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Preface

This textbook is based on the one-semester course “Introduction to Astrophysics”,
taken by third-year Physics students at Tel-Aviv University, which | taught several
times in the years 2000-2005. My objective in writing this book is to provide an
introductory astronomy text that is suited for university students majoring in physi-
cal science fields (physics, astronomy, chemistry, engineering, etc.), rather than for
a wider audience, for which many astronomy textbooks already exist. | have tried
to cover a large and representative fraction of the main elements of modern astro-
physics, including some topics at the forefront of current research. At the same
time, | have made an effort to keep this book concise.

| covered this material in approximately 40 lectures of 45 min each. The text
assumes a level of math and physics expected from intermediate-to-advanced un
dergraduate science majors, namely, familiarity with calculus and differential equa-
tions, classical and quantum mechanics, special relativity, waves, statistical me-
chanics, and thermodynamics. However, | have made an effort to avoid long math-
ematical derivations, or physical arguments, that might mask simple realities. Thus,
throughout the text, | use devices such as scaling arguments and order-of-magnitude
estimates to arrive at the important basic results. Where relevant, | then state the re-
sults of more thorough calculations that involve, e.g., taking into account secondary
processes which | have ignored, or full solutions of integrals, or of differential equa-
tions.

Undergraduates are often taken aback by their first encounter with this order-of-
magnitude approach. Of course, full and accurate calculations are as indispensable
in astrophysics as in any other branch of physics (e.g., an omitted factomafy
not be important for understanding the underlying physics of some phenomenon,
but it can be very important for comparing a theoretical calculation to the results of
an experiment). However, most physicists (regardless of subdiscipline), when faced
with a new problem, will first carry out a rough, “back-of-the-envelope” analysis,
that can lead to some basic intuition about the processes and the numbers involved.
Thus, the approach we will follow here is actually valuable and widely used, and
the student is well-advised to attempt to become proficient at it. With this objective
in mind, some derivations and some topics are left as problems at the end of each
chapter (usually including a generous amount of guidance), and solving most or
all of the problems is highly recommended in order to get the most out of this
book. | have not provided full solutions to the problems, in order to counter the
temptation to peek. Instead, at the end of some problems | have provided short
answers that permit to check the correctness of the solution, although not in cases
where the answer would give away the solution too easily (physical science students
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are notoriously competent at “reverse engineering” a solution — not necessarily
correct — to an answer!).

There is much that doast appear in this book. | have excluded almost all de-
scriptions of the historical developments of the various topics, and have, in general,
presented them directly as they are understood today. There is almost no attri-
bution of results to the many scientists whose often-heroic work has led to this
understanding, a choice that certainly does injustice to many individuals, past and
living. Furthermore, not all topics in astrophysics are equally amenable to the type
of exposition this book follows, and I naturally have my personal biases about what
is most interesting and important. As a result, the coverage of the different subjects
is intentionally uneven: some are explored to considerable depth, while others are
presented only descriptively, given brief mention, or completely omitted. Similarly,
in some cases | develop from “first principles” the physics required to describe a
problem, but in other cases | begin by simply stating the physical result, either be-
cause | expect the reader is already familiar enough with it, or because developing
it would take too long. | believe that all these choices are essential in order to keep
the book concise, focused, and within the scope of a one-term course. No doubt,
many people will disagree with the particular choices | have made, but hopefully
will agree that all that has been omitted here can be covered later by more advanced
courses (and the reader should be aware that proper attribution of ieudtstrict
rule in the research literature).

Astronomers use some strange units, in some cases for no reason other than
tradition. | will generally use cgs units, but also make frequent use of some other
units that are common in astronomy, eéngstroms, kilometers, parsecs, light-
years, years, Solar masses, and Solar luminosities. However, | have completely
avoided using or mentioning “magnitudes”, the peculiar logarithmic units used by
astronomers to quantify flux. Although magnitudes are widely used in the field,
they are not required for explaining anything in this book, and might only cloud the
real issues. Again, students continuing to more advanced courses and to research
can easily deal with magnitudes at that stage.

A note on equality symbols and their relatives. | use afi Sign, in addition to
cases of strict mathematical equality, for numerical results that are accurate to better
than ten percent. Indeed, throughout the text | use constants and unit transforma-
tions with only two significant digits (they are also listed in this form in “Constants
and Units”, in the hope that the student will memorize the most commonly used
among them after a while ), except in a few places where more digits are essential.
An “=" sign in a mathematical relation (i.e., when mathematical symbols, rather
than numbers, appear on both sides) means some approximation has been made,
and in a numerical relation it means an accuracy somewhat worse than ten percent.
A “ " sigh means strict proportionality between the two sides.~A Is used in
two senses. In a mathematical relation it means an approximate functional depen-
dence. For example, if = ax22, | may writey ~ z2. In numerical relations, |
use ‘~" to indicate order-of-magnitude accuracy.

This book has benefitted immeasurably from the input of the following col-
leagues, to whom | am grateful for providing content, comments, insights, ideas,
and many corrections: T. Alexander, R. Barkana, M. Bartelmann, J.-P. Beaulieu, D.
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Bennett, D. Bram, D. Champion, M. Dominik, H. Falcke, A. Gal-Yam, A. Ghez, O.
Gnat, A. Gould, B. Griswold, Y. Hoffman, M. Kamionkowski, S. Kaspi, V. Kaspi,
A. Laor, A. Levinson, J. R. Lu, J. Maos, T. Mazeh, J. Peacock, D. Poznanski, P.
Saha, D. Spergel, A. Sternberg, R. Webbink, L. R. Williams, and S. Zucker. The
remaining errors are, of course, all my own. Orit Bergman patiently produced most
of the figures — one more of the many things she has granted me, and for which |
am forever thankful.

D.M.

Tel-Aviv, 2006
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Chapter One

Introduction

Astrophysics is the branch of physics that studies, loosely speaking, phenomena on
large scales — the Sun, the planets, stars, galaxies, and the Universe as a whole. But
this definition is clearly incomplete; much of astrondnayso deals, e.g., with phe-
nomena at the atomic and nuclear levels. We could attempt to define astrophysics
as the physics of distant objects and phenomena, but astrophysics also includes the
formation of the Earth, and the effects of astronomical events on the emergence
and evolution of life on Earth. This semantic difficulty perhaps simply reflects the
huge variety of physical phenomena encompassed by astrophysics. Indeed, as we
will see, practically all the subjects encountered in a standard undergraduate physi-
cal science curriculum — classical mechanics, electromagnetism, thermodynamics,
guantum mechanics, statistical mechanics, relativity, and chemistry, to name just
some — play a prominent role in astronomical phenomena. Seeing all of them in
action is one of the exciting aspects of studying astrophyics.

Like other branches of physics, astronomy involves an interplay between ex-
periment and theory. Theoretical astrophysics is carried out with the same tools
and approaches used by other theoretical branches of physics. Experimental as-
trophysics, however, is somewhat different from other experimental disciplines, in
the sense that astronomers cannot carry out controlled experfineatsan only
performobservationsof the various phenomena provided by nature. With this in
mind, there is little difference, in practice, between the design and the execution
of an experiment in some field of physics, on the one hand, and the design and the
execution of an astronomical observation, on the other. There is certainly no par-
ticular distinction between the methods of data analysis in either case. But, since
everything we will discuss in this book will ultimately be based on observations, let
us begin with a brief overview of how observations are used to make astrophysical
measurements.

1.1 OBSERVATIONAL TECHNIQUES

With several exceptions, astronomical phenomena are almost always observed by
detecting and measuring electromagnetic (EM) radiation from distant sources. (The

IWe will use the words “astrophysics” and “astronomy” interchangeably, as they mean the same
thing nowadays. For example, the four leading journals in which astrophysics research is published are
namedT he Astrophysical Journal, The Astronomical Journal, Astronomy and Astrophgsaidonthly
Notices of the Royal Astronomical Socidiyt their subject content is the same.

2An exception is the field of “laboratory astrophysics”, in which some particular properties of astro-
nomical conditions are simulated in the lab.
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Figure 1.1 The various spectral regions of electromagnetic radiation, their common astro-
nomical nomenclature, and their approximate borders in terms of wavelength,
frequency, energy, and temperature. Temperature is here associated with photon
energyFE via the relationt = kT, wherek is Boltzmann’s constant.

exceptions are in the fields of cosmic ray astronomy, neutrino astronomy, and grav-
itational wave astronomy.) Figure 1.1 shows the various, roughly defined, regions
of the EM spectrum. To record and characterize EM radiation, one needs, at least,
a camera, that will focus the approximately plane EM waves arriving from a distant
source, and a detector at the focal plane of the camera, which will record the signal.
A “telescope” is just another name for a camera that is specialized for viewing dis-
tant objects. The most basic such camera-detector combination is the human eye,
which consists (among other things) of a lens (the camera) that focuses images on
the retina (the detector). Light-sensitive cells on the retina then translate the light
intensity of the images into nerve signals that are transmitted to the brain. Figure
1.2 sketches the optical principles of the eye and of two telescope configurations.

Until the introduction of telescope use to astronomy by Galileo in 1609, observa-
tional astronomy was carried out solely using human eyes. However, the eye as an
astronomical tool has several disadvantages.affseture of a dark-adapted pupil
is < 1 cm in diameter, providing limitetight gathering area and limitedangular
resolution. The light-gathering capability of a camera is set by the area of its aper-
ture (e.g., of the objective lens, or of the primary mirror in a reflecting telescope).
The larger the aperture, the more photons, per unit time, can be detected, and hence
fainter sources of light can be observed. For example, the largest visible-light tele-
scopes in operation today have 10-meter primary mirrors, i.e., more than a million
times the light gathering area of a human eye.

