limits, which allows
very high temperatures to be achieved. These high tempera­
tures are necessary in order for, say, helium nuclear reactions
to take place. At such high temperatures., the atoms arc ionised
so that they become a soup of atomic nudei and eltx:trons.

Inside stal"$, especially those where the density is approach­
ing very high values, say, a white dwan star or the core of a red
giant, the electrons that make up the central regions of the star
will resist any further compression, and themselves set up a
powerful pressure.' This is termed dege"erllCY, so that in a low­
mass red giant star, for instance, the electrons are degenerate,
and the core is supported by an electron dl'generille preS5ure•

• Thil is a con5e<.luence of tke POllli exdllsion prindple. whick states
that two electrons cannot occupy the same quanlum state. Ellough
said t think!
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But a consequence of this degeneracy is that the behaviour of
the gas is not at all like an ideal gas. In a degenerate gas, the
electron deg;:nerate pressure is not affected by an increase in
temperature, and in a red giant star, as the temperature
increases. the pressure does not, and the core does not expand
as it would if it were in an idt'al ga$. Tht' temperatUTt' tht'rt'fore
continues to increase, ami further nuclear reactions can takt'
place.

Theft' mint's a point, howt'ver, wht'n the temperatures are
so high that tht' t'lt'etfons in the central cort' regions are no
longer degenerate, and the gas behaves once again like an
ideal gas.

Neutrons can also be<ome degenerdte, but this occurs only
in nt'utron stars.

For a fullt'r and more rigorous description of degeneracy,
then 1 rt'commend SOIllt' of the books mentioned in the laltt'r
appt:ndices. Be warned, however, that matht'matics is used
liberally.



There are many fine astronomy and astrophysics books in
print, and to choose amongst them is a difficult task.
Nevertheless, I have selected a few which I believe are
amongst the best on offer. 1 do not expect you to buy, or even
read them all, but it would be in your better interests to check
at your local library to see if they have some of them.

Norton's Star Atlas and Reference Handbook, I. Ridpath (ed.),
Longmans, 1999, Harlow, UK.

Sky Atlas 2000.0, W. Tirion and R. Sinnott, Sky Publishing and
Cambridge University Press, 1999, Massachusetts, USA.

Millennium Star Atlas, R. Sinnott and M. Perryman, Sky
Publishing, 1999, Massachusetts, USA.

Uranometria 2000.0: Volumes 1 and 2, Wi] Tirion (ed.),
Willmann-Bell; Virginia, 2001, USA.

Observing Handbook and Catalogue of Deep-Sky Objects, C.
Luginbuhl and B. Skiff, Cambridge University Press, 1990,
USA.

The Night Sky Observer's Guide: Vols. 1 and II, G. Kepple and
G. Sanner, Willman-Bell, 1999, Richmond, USA.

Deep-Sky Companions: The Messier Objects, S. O'Meara,
Cambridge University Press, 1999, Cambridge UK.

Observing the Caldwell Objects, D. Ratledge, Springer-Verlag,
2000, London, UK.

Burnham's Celestial Handbook, R. Burnham, Dover Books,
1978, New York, USA.



Astrophysical Techniques, C. Kitchin, Institute of Physics,
1998, Bristol, UK.

Discovering the Cosmos, R. Bless, University Science Books,
1996, Sausolito, USA.

The Cosmic Perspective, J. Bennett, M. Donahue, N. Schneider
and M. Voit, Addison Wesley, 1999, Massachusetts, USA.

Voyages Through The Universe, A. Fraknoi, D. Morrison and
S. Wolff, Saunders College Publishing, 2000, Philadelphia,
USA.

Introductory Astronomy and Astrophysics, M. Zeilik, S.
Gregory and E. Smith, Saunders College Publishing, 1999,
Philadelphia, USA.

Stars, J. B. Kaler, Scientific American Library, 1998, New York,
USA.

Extreme Stars, J.B. Kaler, Cambridge University Press, 2001,
UK.

The Physics of Stars, 2nd Edition, A. Phillips, Wiley, 1999,
Chichester, UK.

Stars, Nebulae and the Interstellar Medium, C. Kitchin, Adam
Hilger, 1987, Bristol, UK.

