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Preface

This book is intended to be a course about the creation and evolution of the
Universe at large, including the basic macroscopic building blocks (galaxies) and the
overall large-scale structure. This text attempts to cover a broad range of topics for a
graduate level class in a physics department where students’ available credit hours
for astrophysics classes are limited. The sections cover galactic structure, external
galaxies, galaxy clustering, active galaxies, general relativity and cosmology. In a
purely graduate astrophysics curriculum, each of these topics would usually be a full
semester course. After teaching extragalactic astrophysics for a number of years, I
found no existing texts that covered the breadth and depth of the material I was
teaching. My extensive class notes reflected material from more narrow topical texts,
many of which are referenced after the chapters. I collected all of my notes and the
information from these references, and as a result, the notes for my extragalactic
astrophysics course became quite extensive and filled two large binders. This book is
an attempt to glean the important topics and concepts in these wide ranging areas
from my own class materials into a coherent, one semester textbook. I have tried to
include the most important topics with enough depth to be instructive at the
graduate level. Many concepts and details were necessarily left out; the reader or
instructor can pursue these topics more in depth from the referenced texts. The
observational details are of course rapidly changing; there is no substitute for
looking up more recent data from the current literature when teaching this course.
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Chapter 1

Introduction

Historically, our knowledge of the structure and evolution of the Universe began with
simple observations of bright stars in the night sky. Our ancestors also observed
moving objects, planets, and transient objects such as comets and meteors. This
primitive version of cosmology consisted of a celestial sphere of undefined radius upon
which all of the fixed stars were located. We know of course that stars are not fixed at
all, they move around albeit slowly compared with human timescales, and the celestial
sphere does not exist. However, in the beginning, the geocentric model was a useful
one enabling ancient astronomers to keep track of objects in the night sky. Ancient
civilizations from the Mayans to the Mesopotamians had advanced astronomy, but
only in the observational sense. They did not know why things happened, they could
just make educated guesses on when events such as eclipses would occur. In spite of
having virtually no technology, the ancient Greek astronomers were able to conceive
of theHeliocentric (Sun-centered) Universe. The first real astronomers who combined
precision observations with theory were Tycho Brahe (1515–1565) and Johannes
Kepler (1571–1630). Tycho Brahe operated an advanced observatory with precision
instruments (no telescopes yet) and his group was able to initiate the science of
astronomy and cosmology; a science based on detailed observations and the laws of
physics as they knew them. They were able to look for stellar parallax, which is the
apparent motion of the stars in the sky due to the changing positions of the Earth as it
orbited the Sun. Although this effect is so small for even the closest star (0.4 arcseconds
for Proxima Centauri) that they were unable to observe it, they looked for it. The
motions of the planets convinced Johannes Kepler that all of the known planets
(Neptune and Uranus were not discovered until the advent of the telescope) orbited
around the Sun in ellipses with the Sun at one focus. This, along with two other laws
of planetary motion, became Kepler’s three laws of planetary motion and the basis for
future astronomical developments (Gregory and Zeilik 1997). These laws are
observational laws, as no physical explanation was offered for them at the time.
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Kepler’s three laws of planetary motion:
Law 1: Planets move in elliptical orbits with the Sun at one focus point.
Law 2: The planet sweeps out equal areas in equal times.
Law 3: The sidereal period of a planet P in orbit around the Sun squared is

equal to the orbital period cubed (P2 = a3).

After these breakthroughs, physicists like Galileo (1564–1642) and Isaac Newton
(1643–1727) were able to determine mathematical expressions for the laws of motion
and the law of gravity,

⃗ = − ˆF
GMm

r
r. (1.1)G 2

Newton was subsequently able to derive Kepler’s three laws of planetary motion
from his law of gravity and the laws of motion. This derivation is a very good
exercise for students who have never taken a celestial mechanics course.