The angular resolution of a camera or a telescope is the smallest angle on the sky
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Figure 1.2 Optical sketches of three different examples of camera-detector combinations.
Left: Human eye, shown with parallel rays from two distant sources, one source
on the optical axis of the lens and one at an angle to the optical axis. The lens,
which serves as the camera in this case, focuses the light onto the retina (the
detector), on which two point images are formé&knter: A reflecting telecope
with a detector at its “prime focus”. Plotted are parallel rays from a distant source
on the optical axis of the telescope. The concave mirror focuses the rays onto
the detector at the mirror’'s focal plane, where a point image is forrreght:
Reflecting telescope, but with a “secondary”, convex, mirror, which folds the
beam back down and through a hole in the primary concave mirror, to form an
image on the detector at the so-called “Cassegrain focus”.

between two sources of light which can be discerned as separate sources with that
camera. From wave optics, a plane wave of waveleagtassing through a circular
aperture of diameteb, when focused onto a detector, will produce a diffraction
pattern of concentric rings, centered on the position expected from geometrical
optics, with a central spot having an angular radius (in radians) of

A
6=122%. (1.1)

Consider, for example, the image of a field of stars obtained through some camera,
and having also a bandpass filter that lets through light only within a narrow range
of wavelengths. The image will consist of a set of such diffraction patterns, one at
the position of each star (see Fig. 1.3). Actually seeing these diffraction patterns
requires that blurring of the image not be introduced, either by imperfectly built
optics or by other elements, e.g., Earth’s atmosphere. The central spots from the
diffraction patterns of two adjacent sources on the sky will overlap, and will there-
fore be hard to distinguish from each other, when their angular separation is less
than about\/D. Similarly, a source of light with an angular size smaller than this
“diffraction limit ” will produce an image that is “unresolved”, i.e., indistinguish-
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Figure 1.3 Simulated diffraction-limited image of a field of stars, with the characteristic
diffraction pattern due to the telescope’s finite circular aperture at the position of
every star. Pairs of stars separated on the sky by an @ngle\/D (e.g., on
the right-hand side of the image) are hard to distinguish from single stars. Real
conditions are always worse than the diffraction limit, due to, e.g., imperfect
optics and atmospheric blurring.

able from the image produced bypaint source of zero angular extent. Thus, in
principle, a 10-meter telescope working at the same visual wavelengths as the eye
can have an angular resolution that is 1000 times better than that of the eye.

In practice, it is difficult to achieve diffraction-limited performance with ground-
based “optical” telescopes, due to the constantly changing, blurring effect of the
atmosphere. (Thedptical” wavelength range of EM radiation is roughly defined
as0.32 — 1 um.) However, observations with angular resolutions at the diffraction
limit are routine in radio and infrared astronomy, and much progress in this field has
been achieved recently in the optical range as well. Angular resolution is important
not only for discerning the fine details of astronomical sources (e.g., seeing the
moons and surface features of Jupiter, the constituents of a star-forming region, or
subtle details in a galaxy), but also for detecting faint unresolved sources against
the background of emission from the Earth’s atmosphere, i.e., the “sky”. The night
sky shines due to scattered light from the stars, from the Moon, if it is up, and
from artificial light sources, but also due to fluorescence of atoms and molecules
in the atmosphere. The better the angular resolution of a telescope, the smaller the
solid angle over which the light from, say, a star, will be spread out, and hence the
higher the contrast of that star's image over the statistical fluctuations of the sky
background (See Fig. 1.4). A high sky background combined with limited angular
resolution are among the reasons why it is difficult to see stars during daytime.

A third limitation of the human eye is its fixed integration time, of about 1/30
second. In astronomical observations, faint signals can be collected on a detector
during arbitrarily long exposures (sometimes accumulating to months), permitting
the detection of extremely faint sources. Another shortcoming of the human eye is
that it is sensitive only to a narrowisual’ range of wavelengths of EM radiation



INTRODUCTION 5

star

-1

Al sky level

Counts Pixel

high angular low angular
resolution resolution

Pixel

Figure 1.4 Cuts through the positions of a star in two different astronomical images, illus-
trating the effect of angular resolution on the detectability of faint sources on
a high background. The vertical axis shows the counts registered in every pixel
along the cut, as a result of the light intensity falling on that pixel. On the left, the
narrow profile of the stellar image stands out clearly above the Poisson fluctua-
tions in the sky background, the mean level of which is indicated by the dashed
line. On the right, the counts from the same star are spread out in a profile that is
twice as wide, and hence the contrast above the background noise is lower.

(about0.4 — 0.7 um, i.e., within the “optical” range defined above), while astro-
nomical information exists in all regions of the EM spectrum, from radio, through
infrared, optical, ultraviolet, X-ray, and gamma-ray bands. Finally, a detector other
than the eye allows keeping an objective record of the observation, which can then
be examined, analyzed, and disseminated among other researchers. Astronomical
data are almost always saved in some digital format, in which they are most readily
later processed using computers. All telescopes used nowadays for professional
astronomy are equipped with detectors that record the data (whether an image of a
section of sky, or otherwise — see below). The popular perception of astronomers
peering through the eyepieces of large telescopes is a fiction. The type of detec-
tor that is used in optical, near-ultraviolet and X-ray astronomy is almost always
a charge-coupled devic§ CCD), the same type of detector that is found in com-
mercially available digital cameras. A CCD is a slab of silicon that is divided into
numerous “pixels”, by a combination of insulating buffers that are etched into the
slab, and the application of selected voltage differences along its area. Photons
reaching the CCD liberate “photoelectrons” via the photoelectric effect. The pho-
toelectrons accumulated in every pixel during an exposure period are then read out
and amplified, and the measurement of the resulting current is proportional to the
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Figure 1.5 Schematic view (highly simplified) of a CCD detector. On the left, a photon is
absorbed by the silicon in a particular pixel, releasing an electron which is stored
in the pixel until the CCD is read out. On the right are shown other photoelec-
trons that were previously liberated and stored in several pixels on which, e.g.,
the image of a star has been focused. At the end of the exposure, the accumu-
lated charge is transferred horizontally from pixel to pixel by manipulating the
voltages applied to the pixels, until it is read out on the right-hand side (arrows)
and amplified.

number of photons that reached the pixel. This allows forming a digital image of
the region of the sky that was observed (see Fig. 1.5).

So far, we have discussed astronomical observations only in terms of producing
an image of a section of sky by focusing it onto a detector. This technique is called
“imaging”. However there is an assortment of other measurements that can be
made. Every one of the parameters that characterize an EM wave can carry useful
astronomical information. Different techniques have been designed to measure
each of these parameters. To see how, consider a plane-parallel, monochromatic
(i.e., having a single frequency), EM wave, with electric field vector described by

E =éE(t)cos(2mvt — k - r + ¢). (1.2)

The unit vectoré gives the direction of polarization of the electric field(¢) is
the field's time-dependent (apart from the sinusoidal variation) amplitudethe
frequency, and is the wave vector, having the direction of the wave propagation,
and magnitudék| = 27/A. The wavelength\ and the frequency are related by
the speed of light;, throughv = A\/c. The phase shift of the wave ¢s

Imaging involves determining the direction, on the sky, to a source of plane-
parallel waves, and therefore implies a measurement of the directikn Bfom
an image, one can also measure the strength of the signal produced by a source
(e.g., in a photon counting device, by counting the total number of photons col-
lected from the source over an integration time.) As discussed in more detail in
Chapter 2, the photon flux is related to the “intensity”, which is the time-averaged
electric-field amplitude square@?(¢)). Measuring the photon flux from a source
is called “photometry”. In “time-resolved photometry”, one can perform repeated
photometric measurements as a function of time, and thus measure the long-term
time dependence df£?).

The wavelength of the lighty (or equivalently, the frequency), can be deter-
mined in several ways. A band-pass filter before the detector (or in the “receiver”
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telescope spectrograph

Figure 1.6 Schematic example of a spectrograph. Light from a distant point source con-
verges at the Cassegrain focus of the telecope at the left. The beam is then al-
lowed to diverge again and reaches a “collimator” lens sharing the same focus as
the telecope, so that a parallel beam of light emerges. The beam is then trans-
mitted through a dispersive element, e.g., a transmission grating, which deflects
light of different wavelengths by different angles, in proportion to the wave-
length. The paths of rays for two particular wavelengthsand A2, are shown.

A “camera” lens refocuses the light onto a detector at the camera’s focal plane.
The light from the source, rather than being imaged into a point, has been spread
into a spectrum (grey vertical strip).

in radio astronomy) will allow only EM radiation in a particular range of wave-
lengths to reach the detector, while blocking all others. Alternatively, the light can
be reflected off, or transmitted through, a dispersing element, such as a prism or
a diffraction grating, before reaching the detector. Light of different wavelengths
will be deflected by different angles from the original beam, and hence will land on
the detector at different positions. A single source of light will thus be spread into
aspectrum, with the signal at each position along the spectrum proportional to the
intensity at a different wavelength. This technique is called “spectroscopy”, and an
example of a telescope-spectrograph combination is illustrated in Fig. 1.6.

The phase shifp of the light wave arriving at the detector can reveal informa-
tion on the precise direction to the source, and on effects, such as scattering, that
the wave underwent during its path from the source to the detector. The phase
can be measured by combining the EM waves received from the same source by
several different telescopes, and forming an interference pattern. This is called “in-
terferometry”. In interferometry, the “baseline” distanBebetween the two most
widely spaced telescopes replaces the aperture in determining the angular resolu-
tion, A/B. In radio astronomy, the signals from radio telescopes spread over the
globe, and even in space, are often combined, providing baselines ofl6fdam,
and very high angular resolutions.

Finally, the amount of polarization (“unpolarized”, i.e., having random polariza-
tion direction, or “polarized” by a fraction between 0 and 100%), its type (linear,
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circular), and the orientation on the sky of the polarization veétoan be deter-
mined. For example, in optical astronomy this can be achieved by placing polariz-
ing filters in the light beam, allowing only a particular polarization component to
reach the detector. Measurement of the polarization properties of a source is called
“polarimetry”.

Ideally, one would like always to be able to characterize all of the parameters
of the EM waves from a source, but this is rarely feasible in practice. Never-
theless, it is often possible to measure several characteristics simultaneously, and
these techniques are then referred to by the appropriate names, e.g., spectro-photo-
polarimetry, in which both the intensity and the polarization of light from a source
are measured as a function of wavelength.

In the coming chapters, we will study some of the main topics with which astro-
physics deals, generally progressing from the near to the far. Most of the volume of
this book is dedicated to the theoretical understanding of astronomical phenomena.
However, it is important to remember that the discovery and quantification of those
phenomena are the products of observations, using the techniques that we have just
briefly reviewed.

PROBLEMS

1. a. Calculate the best angular resolution that can, in principle, be achieved
with the human eye. Assume a pupil diameter of 0.5 cm and the wavelength
of green light,~ 0.5 um. Express your answer in arcminutes, where an ar-
cminute is 1/60 of a degree. (In practice, the human eye does not achieve
diffraction limited performance, because of imperfections in the eye’s optics
and the coarse sampling of the retina by the light-sensitive “rod” and “cone”
cells that line it.)

b. What is the angular resolution, in arcseconds (1/3600 of a degree), of the
Hubble Space Telescope (with an aperture diameter of 2.4 m) at a wavelength
of 0.5 um?

¢. What is the angular resolution, expressed as a fraction of an arcsecond, of
the Very Long Baseline Interferometer (VLBI)? VLBI is an network of radio
telescopes (wavelengths1 — 100 cm), spread over the globe, that combine
their signals to form one large interferometer.

d. From the Table of Constants and Units, find the distances and physical
sizes of the Sun, Jupiter, and a Sun-like star 10 light years away. Calculate
their angular sizes, and compare to the angular resolutions you found above.