100 Billion Stars,.R. Kippenhahn, Princeton University Press,
1993, Princeton, USA.

Stellar Evolution, A. Harpaz, A.K. Peters Ltd, 1994, Massa­
chusetts, USA.

The Fullness of Space, G. Wynn-Williams, Cambridge
University Press, 1992, UK.

The Dusty Universe, A. Evans, John Wiley, Chichester, 1994,
UK.

Exploring Black Holes, E. Taylor and J.A. Wheeler, Princeton
University Press, 2001, Princeton, USA.
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The Federation of Astronomical Societies, 10 Glan y Llyn,
North Comelly, Bridgend County Borough, CF33 4EF,
Wales. [http://www.fedastro.demon.co.uk/]

Society for Popular Astronomy, The SPA Secretary, 36
Fairway, Keyworth, Nottingham NG12 5DU, UK. [http://
www.popastro.com!]

The American Association of Amateur Astronomers, P.O. Box
7981, Dallas, TX 75209-0981. [http://www.corvus.com]

The Astronomical League. [http://www.astroleague.orgl]
The British Astronomical Association, Burlington House,

Piccadilly, London, WIV 9AG, UK. [http://www.ast.cam.ac.

uk/-baa!]
The Royal Astronomical Society, Burlington House, Picca­

dilly, London, WIV ONL, UK. [http://www.ras.org.uk/

membership.htm]
Campaign for Dark Skies, 38 The Vineries, Colehill, Wim­

borne, Dorset, BH21 2PX, UK. [http://www.dark-skies.

freeserve.co. uk!]

Books, Magazines and OrganizationsObserver's Guide to Stellar Evolution1

Mag~

Astronomy Now, UK
Sky and Telescope, USA
New Scientist, UK
Scientific American, USA
Science, USA
Nature, UK

The first three magazines are aimed at a general audience
and so are applicable to everyone, the last three are aimed at
the well-informed lay person. In addition there are many
research-level journals that can be found in university
libraries and observatories.



The following is a quick reference guide to the Greek letters,
used in the Bayer classification system. Each entry shows the
uppercase letter, the lowercase letter, and the pronunciation.

A ex Alpha N IJ Nu
B f3 Beta N ~ Xi
r y Gamma 0 0 Omicron
L'-. .5 Delta n Jr Pi
E E Epsilon P (J Rho
Z i; Zeta I: a Sigma
H 1] Eta T T Tau
e (j Theta Y v Upsilon
I Iota cp ¢ Phi
K K Kappa X X Chi
A A Lambda \lJ 1f; Psi
M fJ Mu Q (j) Omega
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NGC 1850. The double cluster NGC 1850, found in one of our neighbouring galaxies, the
Large Magellanic Cloud, is an eye<:atching object. It is a young, "globular-like" star cluster - a
type of object unknown in our own Milky Way Galaxy. Moreover, NGC 1850 is surrounded by
a filigree pattern of diffuse gas, which scientists believe was created by the explosion of massive
stars. NGC 1850, imaged here with the NASA Hubble Space Telescope, is an unusual double
cluster that lies in the bar of the Large Magellanic Cloud, a satellite galaxy of our own Milky
Way. After the 30 Doradus complex, NGC 1850 is the brightest star cluster in the Large
Magellanic Cloud. It is representative of a special class of objects - young, globular-like star
clusters - that have no counterpart in our galaxy. The two components of the cluster are both
relatively young and consist of a main, globular-like cluster in the centre and an even younger,
smaller cluster, seen below and to the right, composed of extremely hot, blue stars and, fainter
red T-Tauri stars. The main cluster is about 50 million years old; the smaller cluster is only
4 million years old. Images courtesy of: NASA, ESA, and Martino Romaniello (European Southern
Observatory, Germany). Acknowledgments: Martino Romaniello, Rjch~rd Hook, Bob Fosbury and the Hubble
European Space Agency Information Centre.

2
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Barnard 68 (above). At a distance of only 410 light-years, Barnard 68 is one of the nearest

dark clouds. Its size is about 12,500 AU 1= 2 million million km; 1 Astronomical Unit [AU] =150

million km), or just about the same as the so-called "Oort Cloud" of long-period comets that

surrounds the solar system. The temperature of Barnard 68 is 16 Kelvin (-257 C) and the

pressure at its boundary is 0.0025 nPa, or about 10 times higher than in the interstellar medium

(but still 40,000 million million times less than the atmospheric pressure at the Earth's surface!).
The total mass of the cloud is about twice that of the Sun. Image courtesy of the European Southern

Observatory.