Because the limit of the human eye is a few arcminutes resolution, ancient
astronomers were not able to observe stellar parallax until after the time of Galileo
when telescopes capable of much higher angular resolution became available. The
lack of observable stellar parallax was in fact evidence of the incredible distances of
even the closest stars. Once the configuration of the solar system was understood,
subsequent astronomers set about to determine the correct organization of the stars.
The magnitude system is a brightness system first used by Hipparchus around 280 BC
to characterize the relative brightnesses of stars. It is a system based on human
eyesight which is logarithmic in brightness: − = Δ ∝ Δm m b b b25 log( / )or 2.512 m

2 1 1 2 .
Thus a change of 5 magnitudes (mag) is equivalent to an actual change in brightness
of roughly 100. The magnitude system runs opposite to what one would expect,
i.e. the larger the magnitude the fainter the object. This magnitude system is still
in use today. The magnitude in particular color systems will be quoted or used
throughout this book. For instance, the B (blue) magnitude is a broadband
magnitude measurement in a particular color system.

Observations of the distribution of stars in the night sky revealed an approx-
imately uniform distribution of stars of various brightnesses. A luminous band also
stretched across the night sky at certain times of year and became known as the
Milky Way. The Milky Way is composed of a myriad of faint unresolved stars
distributed across the night sky. William Herschel (1738–1822) in the 18th century
assumed that all stars are like the Sun in nature and brightness. Although stars vary
drastically in absolute brightness, the Sun is a pretty average star, so his assumption
was a useful starting point. He concluded that there might be an ‘edge’ to the star
distribution. This was the first real attempt to characterize the size of the Universe or
Galaxy (dark sky paradox). Later detailed observations, in particular observations
of the locations of globular clusters, led astronomers to conclude that we actually
live in a flattened disk of stars, gas and dust. The Milky Way nebula is the plane of
our Galaxy and the roughly spherical distribution of bright stars was just our local
neighborhood in this immense disk of stars. At the same time, observations of fuzzy
objects, known at the time as nebulae, were being studied through larger and larger

Extragalactic Astrophysics

1-2



telescopes. William Herschel and his son John (1792–1871) compiled a large
catalogue of nebulae, culminating in the compilation of the New General Catalog
years later. Some of these nebulae were external galaxies, while others were gas
clouds within our own Galaxy. It turns out that both types of nebula are of
importance for galactic astronomy and cosmology. The gas clouds are important
because they represent the raw material out of which star formation occurs or
remnants of star deaths, and the galaxies are important because they represent
independent external star systems much like our own Milky Way Galaxy.

Understanding galaxies requires a basic knowledge of stars and stellar evolution.
Stars, gas and dust are the building blocks of galaxies, which in turn are important
structures in the Universe. The next section briefly introduces the physical concepts
relevant to the structure of stars. Stars evolve on long timescales compared to
human lifetimes, but on timescales much smaller than the duration of the Universe
as we estimate it. Galactic formation and evolution, on the other hand, is not well
understood and perhaps takes place over timescales similar to the age of the
Universe. We start by looking at some of the important concepts in stellar structure.

1.1 Stellar structure
Before one can understand galaxies, one must have a basic knowledge of the building
blocks of galaxies: stars. Stars are basically gravitationally bound configurations of
gas, primarily hydrogen with admixtures of helium and heavier elements depending
on their age and state of evolution. They are formed by gravitational collapse from
clouds of gas and dust in the interstellar medium. Stars are characterized by their
mass (M), luminosity (L), temperature (T ), radius (R) and chemical composition
(c.c.). These variables are not independent, being strongly linked by the applicable
laws of physics. In fact, stars are very simple machines with finite lifetimes that
can accurately be characterized by M and c.c. This result is the basis of the famous
Voight−Russell theorem. The mass is the important variable in determining a star’s
formation time, nuclear burning process, luminosity, size and ultimate death. The
chemical composition has only a small effect on the star’s L, T and R.

The Voight−Russell theorem states that a star can be characterized primarily by
its mass:

– Input parameters: mass, chemical composition.
– Output parameters: luminosity, radius, temperature.

→M L R[ , cc.] , .