2. A CCD detector at the focal plane of a 1-meter-diameter telescope records
the image of a certain star. Due to the blurring effect of the atmosphere (this
is called “seeing” by astronomers) the light from the star is spread over a
circular area of radiug? pixels. The total number of photoelectrons over
this area, accumulated during the exposure, and due to the light of the star, is
Nitar. Light from the sky produces;., photoelectrons per pixel in the same
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exposure.
a. Calculate the signal-to-noise ratio (S/N) of the photometric measurement
of the star, i.e., the ratio of the counts from the star to the uncertainty in this
measurement. Assume Poisson statistics, i.e., that the “noise” is the square
root of the total counts, from all sources.

b. The same star is observed with the same exposure time, but with a 10-
meter-diameter telescope. This larger telescope naturally has a larger light
gathering area, but also is at a site with a more stable atmosphere, and there-
fore has 3 times better “seeing” (i.e., the light from the stars is spread over
an area of radiu®/3). Find the S/N in this case.

c. Assuming that the star and the sky are not variable (i.e., photons arrive
from them at a constant rate), find the functional dependence of S/N on expo-
sure time¢, in two limiting cases: the counts from the star are much greater
than the counts from the sky in the “seeing disk”; and vice versa.

Answer:S/N « t'/2 in both cases.

d. Based on the results of (c), by what factor does the exposure time with the
1 m telescope need to be increased, in order to reach the S/N obtained with
the 10 m telescope, for each of the two limiting cases?

Answer:By a factor 100 in the first case, and 1000 in the second case.






Chapter Two

Stars: Basic Observations

In this chapter we will examine some of the basic observed properties of stars —
their spectra, temperatures, emitted power, and masses — and the relations between
those properties. In Chapter 3, we will proceed to a physical understanding of these
observations.

2.1 REVIEW OF BLACKBODY RADIATION

To a very rough, but quite useful, approximation, stars shine with the spectrum of a
blackbody. The degree of similarity (but also the differences) between stellar and
blackbody spectra can be seen in Figure 2.1. Let us review the various descriptions
and properties of blackbody radiation (which is often also called “thermal radia-
tion”, or radiation having a “Planck spectrum”). A blackbody spectrum emerges
from a system in which matter and radiation are in thermodynamic equilibrium. A
fundamental result of quantum mechanics (and one which marked the beginning of
the quantum era in 1900) is the exact functional form of this spectrum, which can
be expressed in a number of ways.
Theenergy densityof blackbody radiation, per frequency interval, is

82 hv

B3 ehv/kT _ 1’ (2.1)

Uy =

wherev is the frequency; is the speed of light, is Planck’s constant; is Boltz-
mann’s constant, ard is the temperature in degrees Kelvin. Clearly, the first term
has units of [time]/[length] and the second term has units of energy. In cgs units,
u, is given in erg cm? Hz— 1.

Next, let us consider the flow of blackbody energy radiation (i.e., photons mov-
ing at speea), in a particular direction inside a blackbody radiator. To obtain this
so-calledntensity, we take the derivative with respect to solid angle of the energy
density and multiply by (since multiplying a density by a velocity gives a flux,
i.e., the amount passing through a unit area per unit time):

du,
Iy = Cd797 (22)
whered( is the solid angle element. (For example, in spherical coordindfes;
sin 8dfd¢.) Blackbody radiation is isotropic (i.e., the same in all directions), and

hence the energy density per unit solid angle is
du, U,

dQ ~ Arx

(2.3)
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Figure 2.1 Flux per wavelength interval emitted by different types of stars, at their “sur-
faces”, compared to blackbody curves of various temperatures. Each black-
body’s temperature is chosen to match the total power (integrated over all wave-
lengths) under the the corresponding stellar spectrum. The wavelength range
shown is from the ultraviolet (100@: 0.1 pm), through the optical range
(3200-10,0008), and to the mid-infrared10® A= 10 um). Data credit: R.
Kurucz.

(since the solid angle of a full spheredis steradians). The intensity of blackbody
radiation is therefore

c 2hv3 1
Il/ = EUU = CTW = BV' (24)

In cgs, one can see the units now are ergam~—2 Hz~! steradiarm!. We have kept

the product of units, s' Hz—!, even though they formally cancel out, to recall their
different physical origins: one is the time interval over which we are measuring
the amount of energy that flows through a unit area; and the other is the photon
frequency interval over which we bin the spectral distributifnof a blackbody is

often designatedB,”.

Now, let us find the net flow of energy that emerges from a unit area (small
enough so that it can be presumed to be flat) on the outer surface of a blackbody
(see Fig. 2.2). This is obtained by integratihgover solid angle on the half sphere
facing outwards, with eacli, weighted by the cosine of the angle between the
intensity and the perpendicular to the area. This, which is generally what one
actually observes from stars and other astronomical sources, is thus

/2 1 c 2rhy? 1
fv= /9:0 I, cos0dQ) = I,,27r§ =nl, = Zuu =T 2 awiT_1 (2.5)
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TTTTT

Figure 2.2 lllustration of the net flux emerging through surface of a blackbody, due to a
beam with intensity,, emerging at an angito the perpendicular.

The cgs units of this flux per frequency interval will thus be er§ sm=2 Hz~ 1.
The total power (i.e., the energy per unit time) radiated by a spherical, isotropi-
cally emitting, star of radius, is usually called itduminosity, and is just

LV = fl/(""*)4ﬂ-r£> (26)
with cgs units of ergs! Hz~!. Similarly, the flux that an observer at a distance
from the star will measure will be

fuld) = 25 = fr) . @.7)
v 4d? AR g2 '

It is often of interest to consider the above quantities integrated over all photon
frequencies, and designated by

u:/ U, dv, I:/ 1,dv, f:/ fudv, L:/ L,dv. (2.8)
0 0 0 0

A case in point is the usef@tefan-Boltzmann Law that relates the total energy
density or flux of a blackbody to its temperature:

@9

f= gaT‘l — 0T, (2.10)

and

8ok

a = m =7.6x 10715 erg cm73K74,
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o= ga =57x10"%ergs ! cm2K™%.

(Here and throughout this book, numbers are rounded off to two significant digits,
except in some obvious cases where higher accuracies are warranted.)

Rather than considering energy density, intensity, flux, and luminosity per pho-
ton frequency interval, we can also look at these quantities per photon wavelength
interval, where the wavelength }s= ¢/v. To make the transformation, we recall
that the energy in an interval must be the same, whether we measure it in wave-
length or frequency, so,

Byd\ = B,dv, (2.11)
and hence
dv c 2hc? 1

Here the units are erg’$ cm~2 cm~! steradian!, where we have separated the
two length units (cm? and cnt!), since one is the unit area through which the
radiation flux is passing, and the other is the wavelength interval over which we
bin the radiation energy. Non-cgs units for the wavelength interval are common
in astronomy. For example, flux per wavelength interval at visual wavelengths is
often given in units of ergs' cm~2 A=1. An A (called “Angstrom”) is10—8 cm.

The wavelength or frequency of the peak of a blackbody spectrum can be found
by taking its derivative and equating to zero:

dB,
T 0, (2.13)
or
dB,,
A 2.14
=0, (214)
which lead to the two forms diVien’s Law:
AmaxT = 0.29 em K, (2.15)
and
| imax = 2.8 kT | (2.16)

For example, the nearest star — the Sun — which radiates approximately like a
blackbody afl" = 5800K, has a peak i3, at 5000A, which is the wavelength of
green light, in the middle of the visual regime. In fact, the eyesight of most animals
on Earth apparently evolved to have the most sensitivity in the wavelength range
within which the Sun emits the most energy. (No less important, this wavelength
range also coincides with the transmission range of water vapor in the atmosphere.)
Note that the frequenay,,.. whereB,, peaks imotthe same as the frequeney=
¢/Amax @t which B, peaks. The two spectral distributions are different, because a
constant frequency intervdl, corresponds to a changing wavelength interval

d\ c

—|dv = —dv (2.17)
dv

A = =
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that grows with wavelength (and falls with frequency).

Figure 2.1 shows blackbody spectral distributions for a variety of temperatures.
The following features are important to note. First, the functions described above
(uy, By, etc.) are determined uniquely by one parameter, the temperature. Second,
far from their peak frequencies or wavelengths, the Planck blackbody spectra as-
sume two simple forms, as can be easily verified by taking the appropriate limits
in Egns. 2.4 and 2.12. At frequenciesnuch lower than the peak (i.e., at photon
energiesiv < kT),

2 2
B, ~ kT, (2.18)
C
or
| By ~ 2ckTA] (2.19)

This is called theRayleigh-Jeans side of the thermal spectrum. At frequencies
much higher than the peak (photon enerdies>> kT) the blackbody spectrum
falls off exponentially with frequency as

B, ~ e~ (W/kT) (2.20)
or with decreasing wavelength as
By ~ e~ (he/ART), (2.21)

This is called théWien tail” of the distribution.

2.2 MEASUREMENT OF STELLAR PARAMETERS

2.2.1 Distance

Distances to the nearest stars can be measuradgiometric parallax. With
current technology, about 100,000 stars have had their distances measured in this
way. The motion of the Earth around the Sun produces an apparent movement
on the sky of nearby stars, relative to more distant stars. Stars in the direction
perpendicular to the plane of the Earth’s orbit (called the “ecliptic plane”) will
trace a circle on the sky in the course of a year (see Fig. 2.3), whereas stars in
the directions of the ecliptic plane will trace on the sky a line segment that doubles
back on itself. In other directions, stars will trace out an ellipse. The angular size
of the semi-major axis of the ellipse will obviously be

o= C%@, (2.22)
with dg, the Earth-Sun distance amldthe distance to the star. (The subscript
marks properties of the Sun — distance, mass, radius, etc.). The digtanehich
is also referred to as 1 “astronomical unit” (AU), is abaut x 10% km. Parallax
is actually used to define another unit of lengtipaasec(pc). One pc is defined as
the distance for which the parallax is 1 arcsecond [L£3600 of a degree of arc,
or /(180 x 3600) radian]. Thus

Ipc=2.1x10° AU = 3.1 x 10*¥cm = 3.3 1y, (2.23)
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Figure 2.3 Schematic view of the apparent parallax motion of a nearby star, situated in the
direction above the ecliptic plane, due to the Earth’s circular orbit around the
Sun.

where we have also expressed a parsec in light years (ly), the distance light travels
in vacuum during a year. A light year is

1ly =365.25 x 24 x 3600 x ¢ = 3.15 x 10" s x 3 x 10 cms™*.  (2.24)

It is convenient to remember that the number of seconds in a year is (by pure coin-
cidence) close ta x 107. The few nearest stars to the Solar system have distances
of about 1 pc. Most of the stars visible to the naked eye are closer than 100 pc.
At larger distances, convenient units are the kiloparsec (Kptpc), megaparsec
(Mpc; 106 pc), and gigaparsec (Gpi)? pc).