..... Star Forming Region: 30 Doradus (opposite). NASA's Hubble Space Telescope has
snapped a panoramic portrait of a vast, sculpted landscape of gas and dust where thousands of
stars are being born. This fertile star-forming region, called the 30 Doradus Nebula, has a
sparkling stellar centrepiece: the most spectacular cluster of massive stars in our cosmic
neighbourhood of about 25 galaxies. The mosaic picture shows that ultraviolet radiation and
high-speed material unleashed by the stars in the cluster, called R136 [the large blue blob below
centre], are weaving a tapestry of creation and destruction, triggering the collapse of looming
gas and dust clouds and forming pillar-like structures that are incubators for nascent stars. Images
courtesy of: NASA, N. Walborn and J. Maiz-Apelloniz (Spoce Telescope Science Institute, Baltimore, MD), R.
Borba (La Plato Observatory, La Plato, Argentino).
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HH 34 (above). This is an image of the young object Herbig-Haro 34 (HH-34), now in the

protostar stage of evolution. It is based on CCD frames obtained with the FORS2 instrument in
imaging mode, on November 2 and 6, 1999. This object has a remarkable, very complicated

appearance that includes two opposite jets that ram into the surrounding interstellar matter. This

structure is produced by a machine-gun-like blast of "bullets" of dense gas ejected from the star

at high velocities (approaching 250 km/secl. This seems to indicate that the star experiences
episodic "outbursts" when large chunks of material fall onto it from a surrounding disk. HH-34 is

located at a distance of approx. 1,500 light-years, near the famous Orion Nebula, one of the
most productive star birth regions. Note also the enigmatic "waterfall" to the upper left, a feature

that is still unexplained. Image courtesy of the European Southern Observatory.

CHl (opposite). This image displays a sky area near the Chamaeleon I complex of bright
nebulae and hot stars in the constellation of the same name, close to the southern celestial pole.

Image courtesy of the European Southern Observatory.
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N70. N70 is a "Super Bubble" in the large Magellanic Cloud (LMe), a satellite galaxy to the

Milky Way system, located in the southern sky at a distance of about 160,000 light-years. This
photo is based on CCD frames obtained with the FORS2 instrument in imaging mode in the

morning of November 5, 1999. N 70 is a luminous bubble of interstellar gas, measuring about
300 light-years in diameter. It was created by winds from hot, massive stars and supernova

explosions and the interior is filled with tenuous, hot expanding gas. An object like N70
provides astronomers with an excellent opportunity to explore the connection between the
lifecycles of stars and the evolution of galaxies. Very massive stars profoundly affect their
environment. They stir and mix the interstellar clouds of gas and dust, and they leave their mark
in the compositions and locations of future generations of stars and star systems. Image courtesy of
the European Southern Observatory.

Crab Nebula. This is the well·known Crab Nebula (also known as "Messier 1"j, as observed

with the FORS2 instrument in imaging mode on the morning of November 10, 1999. It is the
remnant of a supernova explosion at a distance of about 6,000 light-years, observed almost

1000 years ago, in the year 1054. It contains a neutron star near its centre that spins 30 times

per second around its axis (see below). The green light is predominantly produced by hydrogen
emission from material ejected by the star that exploded. The blue light is predominantly emitted

by very high-energy ("relativistic") electrons that spiral in a large-scale magnetic field (scxalled
synchrotron emission). It is believed that these electrons are continuously accelerated and ejected
by the rapidly spinning neutron star at the centre of the nebula and which is the remnant core of
the exploded star. This pulsar has been identified with the lower-right of the two close stars near
the geometric centre of the nebula, immediately left of the small arc-like feature. Image courtesy of