Stars are classified according to spectral types, which is a very subjective scale based
on both the surface temperature and the absorption features present in the spectra of
the star. Stars are also classified according to color, which is taken directly from
Planck’s law and is the effective temperature of the photosphere of the star.

The principle law of physics governing the structure of a star is the law of gravity,
and understanding the effects of gravity on a spherical configuration of gas is the
first step to understanding stars. Gravity causes the formation of stars, dictates their
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lives and their ultimate deaths. Let us glimpse into stellar structure by examining the
gravitational force in the case of a gaseous sphere.

1.1.1 Polytropic and isothermal gas spheres

Let us start with Newton’s gravitational equation written as:

⃗ = − ˆF
GMm

r
r. (1.2)G 2

Now for a gas, the polytropic equation of state relating to density and pressure in an
isothermal gas sphere is:

ρ=
+

P K , (1.3)
n

n
( 1)

where K is a constant and n is the polytropic index. From thermodynamics, dQ =
dU + PdV. In this discussion, U is the internal energy, Q is the heat, and V is the
volume. For an ideal gas, PdV = Vdρ and the general specific heat is constant:

=Q
T

c
d
d

, (1.4)

where c is approximately constant. For a polytropic equation of state:

ρ γ= ⋅ ′ ′ =
−
−

γ

υ
P

c c

c c
con and . (1.5)p

We obtain an adiabatic case when c = 0, and in the isothermal case c is infinite.
Comparing equation (1.3) to equation (1.5), and defining the polytropic variables
λ and θ we have:

ρ λθ
γ

= =
′ −

n,
1

1
. (1.6)n

The λ is related to the central density and θ is our dimensionless temperature
parameter. The n in equation (1.6) is the polytropic index. Then:

λ θ=
+

+P K . (1.7)
n

n n
( 1)

( 1)

Now we establish gravitational pressure equilibrium using Newton’s equation.
Starting out with Poisson’s equation for gravitational potential:

Ω π ρ∇ = G4 , (1.8)2

in spherical coordinates (1.8) becomes:

⎛
⎝⎜

⎞
⎠⎟

Ω π ρ=
r

r
r

G r
d
d

d
d

4 . (1.9)2 2
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Integrating and relating the potential gradient to the pressure gradient ρ ϕ∇ = − ∇P
we write:

ρ= −P
r

GM r
r

d
d

( )
. (1.10)

2

Mass conservation gives:

π ρ=M
r

r
d
d

4 . (1.11)2

Combining the equilibrium equation (1.10) and the mass conservation equation (1.11),

⎛
⎝⎜

⎞
⎠⎟ρ

π ρ= −
r r

r P
r

G
1 d

d
d
d

4 . (1.12)
2

2

However, ρ λθ= n, ρ λ θ= = + ++
P K K n1 ( ) 1n

n n
( 1) 1

, so

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝⎜

⎞
⎠⎟π

λ θ θ+ = −−( )n K
G r r

r
r

( 1)
4

1 d
d

d
d

. (1.13)n n
1 1

2
2

Now we introduce the dimensionless variable ξ as αξ=r , where α λ=
π

+ −[ ]n K
G

( 1)
4

( ) 1 1/2n
1 ,

and we have the Lane−Emden equation:

⎛
⎝⎜

⎞
⎠⎟ξ ξ

ξ θ
ξ

θ= −1 d
d

d
d

. (1.14)n
2

2

With this normalization, we find that λ is the central density ρc, and the boundary
conditions of =θ

ξ
0d

d
and θ = 1 at ξ = 0. The Lane−Emden equation can only be

solved analytically for three cases, n = 0, n = 1 and n = 5. For the case where n = 0,
the solution is θ ξ= −1 1

6o
2 and the density decreases monotonically towards the

surface. For the case where n = 1, the solution is θ = ξ δ
ξ

−C sin( ) where C and δ are

constants of integration. For δ ≠ 0, there is a singularity at the origin so if we restrict
ourselves to outside the origin, θ = ξ

ξ
sin

i , the density monotonically decreases from

ξ π= (0, ). For the case of n = 5, the density extends to infinity. For a full treatment
of these equations see Chandresekhar (1967). The polytropic equation leads directly
to a mass−radius relationship for a gaseous sphere of which stars are examples.