Apart from the apparent motion of stars due to parallax, stars have real motions
relative to each other, and hence relative to the Sun. Over human timescales, these
real relative motions will generally appear on the sky to have constant velocity and
direction. In practice, therefore, the parallax motion of nearby stars will often be
superimposed on a lineapfoper motion” , producing a curly or wavy trajectory
on the sky.

2.2.2 Stellar Temperatures and Stellar Types

As we will see later on, the volume of every star has a range of temperatures,
from millions of degrees Kelvin in its core to only thousands in the outer regions.
However, the emitted spectrum of a star is largely determined by the temperature in
the outermost “surface”, or more correctly, in ifghbtospheré. The photosphere

can be roughly defined as the region from which photons are able to escape a star
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Figure 2.4 A photon inside a star is scattered many times until it reaches a radius from which
it can escape. The last scattering surface defines the base of the photosphere of
the star.

without further absorption or scattering (see Fig. 2.4). As we will see, the scattering
and absorption probabilities can have a strong dependence on the wavelength of the
photon, and therefore the depth of the base of the photosphere can be wavelength
dependent.

Material at the base of the photosphere emits approximately a Planck spectrum,
which is then somewhat modified by the cooler, partly transparent, gas above it.
By examining the emerging spectrum, one can then define various “temperatures”.
Thecolor temperature is the temperature of the Planck function with shape most
closely matching the observed spectrum. For example, if we could identify the po-
sition of the peak of the spectrum, we could use Wien’s law to set the temperature.
In practice, the peak will often be outside the wavelength range for which we have
data, and furthermore it is a broad feature which is hard to identify, especially given
the modifications by cold absorbing gas above the last scattering surface.

A more practical variant is to measure the ratio of fluxes at two different wave-
lengths, fx(A1)/fx(A2), and to find the temperature of the blackbody that gives
such a ratio. Such a ratio is, in effect, what one always means by “color”. For
example, when we say that the light from an object (whether intrinsic or reflected)
appears, say, “red”, we mean that we are detecting a larger ratio of red photons
to blue photons than we would from an object that we would call “white”. Color
temperature can, of course, also be found by fitting the Planck spectrum to mea-
surements at more than two wavelengths. Note that a color temperature cannot be
found if all the measurements are well on the Rayleigh-Jeans (i.e., low energy) side
of the distribution. On that side the Planck spectrum has the same shape for all
temperaturesf, o« A=* or f,, o ), and hence the ratio of fluxes at two wave-
lengths or frequencies will be the same, irrespective of temperature. In such a case
we can only deduce that all our measurements are on the Rayleigh-Jeans side of a
Planck spectrum, and we can set a lower limit on the temperature of the spectrum
(see Problem 2).

Another kind of temperature can be associated with the photosphere of a star, by
examining the absorption features at discrete wavelengths in the stellar spectrum.
These absorptions are induced by atoms and molecules in the cooler, less dense, gas
above the surface of last scattering. Photons with energies equal to those of individ-
ual quantum energy transitions of those atoms and molecules will be preferentially
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absorbed, and therefore depleted, from the light emerging from the photosphere of
the star in the direction of a distant observer. The same atom or molecule, which
will be excited to a higher energy level by absorbing a photon, can eventually de-
cay radiatively and re-emit a photon of the same energy. However, the re-emitted
photon will have a random direction, which will generally be different from the
original direction toward the observer. Furthermore, the atom can undergo colli-
sional de-excitation, in which it transfers its excitation energy to the other particles
in the gas.

The wavelengths and strengths of the main absorption featuresqsorption
linesas they are often called, are primarily dependent on the level of ionization and
excitation of the gas. The form of the absorption spectrum therefore reflects mainly
the temperature of the photosphere, and only slightly the photosphere’s chemical
composition, which is actually similar in most stars.

It is of particular relevance to recall the quantum structure of the hydrogen atom.
Hydrogen is the simplest atom, and it is therefore useful for understanding how
stellar absorption spectra are produced. Furthermore, most stars are composed pri-
marily of hydrogen; 92% of the atoms, or 75% of the mass, is hydrogen. Almost
all of the rest is helium, and the heavier elements contribute only trace amounts. In
fact, this elemental makeup is typical of almost all astronomical objects and envi-
ronments, other than rocky planets like the Earth and some special types of stars.
The heavier elements, despite their low abundances in stars, still play important
physical and observational roles, as we will see later on.

Then'h energy level of the hydrogen atom & 1 is the ground state) is given
by the Bohr formula,

e*m, 1

2h2 n2
wheree is the electron charge in cgs units (e.s.tn),is the electron mass, ards
Planck’s constant divided 8. As one goes to higher, the energy levels become
more and more crowded (see Fig. 2.5). When oo, 13.6 eV above the ground
state, we reach the “continuum” whefg, = 0 and the electron is free, i.e., the
atom is ionized. Thus, absorption of an energy quantum of 13.6 €V, or more, can
ionize a hydrogen atom that is in its ground state. The energy difference between
two levels is

1
E, = = —13.6eV—, (2.25)
n

1 1
The wavelength of a photon emitted or absorbed in a radiative transition between
two levels will be

N _ _he 915 A
e En; ns B 1/n} —1/n3’
A glass tube in the laboratory filled with atomic hydrogen at low pressure, when
excited by an electrical discharge, will radiate photons at the discrete wavelengths
corresponding to all of these electronic energy transitions. Such a photon spectrum
is often called an “emission-line spectrum”, and is distinct from the thermal (i.e.,
blackbody) spectrum emitted by dense matter.

(2.27)
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Figure 2.5 Energy levels of the hydrogen atom. Arrows indicate excitation from the ground
state & = 1) to the first excited energy leveh(= 2), and de-excitation back
to the ground state. Such excitation and de-excitation could be caused by, e.g.,
absorption by the atom of a Lymamnphoton, and subsequent spontaneous emis-
sion of a Lymane photon.

It is customary to group the different energy transitions of atomic hydrogen by a
name identifying the lower energy level involved in the transition, combined with a
greek letter that indicates the upper level of the transition. Thud yiiman series
consists of all transitions to the= 1 ground level:

Lya: 2 < 1, 1216A;

Lyg: 3 < 1, 1025,&;

Lyvy: 4 < 1, 972,&;

etc.,

up until the “Lyman continuum?,
Ly con: 00 <> 1, < 911.5 A,

Similarly, theBalmer seriesincludes all transitions between the= 2 state

and higher states:

Ha: 3 < 2, 6563A

HB3: 4 < 2, 4861A

Hv: 5 < 2, 4340A

etc.,

up until the “Balmer continuum”,
Bacon: 00 < 2, < 3646 A.

In the same way, the Paschen series, Brackett series, and Pfund series designate
transitions wherer = 3, n = 4, andn = 5, respectively, are the lower levels.
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Figure 2.6 Zoome-in on the optical wavelength region of the stellar spectra shown in Fig. 2.1.
The curves are labeled with their spectral types, in addition to the correspond-
ing blackbody temperatures, which constitute the “effective temperatures” of the
stars. Note the various labeled absorption features which appear and disappear
as one goes from one spectral type to another. Data credit: R. Kurucz.

The photon wavelengths of the Lyman series are in the ultraviolet (UV) region of
the electromagnetic spectrum, and the Paschen, and higher, series occur at infrared
(IR), and longer, wavelengths. The Balmer series is of particular interest to us here,
as it occurs in the optical region of the spectrum, where Earth’s atmosphere has a
transmission window. The atmosphere is almost completely opaque to photons of
wavelengths shorter than 3100 A, from ultraviolet through X-rays ang-rays. At

the infrared wavelengths longer than 10,0%)@1um), there are only a few trans-
mission “troughs”, until one gets to millimeter (called “microwave”) wavelengths
and longer, where the atmosphere is again transparent to radio-frequency electro-
magnetic radiation.

Early in the 20th century, before stellar physics was understood, stars were clas-
sified into a series ofspectral types according to the types and strengths of the
absorption lines appearing in their optical spectra. Figure 2.6 shows examples cov-
ering the range of spectral properties of most stars. Let us begin with “A-type”
stars, the third from the top in the sequence shown (the meanings of the “5” and
of the “V” after the “A” will be explained below, and at the end of this chapter,
respectively). Absorption in the hydrogen Balmer series is the most conspicuous
feature in A-star spectra, starting withntht 6563A, proceeding up the series to
shorter wavelengths, and to the sharp drop at the wavelength of the Balmer con-
tinuum at 3646A. Moving up in the figure to “B-type” stars, the hydrogen lines
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become weaker, and some other lines, due to absorption by helium, appear. At
the top of the sequence, “O stars” have only very weak hydrogen Balmer lines,
and some additional weak lines due to singly-ionized helium. Working back down
along the sequence, in the so-called F-type stars, the Balmer lines are again weaker
than in A stars, but additional lines appear, and are due to transitions in neutral and
singly-ionized light metals, mainly calcium, magnesium, and sodium. Progressing
to G stars, the Balmer lines weaken further, while the absorptions due to metals
become stronger. This trend continues in K stars where, in addition, molecular
“bands” begin to appear. Such bands are actually numerous adjacent absorptions
due to individual rotational, vibrational, and electronic quantum transitions of par-
ticular molecules, which have merged into broad absorption troughs. Finally, in M
stars, at the bottom of the sequence, the molecular bands, notably due to TiO (tita-
nium oxide), become prominent. The absorption bands seen in the M-star spectrum
between 6600 and 8600 are mainly due to this molecule.

The names assigned to the different spectral types have a historical origin and
no physical significance. However, the order in which they appear in Fig. 2.6 is
one of temperature, with the hottest stars at the top and the coolest at the bottom.
This is apparent at once by considering the colors of the stars. The O and B stars
are clearly blue, with their spectra rising toward the shorter UV wavelengths of
the peak of the blackbody spectrum. The A, F and G stars become progressively
“whiter”. The K and M stars are clearly red, with their peak emission shifted to the
infrared. The optical wavelength range shown probes the beginning of the Wien
tail of the Planck function approximating these red stars.

Once the stars are ordered by temperature, the different absorption-line spectra
can be understood as arising simply from the differences in the temperatures of
the photospheres. In the cooler stars, the hydrogen atoms, which make up most of
the cool gas above the last scattering surface, are almost all in their ground states.
Among the photons in the emerging beam, only Lyman-series photons, in the UV
range, can therefore be absorbed out by the hydrogen atoms, while optical photons
emerge through the photosphere unhindered by the hydrogen. The metal atoms,
though they exist only in trace amounts, do have energy-level transitions corre-
sponding to optical-wavelength photons, and hence these atoms have high proba-
bilities for absorbing photons. Thus, they leave a strong imprint on the spectrum,
despite their rarity compared with hydrogen.