the European Southern Observatory.
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Achernar 18
Acrux 30
Alcyone 48
Aldebaran 18
Alderamin 49
Algeiba 51
Algenib 47
Alhena 48
Almach 51
ex Aquarii 50
ex Canis Majoris 6
ex Canis Minoris 6
ex Carinae 50
ex Cephei 49
ex Cygni 49
ex Eridani 18
ex Geminorum 48
ex Leonis 30
ex Ophiuchi 49
ex Perasi 47
ex Aquilae 19
ex Aurigae 18
ex Bo6tis 18
ex Centauri 6
ex Crucis 30
ex Eridani 18
ex Herculis 36
ex Lyrae 19
ex Orion is 18
ex Pisces Austrini 7
ex Scorpii 19
ex Tauri 18
ex Ursae Minoris 163
ex Scorpii 52
ex Ursae Minoris 50
ex Virginis 18
ex' Herculis 53
ex l Librae 50
ex2 Herculis 49
Alpha Persei Stream 117
Altair 19
Aludra 48
Antares 19
Arcturus 18

b Velorum 50
Barnard 33 81
Barnard 59, 65-7 80
Barnard 68, 225
Barnard 78 80
Barnard 86 80

Barnard 87,65-7 80
Barnard 103 80
Barnard 110-180
Barnard 142-3 80
Barnard 145 81
Barnard 228 79
Barnard 343 81
Barnard 352 81
Barnard's Loop 207
Barnard's Star 6
Becrux 18
Beehive 107

Bellatrix 30
f3 Andromedae 52
f3 Aquarii 50
f3 Ceti 51
f3 Crucis 18
f3 Geminorum 18
f3 Leonis 49
f3 Librae 30
f3 Leo Minoris 51
f3 Pegasi 52
f3 Virginis 50
f3 Canis Majoris 47
f3 Centauri 18
f3 Orionis 18
Betelgeuse 18
Blinking Planetary 187
Blue Flash Nebula 188
Blue Snowball 188
Bubble Nebula 76

Caldwell 4 83
Caldwell 6 187
Caldwell 11 76
Caldwell 13 109
Caldwell J4 11 0
Caldwell J5 187
Caldwell 19 75
Caldwell 20 75
Caldwell 22 188
Caldwell 27 75
Caldwell 31 84
Caldwell 33 206
Caldwell 34 206
Caldwell 39 186
Caldwell 41 111
Caldwell 46 76
Caldwell 49 76
Caldwell 54 107
Caldwell 55 188

Caldwell 56 189
Caldwell 58 106
Caldwell 59 187
Caldwell 63 188
Caldwell 64 107

Caldwell 76 108

Canopus 50
Capella 18
Castor 48
Cat's Eye Nebula 187
CE Tauri 200
Chamaeleon [ 226
Cocoon Nebula 75
Collinder 33 110
Collinder 69 111
Collinder 81 111
Crab Nebula 207, 229
Crescent Nebula 75
Cygnus-Carina Arm 116

8 Cephei 163
8 Leonis 49
Deneb 49
Denebola 49
Double Cluster 110
Duck Nebula 74
Dumbbell Nebula 188

Eagle Nebula 74
Electra 48
Enif 51
~ Aquilae 163
c Cygni 51
£ Eridani 7
c Pega,i 51
c Sagittarii 48
Eskimo Nebula 139
'/ Canis Majoris 48
~ Persei 36
~ Tauri 48

15 Monocerolis 47
Flaming Star Nebula 84
Formalhaut 19
40 Eridani B 196
FU Orionis 98

Gacrux 52
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Vi Andromedae 51
V Cassiopeiae 47
V Herculis 49
V Geminorum 48
I Velorum 201
I Leonis 51
VA Crucis 52
V Orionis 30
V Pegasi 47
Garnet Star 31
Ghost of Jupiter 187
Gienah 51
Gliese 229B 95
Great Cygnus Loop 206
Great Rift 81
Great Sagittarius Star Cloud 80
Gum 4 74
GX And 7

Hadar 18
HD 93129A 47
Helix Nebula 158
Herbig Haro 34 227
Hercules Cluster 151
Herschel·16 188
Herschel 53 189
Herschel's Garnet Star 31
Hind's Crimson Star 31
Hind's Variable Nebula 77
Horsehead Nebula 81
Hubble's Variable Nebula 76
Hyades 111
Hyades Stream 116

IC 405 84
IC 410 84
IC 417 84
IC 1396 75
IC 2118 206
IC 5067-70 75
Ink. Spot 80

KQ Puppis 36

La Superba 176
Lacille 7
Lagoon Nebula 74
Large Magellanic Cloud J18
Little Dumbbell Nebula 189
Lynds 906 81
Lynds Dark Nebula 80