To fully develop a model star, we have to consider also the energy generation and
energy transport in the star. We need some additional equations to fully establish a
model star.

1.2 Equations of stellar structure
In order to study the physics of gaseous spheres in detail we need to solve the
following set of differential equations (Swartzschild 1958). Equation (1.15) balances
gas pressure with gravity (hydrostatic equilibrium) and equation (1.16) is mass
conservation. Equation (1.18) is energy conservation while equations (1.17) and
(1.19) details the temperature distribution throughout the sphere.
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ρ= −P
r

GM r
r

d
d

( )
, (1.15)

2

π ρ=M
r

r
d
d

4 , (1.16)2

κρ
π

= −T
r ac T

L
r

d
d

3
4 4

, (1.17)r
3 2

π ρε=L
r

r
d
d

4 , (1.18)2

γ
γ ρ

= −T
r

T r
r

P
r

d
d

( 1) ( )
( )

d
d

. (1.19)

where Lr is the total luminosity and ε is the nuclear generation rate. Equation (1.17)
is used in the case of radiative diffusion energy transport, while (1.19) is used for
convective energy transport. To test whether convection or radiative diffusion
dominates, one can use the equation:

γ
γ

= −T
r

T r
p r

P
r

d
d

( 1) ( )
( )

d
d

. (1.20)

If dT/dr is larger than the right-hand side of (1.20), the star is unstable and the
energy transportation method is convection. If dT/dr smaller than the right-hand
side, then radiative diffusion dominates. Other equations involved in describing
the structure include opacity, such as κ ∼ ρ

T3.5 which is Kramer’s opacity, and γ is the

ratio of specific heats and its value is usually assumed to be ∼5/3. The ε from the
above luminosity equation is the energy generation rate and depends on the nuclear
processes involved, the central densities and central temperatures. A typical nuclear
process in the core is the proton−proton (p−p) cycle, which converts four hydrogen
nuclei into one helium nucleus with the emission of gamma-ray photons, neutrinos
and positrons. Other possible reactions are the CNO cycle and other higher order
processes which are responsible for the creation of elements up to iron in the periodic
table of elements.

To construct a stellar model one must solve the above partial differential
equations (1.15)−(1.19) simultaneously. This is a difficult process and generally
must be done numerically, yet it yields very well understood results. We are very
confident that stellar structure is generally understood, at least in equilibrium states.
One can calculate several interesting timescales related to stellar structure. The

lifetime of a star is given by the nuclear timescale, τ = k Mc
Ln

n 2
, where kn is the fraction

of rest mass available for fusion. Other timescales such as the dynamical timescale
and the freefall timescale are τ τ τ τ≈ ≪ ≪−dynamical freefall K H nuclear.
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1.3 Our Sun
Using our Sun as an example, direct observations indicate that the Sun’s mass is
(1.98855 ± 0.00025) × 1033 g, its luminosity is 3.846 × 1033 erg s–1, and its visible
surface radius is 6.957 × 1010 cm. From the solutions to the equations of stellar
structure, one can deduce that the temperature in the core of the Sun is∼15 700 000 K,
and the average density is greater than 1.408 g cm–3. At these temperatures and
densities, the p−p chain can occur. The p−p chain requires four hydrogen atoms and
yields one helium atom, and the difference in mass between the 4H and the He is equal
to the energy released (not counting the neutrino which we are considering as very
small). A simple computation of the energy liberated follows:

= ×
− = ×

Δ = ×

−

−

−m

4H atoms 6.693 10 g

1He atom 6.645 10 g

0.048 10 g.