Going to warmer stars, frequent collisions between atoms in the photosphere
cause a non-negligible fraction of the hydrogen atoms at any given time to be in
the first excited{ = 2) energy state. Now the optical photons with the Balmer-
transition energies can be absorbed out of the energing light by the hydrogen atoms,
thereby exciting the hydrogen atoms to higher levels, or ionizing them when the
photon wavelengths are less than 3646n the hottest stars, the temperature in
the photosphere is high enough that almost all of the hydrogen is ionized (as are the
metal atoms). The photosphere then becomes transparent again to photons with the
energies of the Balmer transitions, which have a low probability of being absorbed.
Models of stellar atmospheres can be calculated, taking into account the detailed
atomic physics and the passage of radiation through the gas, for a range of physical
conditions, specifically the temperature. (In fact, the stellar spectra shown in Figs.
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2.1 and 2.6 are theoretical models calculated by Kurucz). Such theoretically calcu-
lated absorption spectra can be compared to the actual spectrum of a given stellar
type, and thus the photospheric temperature can be accurately determined.

Generations of astronomy students have memorized the names of the stellar spec-
tral types, ordered by decreasing temperature, with the mnemonic: “Oh Be A Fine
Girl/Guy, Kiss Me!”. There is a continuous transition in spectral properties be-
tween types, and astronomers quantify this by assigning, after the letter, a number
between 0 and 9, with a larger number indicating a lower temperature. The Sun is a
G2 star, and its spectrum is largely indistinguishable from that of any other normal
star of this type. As we will see, all of the main physical properties (mass, radius,
luminosity) of the stars sharing a common spectral classification are the same. For
completeness, we note that the spectral sequence extends beyond M stars to two
cooler classes, labeled L and T. Strictly speaking, members of these classes are not
stars but “brown dwarfs”, objects intermediate between stars and giant planets in
their properties. We will return to brown dwarfs in Chapter 4.2.3.4.

2.2.3 Luminosity and Radius

For a star with known distance and measured flux, the luminosity is
L = f4mrd>. (2.28)

This luminosity, integrated over all wavelengths, is callediblmetric luminos-
ity. If the temperature of the stellar photosphere is known, one can then derive the
stellar radiusr,, from

L = 4nrioT?. (2.29)

Alternatively, if L andr, are known and one determines a temperature from this
relation, then this temperature is called tledféctive temperature, Tr. The ra-

dius of the Sunis, = 7.0 x 10*° cm. As will be explained in more detail in Sec-

tion 2.2.4, below, stars that are members of a particular type of binary system, called
“double-lined spectroscopic eclipsing binaries”, can have their radii measured. Of
order 100 stars currently have such radius measurements which are accurate to a
few percent or better. The radii of a few other nearby stars have been measured, in
some cases to better than 1% accuracy, using interferometric observations.

2.2.4 Binary Systems and Measurements of Mass

A direct measurement of stellar mass is generally possible only in céuitzény

(i.e., double) or multiple star systems. A significant fraction of all stars are mem-
bers of binary systems. (The Sun is likely an example of a single star.) Observa-
tionally, binary systems are classified into various typésual binaries are pairs

of stars in which both members are resolved individually, and may be seen orbiting
their common center of mass. In most cases, the separation between the members
is so large that the orbital period is very long by human timescalessthometric
binaries, one observes the minute periodic motion on the sky of one member, as

it orbits the system’s common center of mass, even if the companion is too faint
to be seen. Ireclipsing binaries the orbital plane of a pair (which, in general, is
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Figure 2.7 Schematic view of an eclipsing binary system (left), and its total brightness as a
function of time (right). Numbers indicate the corresponding points on the orbit
and in the so-called “light curve”.
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Figure 2.8 Schematic example of the spectrum of a “double-lined spectroscopic binary”.
Each of the absorption lines in the spectrum appears twice, Doppler-shifted to
longer and shorter wavelengths, respectively, as a result of the orbital motion of
the binary members about their center of mass. During the orbital period, each
absorption line oscillates back and forth about the restframe wavelaagth

spatially unresolved) is inclined enough (i.e., close enough to edge-on) to our line
of sight that each of the members periodically eclipses the other. The presence of a
binary will then be revealed if the light from the system is monitored as a function
of time. During each orbital period, the brightness of the system will undergo two
“dips” (see Fig. 2.7), each corresponding to the eclipse of one star by the other. The
depth of the dips will depend on the relative sizes and luminosities of the two stars.

A spectroscopic binaryis a spatially unresolved pair that is revealed as a binary
by its spectrum. For example, the observed photospheric absorption spectrum may
be the superposition of the spectra of two different types of stars. Alternatively,
even if the members are of the same type, their orbital velocitiesjay cause
large enough Doppler shifteyA\/\ = v /¢, in the wavelengths of absorption, to
produce distinct lines, with shifts that oscillate periodically during each orbit (see
Fig. 2.8). Sometimes, one of the members may be too faint, or devoid of strong
absorption lines, to be detectable in the combined spectrum, but its presence will
still be revealed by the periodically changing Doppler shifts of the brighter star.
In fact, this is the very method by which planets orbiting other stars have been
discovered in recent years (see below).

To see how binaries sometimes allow stellar mass determination, let us review
some aspects of the Keplerian two-body problem, in which two masses orbit their
common center of mass in elliptical trajectories. For simplicity, let us consider only
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Figure 2.9 Left: A binary system, viewed pole-on, with its members in circular orbits with
physical radiir; andrs around their common center of masRight: The ap-
pearance of the system when viewed as a visual binary, with the orbital plane
inclined by an anglé to the line of sight, and orbital radii subtending angles on
the sky#, andf.. The circular orbits now appear as ellipses, with minor axes
foreshortened byos i.

circular orbits. The center of mass of two spherical masses is at the point between
them where

riMy = ro M, (2.30)
with M; and M, being the masses ang andr, their respective distances to the

center of mass (see Fig. 2.9, left). Thusgif= 1 + r5 is the separation between
the masses,

M.
= ﬁj(a - 1), (2.31)
or
Ms
1 M LY (2.32)
and
My
=1 2.33
"M+ My (2.33)

Each of the masses is subject to the mutual gravitational attraction, and as a result

orbits the center of mass with an angular frequencyhe equation of motion for

the first mass is then

GM, M,
a2

with G the gravitational constant. After substitutionsgffrom Eq. 2.32, this be-

comes Kepler's Law:

Myw?r = (2.34)

)

M, + M.
w2 = (;(17:2) (2.35)
a

A simple example in which Kepler's law can be used to determine a stellar mass is
in the case of the Sun. The mass of the Earth is negligible compared to the Sun, so

w?a? 4r%a3

Mo~ =g~ ="ag

(2.36)
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Figure 2.10Left: A spectroscopic binary system with circular orbits and with orbital plane
inclined by an anglé to the line of sight.Right: Observed velocity of each of
the components, as deduced from the Doppler shift of its spectral features, as a
function of time. Negative velocities are approaching and positive are receding.
Numbers indicate the corresponding points on the orbits and in the so-called
“radial-velocity curve”.

wherer = 27 /w is the orbital period, i.e., 1 year. In cgs units the mass of the Sun
is then

4 x w2(1.5 x 10'3 ¢m)?
3.15 x 107 5)2 x 6.7 x 10~8 erg cm g—2
( gecmg

In a visual binary, we can measure directly on the sky the angular separations
0, andd, between each star and the common center of mass that they orbit. The
perpendicular to the plane of the orbit will generally be inclined to our line of sight
by some anglé, and as a result the circular orbits will appear projected on the sky
as ellipses. If we can follow a good part of an entire orbit, this will not constitute a
problem, as the semi-major axes of the ellipses will correspond to the angular radii
of the deprojected circular orbits (see Fig. 2.9, right). Since both stars are at the
same distancé from us, the ratio of the angles gives the ratio of the stellar masses:

61d T1 M2

od 7 L (2.38)
Given the distance (which allows deriving the physical separatjaand the ob-
served period, Kepler's law yield®/; + M,. Together with Eq. 2.38, we can solve
for My and M, individually.

In spectroscopic binaries, we cannot measure directly the separationsand
ro. Instead, we can use the amplitudes of the oscillations in line-of-sight velocities
deduced from the Doppler shifts. Because the perpendicular to the orbital plane
is inclined to the line of sight by an anglgsee Fig. 2.10), the Doppler velocity
amplitudes we measure will be related to the true orbital velocity amplitudes by

M, = =20x10%g.  (2.37)

[V10bs| = |v1]sini, |vaoks| = |v2]sini. (2.39)
But since
2rr 2rr
lon| = =, |vo| = =2, (2.40)
T T
then
obDs M
[oroel _ 71 _ My (2.41)

|U2obs | T2 N ﬁl '
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Replacing, in Kepler's law; with r; +r5, and using Eqns. 2.39 and 2.40 to express
r1 andrq, we obtain

7—(|U10bs| + |'020bs|)3
2nG

We see that in spectroscopic binaries the inclination of the orbits is an additional
unknown variable that enters the mass determination. In such systems, we will
therefore be able to determine the stellar masses only up to a fasfor An
exception to this is the case of eclipsing spectroscopic binaries. There, the fact that
the members of a pair eclipse each other impliesust be close t80°, and the
individual masses can therefore be found. Indeed, in such systems, one can use the
detailed shape of the “light curve” of the eclipse (e.qg., Fig. 2.7), combined with the
known relative velocity of the two stars as they pass one in front of the other, to
deduce the physical radii of the two stars (see Problem 5), as well as the precise
value ofi.

In many spectroscopic binaries, the spectrum of only one star is detected, due
to the faintness of the “secondary” objedtl;. The presence of a companion is
deduced solely from the periodic velocity oscillations in the spectral lines of one
star, say M. In this case, we can use Eq. 2.41 to express the unmedsusgd,

giving

(My 4 M>)sin®i = (2.42)

T|v1obs|? (1 + My /Ms)?

(M + My)sin®i = 5 , (2.43)
or
]\/-[5) .. 3. 7_|’Ulobs|3

—_ = 2.44
(M1 + M2)2 S 217G ’ ( )

and there is now only one equation for three unknowlds, M5, andsin 4.