Maia 48
Melotte 20 J17
Merope 30
Messier I 207
Messier 2 153
Messier 3 150
Messier 4 151
Messier 5 151
Messier 7 108
Messier 8 74
Messier 9 152
Messier 10 152

Messier II 109
Messier 12 152
Messier 13 151
Messier 14 153
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Messier 16 74
Messier 17 74
Messier 19 152
Messier 20 74
Messier 22 152
Messier 24 108
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Messier 29 109
Messier 37 111
Messier 38 111
Messier 41 106
Messier 42 96
Messier 44 107
Messier 45 110
Messier 48 107
Messier 53 150
Messier 54 153
Messier 57 187
Messier 67 107
Messier 68 150
Messier 76 189
Messier 80 151
Messier 92 153
Messier 97 187
Messier 107 151
Mira 53
Mirfak 50
Mirach 52
J1. Cephei 31
J1. Geminorum 200
Murzim 47

NGC 604 76
NGC 1333 83
NGC 1435 84
NGC 1554-55 77
NGC 1850 223
NGC 1973-75-77 84
NGC 2024 76
19 Piscium 138
Norma Spiral Arm 108
North America Nebula 75
Northern CoaJsack 81
N70 228
Vi Bo6tis 52
" Draconis 48
Vi Draconis 48
v' Canis Majoris 51

Omega Nebula 74
o Ceti 53
a' Eradini 196
Orion Association 116
Orion Nebula 96
Owl Nebula 187
Oyster Nebula 189

Parrot Nebula 80
Pease-l 153
Pelican Nebula 75

Perseus Spiral Arm 109
Pipe Nebula 80
PK206-40.1 189
Plaskett's Star 47
Pleiades J1 0
Polaris 50
Pollux 18
Praesepe 107
Procyon 6
Procyon f3 196
Proxima Centauri 6
JjtIAurigae 36

R Aquarii 138
R Cassiopeiae 138
R Corona Borealis 177
R Leonis 138
R Leporis 31
R Sci 1 177
Ras Algethi 51
Ras Alhague 49
Regulus 30
Rigel Kentaurus 19
Rigel 18
Ring Nebula 187
Rosette Molecular Complex 76
Rosette Nebula 76
RR Lyrae 166
RS Cygni 138
RT Aurigae 163
RV Arietis 166
RW Arietis 166
RY Draconis 176
RY Sagittarii 177

S Apodis 177
S Cephei 177
Sadal Melik 50
SadaJ Suud 50
Sagitai 48
Sagittarius-Carina Spiral Arm 108
Saturn Nebula 188
Scheat 52
Scorpius-Centaurus Association

116
Sharpless 2 -276 207
Sharpless 2-264 J11
Sirius A 6
Sirius B 195
Sirius Supercluster 116
61 Cygni A 7
Small Sagittarius Star Cloud 108
Spica 18
SU Cassiopeiae 164
Sun 30
SU Tauri 177

T Lyr 176
T Monocerotis 164
T Vulpeculae 164
Taurus Dark Cloud Complex 110
Tempel's Nebula 84
oApodis 53
oOrionis C 47
30 Doradus 224
Triffid Nebula 74
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Trumpler 24 108 V Pay 176 Witch Head Nebula 206

T-Tauri 98 V467 Sagittari 166

2 Monocerotis 49 Van Maanen's Star 196
X Cnc 176

Vega 19
Veil Nebula 206

U Aquilae 164 VV Cephei 36 Y Ophiuchi 164
U Cam 177 VV Tauri 98
Ursa Major Moving Stream 116
UV Ceti 7 Zeta Persei Association 116

W Ori 177 1;' Scorpii 52

V Aql 176
W Sagittae 164 Zubenelgenubi 50

Wild Duck Cluster 109 Zubeneschamali 30
V Hydrae 176



Subiect Index

This list references the main entry of the topic in the book. It may actually be mentioned in other sections.