24

24

24

Now using E =mc2, E = (0.048 × 10−24)(2.99 × 1010)2 or E = 4.29 × 10−5 erg/reaction.
Based on the Sun’s luminosity, this yields about 8.965 × 1037 reactions/s. Over a
lifetime of 1.0 × 1010 years we calculate that the Sun will undergo about ∼9 × 1047

conversions during its lifetime. The result of solving these equations yields a practical
model for stars. Figure 1.1 shows the typical structure of a solar-type star.

The equations of stellar structure and the Voight−Russell theorem show that we
can expect a roughly constant mass−luminosity relationship. A plot of the actual
relationship is shown in figure 1.2.

Figure 1.1. Cutaway view of the Sun as determined from stellar structure model calculations. Image credit:
NASA; http://science.nasa.gov/media/medialibrary/2002/01/17/18jan_solarback_resources/cutaway.jpg.
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1.4 Stellar atmospheres
The stellar atmosphere can be studied by looking at the spectrum of the star. At
some point, the blackbody continuum coming from the bottom of the photosphere
(sphere of light) determines the effective temperature of the star. The tenuous stellar
atmosphere through which the continuum emission propagates results in the

Figure 1.2. The mass−luminosity relationship for main sequence stars. This relationship is directly under-
standable in terms of the Voight−Russell theorem and the equations of stellar structure. Reproduced with
permission of Professor Soper, University of Oregon; http://pages.uoregon.edu/soper/Stars/hrmass.html.

Figure 1.3. The H−R diagram illustrating the main regions including the main sequence, the giant regions and
the white dwarf region. Image credit: NASA; http://imagine.gsfc.nasa.gov/Images/try_this/HR_diagram.gif.
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formation of absorption lines: the stellar spectrum. By studying the stellar spectral
lines, one can obtain an idea of the surface temperature, the chemical content and
the pressure at the stellar surface. Stellar classification runs from hot stars, O-type
stars, to stars with cool surface temperatures, M stars. Taking a step further, if you
plot the surface temperature or spectral type of a star versus its luminosity, you
obtain the most important diagram in stellar astrophysics: the Hertzsprung−Russell
(H−R) diagram. The entire life history of a star can be presented on the H−R
diagram, as represented graphically in figure 1.3.

The vertical axis is the star’s luminosity, while the horizontal axis is the star’s
surface temperature, color or spectral type. The broad band running from the
upper left to the lower right is the main sequence. Stars lying along this band are
currently in stable hydrostatic equilibrium, and are so-called middle-aged stars.
Note that the blue stars are hotter than the red stars, and along the main sequence
the blue stars have a slightly larger radius than the red stars. According to our
stellar structure equations, the more massive the star, the hotter and more
luminous the star is. Note that the Sun is located near the middle of the diagram,
and its precise spectral type would be a G2 V main sequence star. The other areas
on the H−R diagram represent non-equilibrium regions: stars either collapsing
toward or evolving off of the main sequence. The only other equilibrium region on
the diagram is the white dwarf region where the stars are exposed stellar cores
composed of atomic nuclei. White dwarf stars are not evolving, but merely cooling
by radiating thermal radiation until they reach the temperature of space (assuming
that they are not in an accreting binary system). Much more physical information
such as chemical composition (the presence or absence of spectral lines), surface
gravity and pressure (the width of the spectral lines), and the temperature
(ionization states) can be gleaned from stellar spectra. More important to galactic
astronomy, stellar radial velocities are found by measuring the Doppler shift of
spectral lines in stellar photospheres. These radial velocities coupled with the
distances and proper motions can be used to deduce the dynamics of the Milky
Way Galaxy.

1.5 Stellar evolution
It is important that we understand the different forms matter takes in galaxies and
how stars evolve from gas to become integral pieces in galaxies, then end their lives
and pump enriched matter back to the interstellar medium. Figure 1.4 provides a
brief look at these complex processes.