An important case is wheh/; < M, where Eq. 2.44 simplifies to
o T \1/3 2/3

My sini ~ (%> [V10bs] Ml/ . (2.45)

This case applies to searchesdatrasolar planets by means of the small wobble
aplanetinduces on its parent star. The parent star's mésseeds to be estimated

by some other means, normally by identifying its spectral type. We can calculate
from Eq. 2.45 the expected amplitude of the velocity oscillations of, say/a

star that is orbited by a Jupiter-mas8{>M,) planet at a radius of 1 AU:

. )71/3

‘U10b5| ~ MQ sin ¢ Mf2/3 (ﬁ

(2.46)

315x107s  \ /7 S
= ms
21 x 6.7 x 10~8 cgs ’

where we have assumeih i =~ 1. (Here and henceforth, we abbreviate with “cgs”

the units of the gravitational constafit erg cm gr2.) Such a velocity produces a

tiny Doppler shift in the star’s spectral lines, 8f\/\ = v/c = 10~7. Neverthe-

less, sensitive spectroscopic techniques have been developed for this purpose, and
hundreds of extrasolar planets have been discovered, and their masses determined

=10"%x2x10% gx (2x 10% g) /% (
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Figure 2.11 Observed “radial velocity curve” (i.e., line-of-sight velocity vs. time) for the
nearby & 50 pc) star HD209458, revealing the presence of a planetary com-
panion that causes the star to orbit around the common center of mass. Using
Eq. 2.45, and assuming the parent star has a mass= 1.1M (based on
its observed spectral type), the amplitude (86 M)sand period (3.5 days) of
the observed velocity oscillations indicate a planet mess= 0.7M s/ sin,
where M ; is one Jupiter mass. The orbital radius is 0.05 AU. In this particu-
lar system, a periodic 1.5% amplitude eclipse of the star’s flux has also been
detected, due to the transit of the planet across the face of the star, indicating
sini ~ 1. Data credit: T. Mazeh et al. 1999, Astrophys. J., 532, L55

(in most cases to an unknown factii 7) in this way. Figure 2.11 shows an exam-

ple. These extrasolar planets indeed have masses of order that of Jupiter, but are
sometimes in orbits with periods of just a few days, indicating orbital radii of a few
hundredths of an AU.

In reality, many binary systems are in elliptical, rather than circular orbits. Two
additional parameters are then required to describe the problem — the eccentricity
of the orbit and the orientation angle of the ellipse in the orbital plane, as viewed
from our vantage point. However, these parameters can be determined from the
data (e.g., from the shape of the orbit on the sky, or from the functional form of
the radial-velocity curve of each component, or from asymmetries in the timing
and duration of primary and secondary eclipses). The essential possibilities and
limitations of stellar mass determination we have found above for various types of
binaries, assuming circular orbits, hold also for binaries with elliptical orbits.
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Figure 2.12 Schematic example of an H-R diagram, showing stellar luminosity vs. effective
surface temperature. Note that the axes are logarithmic and that the temperature
grows to the left. The dashed lines show the luminosity temperature relation,
L = 4nr2oT4, for objects of constant radius. The three lines correspond, from
top to bottom, ta~,. = 100rq, re, and0.01rg.

2.3 THE HERTZSPRUNG-RUSSELL DIAGRAM

A crucial step toward understanding stellar physics was taken in 1911 indepen-
dently by two astronomers, Hertzsprung and Russell, who placed measurements of
stars on a logarithmic plot with axes of luminosity and effective surface tempera-
ture!. Fig. 2.12 shows an example of suchHwR diagram. Note that temperature
is traditionally shown growing to the left on such a plot. Almost all known stars
are concentrated in several well-defined loci on such a diagram. About 80-90% of
all stars (depending on what stellar environment one looks at) lie in a narrow diag-
onal strip called thenain sequencevhich corresponds very roughly to a relation
L ~ T%. Since the luminosity of a spherical blackbody radiator is
L = 40T}, (2.47)

this immediately implies that hotter stars are bigger, with~ T2. The Sun is a
main sequence star. Since the coolest stars have about half the surface temperature
of the Sun and the hottest stars have about 5 times the Solar temperature, the radii
of main-sequence stars are in the range of about 1/4 to 25 times the Solar radius.

Two other stellar loci are apparent on the H-R diagram. There is a concentration
of points corresponding to stars that are cool (i.e., red) yet with luminosities orders
of magnitudes higher than those of main sequence stars. Clearly, these must be
objects with large surface areas, with radii of order 100 times the Solar radius, i.e.,

IHistorically, what was first plotted was the fluxes from stars that are in a cluster, and hence all at the
same distance, and their colors.
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~ 108 km, or about 1 AU. Accordingly, such stars are namedl giants. In the

lower left part of the diagram there is another sequence of points, corresponding
to stars that are quite hot (i.e., white to blue), yet with luminosities that are orders
of magnitude smaller than those of main sequence stars with such temperatures.
These must be stars with much smaller radii, of ordét km (i.e., of the order of

the Earth’s radius, 6400 km), and they are therefore labghéte dwarfs.

In terms of physical meaning, it was originally speculated (incorrectly) that the
main sequence is a cooling sequence, in which stars are born hot and then move
along the sequence as they cool. (This led to the confusing terminology, sometimes
still used today, of “early-type” stars for O and B spectral types and “late-type” stars
for FGKM. Main-sequence stars are sometimes also called “dwarfs”, to distinguish
them from giant stars, a potential source for additional confusion.) However, as
mass measurements for stars that are members of binaries became available, it be-
came clear that the main sequencesasssequence, with high-mass stars at high
luminosities and high effective temperatures, and low-mass stars at low luminosi-
ties and low effective temperatures. The range of masses on the main sequence
is between~ 0.1 and~ 100M. The luminosity as a function of mass goes as
L ~ M%, with o =~ 3 for stars more massive than the Sun ang: 5 for the less
massive stars. Red giants, despite their large luminosities, turn out to have masses
usually in the rangé — 2 M. White dwarfs generally have masses similar to that
of the Sun, or lower, and are never more massive thai/,.

As we will see, a star spends most of its lifetime at the same location on the main
sequence. This is the period during which nuclear hydrogen burning takes place in
the stellar core. The processes that occur, once most of the hydrogen in the core has
been synthesized into helium, lead to a large, but short-lived, increase in luminosity
and an expansion of the star’s outer layers, which is observed as the giant-star phase
of stellar evolution. Stars that begin their lives with less than aldfg eventually
shed their outer layers and become white dwarfs — compact remnants of the original
stellar core. White dwarfs are devoid of energy-producing nuclear reactions, and
slowly radiate away their fossil heat. Stars more massive than &ddyt after
passing through the giant stage (where they are called red orshpergiants
because of their large luminosities — these are the stars near the top edge of the H-R
diagram), undergo a runaway process of gravitational core collapse that ends (at
least in some cases) supernovaxplosion. The stellar remnants in these cases are
neutron starsandblack holes Compared to white dwarfs, neutron stars are even
hotter (by an order of magnitude) and more compact (by three orders of magnitude
in radius), and hence less luminous (by two orders of magnitude). They are not
generally plotted on an H-R diagram; only a handful of isolated neutron stars (i.e.,
neutron stars not in binary systems or not still inside the debris of the supernova
explosions that created them) have been detected optically, owing to their extreme
faintness.

A final note on nomenclature: apart from their spectral types (BO, A5, G2, etc.),

stars are divided into luminosity classes, which are labeled by Roman numerals
going from | to V, with decreasing luminosity. Classes | to IV are giants, and V
designates main sequence stars. Thus, the Sun is a G2V star. White dwarfs have
their own classification system, with spectral type names beginning with a capital
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PROBLEMS

1. a. If the Sun subtends a solid an§leon the sky, and the flux from the Sun
just above the Earth’s atmosphere, integrated over all wavelengifglds,
show that the flux at the Solar photosphere j&d )/ .
b. The angular diameter of the Sun is 0.57 degree. Calculate the solid angle
subtended by the Sun, in steradians.
Answer:Q) = 7.8 x 107°.
c. The Solar flux at Earth is

flde) =14 x 108 erg slem™2 =1.4kW m™ 2.

Use (b), and the Stefan-Boltzmann Law, to derive the effective surface tem-
perature of the Sun.

Answer:Tr = 5800 K.

d. Derive an expression for the surface temperature of the Sun, in terms
only of its solid angle, its flux per unit wavelengii(\,) at Earth at one
wavelength)\,, and fundamental constants.

2. a. Show that, if the ratio of the blackbody fluxes from a star at two different
frequencies (i.e., a “color”) is measured, then, in principle, the surface tem-
perature of the star can be derived, even if the star’s solid angle on the sky
is unknown (e.g., if it is too distant to be spatially resolved, and its distance
and surface area are both unknown).

b. Explain why it will be hard, in practice, to derive the temperature mea-
surement if both frequencies are on the Rayleigh-Jeans side of the blackbody
curve,hv < kT.

c. For the case that both measurements are on the Wien tail of the blackbody
curve,hv > kT, derive a simple, approximate, expression for the temper-
ature as a function of the two frequencies and of the flux ratio at the two
frequencies.

d. If, in addition to the flux ratio in (c), a parallax measurement and the to-
tal flux (integrated over all frequencies) at Earth are available, show that the
star’s radius can be derived.

3. If parallax can be measured with an accuracy of 0.01 arcsecond, and the
mean density of stars in the Solar neighborhood is 0-# pcow many stars
can have their distances measured via parallax?
Answer:4.2 x 105,

4. The maximal radial velocities measured for the two components of a spec-
troscopic binary are 100 knT$ and 200 km s!, with an orbital period of
2 days. The orbits are circular.
a. Find the mass ratio of the two stars.
b. Use Kepler's Law (Eq. 2.42) to calculate the value\ékin® i for each
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star, whereM is the mass and is the inclination to the observer’s line of
sight of the perpendicular to the orbital plane.

Answer:0.37Mg and0.18 M.

c. Calculate the mean expectation value of the fagiot, i.e., the mean
value it would have among an ensemble of binaries with random inclina-
tions. Find the masses of the two starsijif® i has its mean value.

Hint: In spherical coordinategy, ¢), integrate over the solid angle of a
sphere where the observer is in the direction of thexis, with each solid
angle element weighted byn® 6.

Answers:37/16 = 0.59; 0.63M, and0.31 M. .

5. In an eclipsing spectroscopic binary, the maximal radial velocities measured
for the two components are 20 km'sand 5 km s!. The orbit is circular,
and the orbital period i = 5 yr. It takes 0.3 day from the start of the
eclipse to the main minimum, which then lasts 1 day.
a. Find the mass of each star. Since the binary is of the eclipsing type,
one can safely approximatex~ 90°. Check to what degree the results are
affected by small deviations from this angle, to convince yourself that this is
a good approximation.
Answers:M; = 2.3Mg, My = 0.58 M.
b. Assume again = 90° and find the radius of each star. Is the result still
insensitive to the exact value ¢
Answersr; = 2.0rg, ro = 0.467¢.






Chapter Three

Stellar Physics

In this chapter, we will obtain a physical understanding of main-sequence stars and
of their properties, as outlined in the previous chapter.

The Sun is the nearest and best-studied star, and its properties provide useful
standards to which other stars can be compared. For reference, let us summarize
the measured parameters of the Sun.