Absolute magnitude 17
Absorption lines 40
Apparent brightness 12
Apparent magnitude 14
Arcsecond 1
Astronomical unit 2
Asymptotic Giant Branch 179

B associations 115
Balmer Lines 44
Barnard objects 86
Bipolar outflow 99
Black holes 214
Bok globules 87
Brightness Rario 15

Carbon burning 197
Chandrasekhar Limit 191
Circumstellar accretion disc 99
CNO cycle 172
Colour index 29
Colour-magnitude diagram 147
Convection 92
Convection zone 123
Core bounce 203
Core collapse 203
Core helium-burning 127
Core hydrogen burning 130

Dark Nebul<l' 78
Degeneracy 191
Deuterium 126
Distance modulus 13
Doubly-ionized oxygen 72
Dredge-Ups 172
Dust grains 78

Emission line spectrum 41
Emission lines 40
Emission Nebul<l' 70
Energy flux 34
Energy level 40
Evolutionary track 88

First dredge-up 172

Fluorescence 71
Flux 12

Galactic clusters /00
Galactic plane 149
Gamma rays 127
Giant molecular clouds /01
Globular clusters 146
Gravitational equilibrium 88
Ground state 44

Halo Population 6
Helium 127
Helium burning 141
Helium capture 197
Helium Flash 143
Helium-shell flash /83
Herbig-Hal'o objects 99
Hertzsprung-Russell Diagram 59
HIl regions 72
Horizontal branch 147
Horizontal branch stars 147
Hydrogen 127
Hydrogen burning 62
Hydrogen burning shell /35
Hydrostatic equilibrium 88

Instability strip 156
Interstellar extinction 83
Interstellar Medium 70
Inverse square law 12
lonisa tion 71
Isotope 126

LitlUum 97
Luminosity 12
Luminosity Distance formula /3
Lyman alpha 72

Main Sequence 62
Main-sequence lifetime 130
Main-sequence star 62
Mass loss 97
Mass-Luminosity Relationship 93
Molecular clouds 85

Nebulae 70
Neon burning 197
Neutrino 127
Neutron sial' 211
Neutronization 203
Neutrons 127
Nuclear Burning 197
Nuclear fusion 88
Nucleon 201

OB associations 115
Opacity 125
Oxygen 142

Parsec 2
Period-Luminosity

relationship 159
Photometry 13
Photosphere 122
Planetary Nebulae 183
Plasma 123
Plerion 213
Population I 160
Population Il 160
Positron 127
Proper motion 6
Prolo-galaxy clouds 147
Prolon-proton chain 125
Protons /26
Proto-Stars 86
Protostellar disk 99
Pulsars 212

Radiation zone 123
Radiative transfer 92
Random walk 128
Red-giant branch 170
Reflection Nebulae 81
Roche Lobe 2/0

Second dredge-up 173
Second red-giant phase 171
Shapley-Sawyer Concentration

Class 150
Shell helium burning 171
Shell hydrogen burning 135
Shock waves 204
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Silicon burning 198
Small molecular clouds 10 /
Solar luminosity 124
Spectra of Stars 39
Spectral type 43
Stars

Ae stars 98
AGB star 179
Be stars 98
Biggest 36
Brightest 18
Blue stragglers 107
Brown dwarfs 95
Carbon 173
Cepheids /58

Type I 160
Type II 160

Clusters 100

Open 100
Galaclic 100
Globular 146

Constituents 38
Dwarf 45
High-mass 197
Infrared 173

Giants 62

Lifetime 130
Long period variable 162
Mass 65
Nearest 4
Pulsating variable 154
RR Lyrae variable 162

Red gian t 136
Subdwarf 45
Subgiant 45
Supergiant 199
T Tauri 97
Type 43

Early 43
Late 43
intermediate 43

Wolf-Rayet 201
White dwarf 190

Zero-age-main-sequence 130
Star Formation Triggers lJ 7
Stefan-Boltzmann law 33
Stellar associations lJ4
Stellar Classification 43
Stellar Parallax I
Stellar stream I I6
Stellar Wind 173
Sun 122

Supernova 201
Type II 209
Type I 209

Supernova remnant. 205
Surface temperature 26

T Associations 115
Thermal pulse 173
Third dredge-up 173
Transitions 41
Triple ct process 142
Trumpler Classification 105
Turnoff point 149

Vorontsoz-Vellyaminov Classifica­
tion System 186

Wien Law 26

X-ray binary pulsar 212
X-ray bursters 212

Zams 130