In the previous discussion we have ignored rotation, magnetic fields and a
myriad of complications. Some of the primary unknowns in discussing galaxy
formation concern how stars actually form: the physical details of stellar formation.
Given a supply of gas and the anticipated interstellar temperatures and pressures,
how do gas clouds defeat the buildup of pressure due to gravitational heating
while undergoing gravitational collapse? What is the minimum mass of an
interstellar cloud that can produce a star? What is the nature of dark matter and
dark energy?
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1.6 Galaxies
The study of galaxies and extragalactic astronomy is the study of the behavior of
stars, gas and dust in a gravitational field. As we look around and inventory our
own Galaxy and other nearby galaxies, we find there are many things we do not
understand: missing mass problems and perhaps missing dark energy. We also
know that the Universe is not homogeneous and isotropic on galactic size scales.

Figure 1.4. The life cycle of a star is depicted, including the separate evolutionary paths for massive and Sun-like
stars. Image credit: NASA and the Night Sky Network; http://imagine.gsfc.nasa.gov/science/objects/stars1.html.

Figure 1.5. The famous ‘slice of the sky’ distribution of galaxies. Note the man (or lizard) near the center of the
diagram. We see there are voids and domain walls in the distribution. The distribution of galaxies is not truly
isotropic and not exactly homogeneous. Reproduced with permission from de Lapparent, Geller and Huchra
1986 Astrophys. J. Lett. 302 L1–L5. Copyright 1986 AAS.
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Stars are distributed into structures we call galaxies, and galaxies are clustered
into galaxy clusters and even galaxy clusters might be arranged into larger
superclusters. One thing we do know is that the Universe on the large scale is
governed by gravity, and perhaps a dark energy component that is not yet
identified. Most of the Universe is empty space; the boundaries of the Galaxy
groups occupy only about 5% of the volume of space. It is thought that most
galaxies evolved, or first began the process of formation, very early in the history of
the Universe. We also know that galaxies take a variety of sizes and forms, unlike
stars which are basically spheres or oblate spheroids, and that galaxies are
distributed very unevenly throughout the visible Universe. Figures 1.5 and 1.6
show the basic distribution of known galaxies.

The history of galaxies began with the invention of the first telescopes. In 1780
Charles Messier cataloged 103 nebulous objects, many of which turned out to be
external galaxies. In the late 1700s William Herschel and Caroline Herschel
catalogued more than 2000 galaxies. In 1845 Lord Rosse used his state-of-the-
art telescope to identify spiral structure in a few of the Galaxy nebulae. John
Herschel expanded the Herschel catalog in 1864 and published the General Catalog
of Galaxies. Edwin Hubble (1889–1953), Martin Slipher (1875–1969) and Milton
Humason (1891–1972) detected pulsating variable stars called Cepheid variables in
the Andromeda Galaxy and established its true distance. The Andromeda nebula
was established as an external galaxy since its measured distance placed it far
beyond the edges of our Milky Way Galaxy. Galaxies are, in first order, classified
according to shape or appearance. Some appear elliptical, some lenticular, some
show spiral structure and others show essentially no structure (see figure 1.7). We

Figure 1.6. The Sloan Digital Sky Survey galaxy distribution. Reproduced with permission of Professor
Colless and the 2dF Galaxy Redshift Survey team, www.2dfgrs.net; http://www.2dfgrs.net/Public/Pics/
2dFzcone.jpg.
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will discuss each of these morphological types in detail. Hubble, in an attempt to
impose order into the galactic morphological structure, came up with his famous
tuning fork diagram, shown in figure 1.8.

In the chapters that follow we will study the structure of our own Milky Way
Galaxy (chapter 2), the structure of other of galaxies, both normal (chapter 3) and

Figure 1.7. Different types of galaxies seen in the Universe. Image credit: NASA and ESA; https://www.
spacetelescope.org/images/heic9902o/.
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active galaxies (chapter 4), and finally explore the structure of the Universe at large
(chapter 5).
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Figure 1.8. The Hubble galaxy classification sequence, commonly called the Hubble tuning fork diagram.
Image credits: ESO/P Grosbøl; ESO; Chris Mihos (Case Western Reserve University)/ESO; ESO/IDA/Danish
1.5 m/R Gendler and J-E Ovaldsen; ESO.
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