The Earth-Sun distance is

do = 1.5 x 10%km = 1 AU. (3.2)
The mass of the Sun is

Me = 2.0 x 10* g. (3.2)
The radius of the Sun is
re = 7.0 x 10*° cm. (3.3)
Using the mass and the radius, we can find the mean density of the Sun,
Mg 3x2x10% g 3

p= ;s =1ldgem™". (3.4)

I3RS 47 x (7 x 1010 cm)
The Sun’s mean density is thus not too different from that of liquid water. The
bolometric Solar luminosity is

Lo =38 x10% ergs™. (3.5)
When divided by4rd?2, this gives the Solar flux above the Earth's atmosphere,
sometimes called the Solar Constant:

fo=14x10%ergs 'em™2 = 1.4 kW m™2. (3.6)
The effective surface temperature is
Tre = 5800K. (3.7)

From Wien's Law (Eg. 2.16), the typical energy of a Solar photon is then 1.4 eV.
Dividing the energy flux by this photon energy, the photon flux is
1.4 x 10% erg s~ 'em ™2
1.4eV x 1.6 x 1012 erg eV !
(where we have converted between energy units using 1 €\&=10~12 erg).
From radioactive dating of Solar System bodies, the Sun’s age is about

to = 4.5 x 10%r. (3.9)
Finally, from a solution of the stellar models that we will develop, the central den-
sity and temperature of the Sun are

pe =150 g cm ™3, (3.10)

T, =15 x 10°K. (3.11)

=6.3x 10" s tem ™2, (3.8)

f@,ph ~
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3.1 HYDROSTATIC EQUILIBRIUM AND THE VIRIAL THEOREM

A star is a sphere of gas that is held together by its self gravity, and is balanced
against collapse by pressure gradients. To see this, let us calculdtedtall
timescaleof the Sun, i.e., the time it would take to collapse to a point, if there were
no pressure support. Consider a mass elemvenat rest in the Sun at a radiug.

Its potential energy is
0

whereM (rq) is the mass interior te,. From conservation of energy, the velocity
of the element as it falls toward the center is

1(dr\*  GM(ro) GM(ro)
2\dt)

where we have assumed that the amount of (also-falling) mass interipreémains
constant. Separating the variables and integrating, we find

- 0 ~1/2
= = / [QGM(TO) (1_10” & (314)
-3 3ol o, \2
~(wtey) [ (75) @

The definite integral on the right equalg2, and the ratidV/ (o) /73, up to a factor
47 /3, is the mean density, so

371_ 1/2
it (32Gp> (3.15)

, (3.13)
T To

For the parameters of the Sun, we obtain

3 1/2
= - = 1800 s. 3.16
e (32 X 6.7x1078cgsx 14g cm5) ° (3.16)

Thus without pressure support, the Sun would collapse to a point within half an
hour.

This has not happened because the Sunhgdmnostatic equilibrium . Consider
now a small, cylinder-shaped mass element inside a star, Avite area of the
cylinder’s base, andr its height (see Fig. 3.1). If there is a pressure differefice
between the top of the cylinder and its bottom, this will lead to a net fdgeon
the mass element, in addition to the force of gravity toward the center. Equilibrium
will exist if

~ GM(r)dm

5 —AdP=0. (3.17)

But
dm = p(r)Adr, (3.18)
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Figure 3.1 Hydrostatic equilibrium. The gravitational foi€g on a mass element of cross-
sectional are& is balanced by the forcdd P due to the pressure difference
between the top and the bottom of the mass element.

which leads us to the first equation of stellar structure,@faation of hydrostatic
equilibrium :

dP(r) _ G]V[(r)p(r). (3.19)
dr 72
Naturally, the pressure gradient is negative, because to counteract gravity, the pres-
sure must decrease outwards (i.e., with increasing radius.)
This simple equation, combined with some thermodynamics, can already provide
valuable insight. Let us multiply both sides of Eq. 3.194a-3dr and integrate
fromr = 0 to r,, the outer radius of the star:

Ty Tx 2
/ st g - / GM (r)p(r)4rdr. (3.20)
0 dr Jo

r
The right-hand side, in the form we have written it, is seen to be the energy that
would be gained in constructing the star from the inside out, bringing from infinity
shell by shell (each shell with a magd/(r) = p(r)4mxr2dr). This is just the
gravitational potential self energy of the stéf,. On the left side, integration by
parts gives

[P(r)dnr®]ls — 3/T* P(r)4nridr. (3.21)
0

We will define the surface of the star as the radius at which the pressure goes to
zero. The first term is therefore zero. The second term is seen+a bienes the
volume-averaged pressute, up to division by the volumé& of the star. Equating

the two sides, we obtain

_ 1 Egr
P= 3V
In words, the mean pressure in a star equals minus one third of its gravitational
energy density. Eq. 3.22 is one form of the so-callethl theorem for a gravita-
tionally bound system.

To see what Eq. 3.22 implies, consider a star composed of a classical, mono-
atomic, non-relativistic, ideal gas ¥ identical particles. At every point in the

(3.22)

1«Classical” means that the typical separations between particles are larger than the de Broglie wave-



36 CHAPTER 3

star the gas equation of state is

PV = NET, (3.23)
and its thermal energy is
Ey, = gNkT. (3.24)
Thus,
2 FEy
P=-— 3.25
S (3.25)

i.e., the local pressure equals 2/3 the local thermal energy density. Multiplying both

sides by4rr? and integrating over the volume of the star, we find that
_ 2
PV = gEggt, (3.26)

with Ef* the total thermal energy of the star. Substituting from Eq. 3.22, we obtain

B,

2 )
which is another form of the virial theorem. Eq. 3.27 says that when a star con-
tracts and loses energy, i.e., its gravitational self energy becomes more negative,
its thermal energy rises. This means that stars have negative heat capacity — their
temperatures rise when they lose energy. As we will see, this remarkable fact is at
the crux of all of stellar evolution.

A third form of the virial theorem is obtained by considering the total energy of

a star, both gravitational and thermal,

(3.27)

tot __
Eth -

Frotal = EX' + By = — B2 = E; (3.28)
Thus, the total energy of a star that is composed of a classical, non-relativistic, ideal
gas is negative, meaning the star is bound. (To see what happens in the case of a
relativistic gas, solve Problem 1). Since all stars constantly radiate away their en-
ergy (and hencé’.;.i becomes more negative), they are doomed to collaise (
becomes more negative), eventually. We will see in Chapter 4 that an exception to
this occurs when the stellar gas moves from the classical to the quantum regime.
We can also use Eq. 3.22 to get an idea of the typical pressure and temperature
inside a star, as follows. The right-hand side of Eq. 3.20 permits evalu&finipr
a choice ofp(r). For example, for a constant density profijles=const.,

B /T* GM (r)p(r)dmridr /T* G%r3p247rr2dr 3GM?
gr — = — e .
0 0

r 5 1y

r

lengths of the particlesy = h/p, wherep is the momentum. “Non-relativistic” means that the particle
velocities obeyw <« ¢ . Anideal gas is defined as a gas in which particles experience only short-range
(compared to their typical separations) interactions with each other — billiard balls on a pool table are
the usual analog.
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A density profile,p(r), that falls with radius will give a somewhat more negative
value of E,,. Taking a characteristi&,, ~ —GM?/r, the mean pressure in the
Sunis

_ 1 GM% GM(%
P@ ==

~ = = ~ 10"dyne cm 2 = 10° Atm. 3.30
3amrirg 4w Y ( )

To find a typical temperature, which we will call thvrial temperature, let us

assume again a classical nonrelativistic ideal gas, with particles of meanimass

Equation 3.27 then applies, and

3 1GMZ  1GMgNm

7NkTvir ~ 3
2 2 e 2 e

(3.31)

The mass of an electron is negligibly small, ortyl /2000 compared to the mass
of a proton. For an ionized hydrogen gas, consisting of an equal number of protons
and electrons, the mean maas

_ Me + mp my

=—~ = — 3.32

m= 5 (3:32)
is therefore close to one-half the mass of the proton or exactly one-half of the
hydrogen atommy = 1.7 x 10724 g. The typical thermal energy is then

GMempy  6.7x1078cgs x2x 10383 gx 1.7x 107 ¢

kTyiy ~ = 3.33
6rg 6 X 7 x 1010 ¢cm ( )

=54x10"1 erg = 0.34 keV.

With k = 1.4 x 10716 ergK—! = 8.6 x 107> eV K1, this gives a virial tempera-
ture of aboutt x 10° K. As we will see, at temperatures of this order of magnitude,
nuclear reactions can take place, and thus replenish the thermal energy that the star
radiates away, halting the gravitational collapse (if only temporarily).

Of course, in reality, just likeP(r), the densityp(r) and the temperaturg(r)
are also functions of radius and they grow toward the center of a star. To find
them, we will need to define additional equations. We will see that the equation of
hydrostatic equilibrium is one of four coupled differential equations that determine
stellar structure.

3.2 MASS CONTINUITY

In the hydrostatic equilibrium equation (Eq. 3.19), we ha¥¢r) andp(r), which
are easily related to each other:

dM (1) = p(r)dmrdr, (3.34)
or
d]\g:r) = d7r?p(r). (3.35)

Although this is, in essence, merely the definition of density, in the context of stellar
structure this equation is often referred to asel@ation of mass continuityor
theequation of mass conservation
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dx

Figure 3.2 A volume element in a field of targets as viewed in perspective (left). The target
number density i&, and each target presents a cross seetidfrom the base of
the cylindrical volumendzx targets per unit area are seen in projection (right). A
straight line along the length of the volume will therefore intercept, on average,
nodx targets.

3.3 RADIATIVE ENERGY TRANSPORT

The radial gradient irP(r) that supports a star is produced by a gradieni(in
andT'(r). In much of the volume of most starg(r) is determined by the rate at
which radiative energy flows in and out through every radius, i.e., the luminosity
L(r). To find the equation that determin€$r), we will need to study some of the
basics of “radiative transfer”, the passage of radiation through matter. In some of
the volume of some stars, the energy transport mechanism that dominates is con-
vection, rather than radiative transport. We will discuss convection is Section 3.12.
Energy transport by means of conduction plays a role only in dense stellar remnants
— white dwarfs and neutron stars — which are discussed in Chapter 4.

Photons in stars can be absorbed or scattered out of a beam via interactions with
molecules, with atoms (either neutral or ions), and with electrons. If a photon
traverses a patfix filled with “targets” with a number density (i.e., the number of
targets per unit volume), then the projected number of targets per unit area lying in
the path of the photon isdx (see Fig. 3.2). If each target poses an effectaress
sectiori? o for absorption or scattering, then the fraction of the area covered by
targets issndz. Thus, the number of targets that will typically be intersected by a
straight line traversing the pathe, or in other words, the number of interactions
the photon undergoes, will be

’ # of interactions = nodx. ‘ (3.36)
Equation 3.36 defines the concept of cross section. (Cross section can be defined
equivalently as the ratio between the interaction rate per target particle and the
incoming flux of projectiles.) Setting the left-hand side equal to 1, the typical
distance a photon will travel between interactions is called thegh free patH’:

l=—. (3.37)
no

2The cross section of a particle, which has units of area, quantifies the degree to which the particle is
liable to take part in a particular interaction (e.g., a collision or a reaction) with some other particle.
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Figure 3.3 Thomson scattering of a photon on a free electron.

More generally, the stellar matter will consist of a variety of absorbers and scatter-
ers, each with its own density; and cross sectios;. Thus

1 1

S o = o (3.38)
where we have used the fact that all the particle densities will be proportional to
the mass density, to define the dpacity” «. The opacity obviously has cgs units
of cm? g—1, and will depend on the local density, temperature, and element abun-
dance.

We will return later to the various processes that produce opacity. However, to
get an idea of the magnitude of the scattering process, let us consider one of the
important interactions Fhomson scattering of photons on free electrons (see
Fig. 3.3).

The Thomson cross section is

l

2 2

or = 8m ( c ) =6.7 x 107%%cm?. (3.39)
3 \mec?

Itis independent of temperature and photon enérgythe hot interiors of stars, the

gas is fully ionized and therefore free electrons are abundant. If we approximate,

for simplicity, that the gas is all hydrogen, then there is one electron per atom of

massmg, and

ne v 2. (3.40)
my
The mean free path for electron scattering is then
1 1.7 x 10724
los = ~ M a ) ~ 2 cm, (3.41)

neor  por  l4dgem=3 x 6.7 x 10~25 cm?
where we have used the mean mass density of the Sun calculated previously. In
reality, the density of the Sun is higher than average in regions where electron
scattering is the dominant source of opacity, while in other regions other processes,
apart from electron scattering, are important. As a result, the actual typical photon
mean free path is even smaller, and s 1 mm.

3Note the inverse square dependence of the Thomson cross section on the electron mass. For this
reason, protons and nuclei, which are much heavier, are much-less-effective photon scatterers. Similarly,
the relevant mass for electrons bound in atoms is the mass of the entire atom, and hence bound electrons
pose a very small Thomson scattering cross section.
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Figure 3.4 The net advance of a photon performing a random walk consistiNgstéps,
each decribed by a vectdy, is the vectoD.

Thus, photons can travel only a tiny distance inside the Sun before being scat-
tered or absorbed and re-emitted in a new direction. Since the new direction is
random, the emergence of photons from the Sun is necessaidgdam walk
process. The vectdd describing the change in position of a photon aftesteps,
each described by a vectthaving length and random orientation (see Fig. 3.4),
is

D=L +L+1s+..+In. (3.42)
The square of the linear distance covered is
D2 =P+ |+ 4 InF 200y 1p+ 1y 1+ ), (3.43)

and its expectation value is
(D?) = NI*. (3.44)
The expectation value of the term in parentheses in Eq. 3.43 is zero because it is a
sum over many vector dot products, each with a random angle, and hence with both
positive and negative cosines contributing equally. The linear distance covered in a
random walk is therefore
(D)2 =D=+VN1. (3.45)

To gain some intuition, it is instructive to calculate how long it takes a photon
to travel from the center of the Sun, where most of the energy is produced, to the
surface! From Eq. 3.45, traveling a distaneg will require N = r2 /i? steps in
the random walk. Each step requires a time Thus, the total time for the photon
to emerge from the Sun is
Irg  rg (7 x 101 cm)?

PORMIO RSO, =1.6 x 10'? s = 52,000 yr.
c2 e 10 lemx3x100cms ? X e =0s, Nt

(3.46)

4In reality, of course, it is not the same photon that travels this path. In every interaction, the photon
can transfer energy to the particle it scatters on, or distribute its original energy among several photons
that emerge from the interaction. Hence the photon energy is strongly “degraded” during the passage
through the Sun.
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Figure 3.5 Radiative diffusion of energy between volume shells in a star, driven by the gra-
dient in the thermal energy density.

Thus, if the nuclear reactions powering the Sun were to suddenly switch off, we
would not noticé anything unusual for 50,000 years.

With this background, we can now derive the equation that relates the tempera-
ture profile,T'(r), to the flow of radiative energy through a star. The small mean
free path of photons inside the Sun and the very numerous scatterings, absorptions,
and re-emissions every photon undergoes reaffirms that locally, every volume ele-
ment inside the Sun radiates as a blackbody to a very good approximation. How-
ever, there is a net flow of radiation energy outwards, meaning there is some small
anisotropy (a preferred direction), and implying there is a higher energy density, at
smaller radii than at larger radii. The net flow of radiation energy through a mass
shell at radius, per unit time, is justL(r) (see Fig. 3.5). This must equal the
excess energy in the shell, compared to a shell at larger radius, divided by the time
it takes this excess energy to flow across the shell's wislth The excess energy
density isAu, which multiplied by the shell’s volume gives the total excess energy
of the shell, 4rr2ArAw. The time for the photons to cross the shell in a random
walk is (Ar)?/le. Thus

Arr? ArAu Au

L(r) ~ A - —47rrzlcE. (3.47)

A more rigorous derivation of this equation adds a factor 1/3 on the right hand side,
which comes about from an integrationcof? 6 over solid angle (see the derivation
of the equation of radiation pressure, Eq. 3.74, below). Including this factor and
replacing the differences with differentials, we obtain

L(r) cl du

2= T3 (3.48)
Note that this is, in effect, adiffusion equation”, describing the outward flow of

energy. The left-hand side is the energy flux. On the right-hand &idelr is the
gradient in energy density, andcl/3 is a diffusion coefficient that sets the pro-
portionality relating the energy flow and the energy density gradient. The opacity,
as reflected in the mean free patteontrols the flow of radiation through the star.
For low opacity (largd), the flow will be relatively unobstructed, and hence the
luminosity will be high, and vice versa.

Since at every radius the energy density is close to that of blackbody radiation,
then (Eq. 2.9)

u=aT?, (3.49)

5In fact, even then, nothing dramatic would happen. As we will see in Section 3.9, a slow contraction
of the Sun would begin, with a timescale of 107 yr. Over~ 105 yr, the Solar radius would only
shrink by~ 1%, which is small but discernible.
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and

dr _drdr " ar
Substituting in eq. 3.48, and expressings (xp)~!, we obtain theequation of
radiative energy transport,

dT(r) _ ~3L(r)k(r)p(r)
dr Anr24acT3(r) "

du _ dudl_ T (3.50)

(3.51)

From Eqgns. 3.48 and 3.49, together with an estimate of the mean free path, we
can make an order-of-magnitude prediction of the Sun’s luminosity. Approximat-
ing —du/dr with ~ u/re, = aT*/r, we have

Lo ~4mry ——. (3.52)

Based on the virial theorem and the Sun’s mass and radius, we obtained in Eq. 3.33
an estimate of the Sun’s internal temperatdrg, ~ 4 x 10° K. Using this as a
typical temperature and takirig= 0.1 cm, we find

4 14
Lo ~ %7 x 10" em x3x 10" em s™! x 107 x 7.6 x 10715 ¢gs x (4 x 10° K)*

=2 x 103 ergs™!, (3.53)

in reasonable agreement with the observed Solar lumindsitys: 3.8x1033 ergs™!.

(We have abbreviated above the units of the “radiation constand$ “cgs”.) The

above estimate can also be used to argue that, based on its observed luminosity, the
Sun must be composed primarily of ionized hydrogen. If the Sun were composed
of, say, ionized carbon, the mean particle mass woulthbe 12myg /7 ~ 2my,

rather thanmy /2. Equation 3.33 would then give a virial temperature that is 4
times as high, resulting in a luminosity prediction in Eq. 3.52 that is too high by
two orders of magnitude.

3.4 ENERGY CONSERVATION

We will see that the luminosity of a star is produced by nuclear reactions, with
output energies that depend on the local conditions (density and temperature) and
hence onr. Let us defines(r) as the power produced per unit mass of stellar
material. Energy conservation means that the addition to a star’s luminosity due to
the energy production in a thin shell at radiuis

dL = edm = epdmrdr, (3.54)
or
L
ddir) = 4mr?p(r)e(r), (3.55)

which is theequation of energy conservation
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3.5 THE EQUATIONS OF STELLAR STRUCTURE

We have derived four coupled first-order differential equations describing stellar
structure. Let us re-write them here.

dP(r) _ GM(r)p(r)’ (3.56)
dr r2
dM(r) 2
e 4mrp(r), (3.57)
dT'(r)  3L(r)s(r)p(r
dr  4nr24acT(r)3’ (3.58)
dL(r) = dnr?p(r)e(r). (3.59)
dr
We can define four boundary conditions for these equations. For example:
M(r=0)=0 (3.60)
Lir=0)=0 (3.61)
P(r=r,)=0 (3.62)
M(r=r.) =M, (3.63)

wherel/, is the total mass of the star. (In reality, at the radiuef the photosphere
of the star,P does not really go completely to zero, nor doand p, and more
sophisticated boundary conditions are required, which account for the processes in
the photosphere.)

To these four differential equations we need to add three equations connecting
the pressure, the opacity, and the energy production rate of the gas with its density,
temperature, and composition:

P = P(p, T, composition); (3.64)
k = k(p, T, composition); (3.65)
e = €(p, T, composition). (3.66)

P(p,T) is usually calledhe equation of state Each of these three functions will
depend on the composition through thlement abundancesand the ionization
states of each element in the gas. It is common in astronomy to parametrize the
mass abundances of hydrogen, helium, and the heavier elements (the latter are
often referred to collectively by the term “metals”) as

x=0 y= e 7 Pmetals (3.67)
P P P
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We have thus ended up with seven coupled equations defining the seven unknown
functions: P(r), M (r), p(r), T(r), &(r), L(r), ande(r). As there are four bound-
ary conditions for the four first-order differential equations, if there is a solution, it
is unique. This is usually expressed in the form of the “Vogt-Russell conjecture”,
which states that the properties and evolution of an isolated star are fully deter-
mined by its initial mass and its chemical abundances. These determine the star's
observable parameters: its surface temperature, radius, and luminosity. Two vari-
ables which we have neglected in this treatment, and which have minor influence
on stellar structure, are stellar rotation and magnetic fields. To proceed, we need to
define the three functiong), x, ande.

3.6 THE EQUATION OF STATE

Different equations of statB(p, T, X, Y, Z) apply for different ranges of gas den-

sity, temperature, and abundance. Under the conditions in most normal stars, the
equation of state of a classical, nonrelativistic, ideal gas, provides a good descrip-
tion. Consider, for example, such a gas, composed of three different kinds of par-
ticles, each with its own mass; and densityn;. The mean particle mass will

be

_ nimi + neme + n3ms _ P (3 68)
ny + ng + ns3 n’ '
The gas pressure will then be
P, = nkT = LkT. (3.69)
m

The mean mass will depend on the chemical abundance and ionization state of the
gas. As we have already seen, for completely ionized pure hydrogen,

= % (3.70)
and thereforen/my = 0.5.

More generally, the number densities of hydrogen, helium, or an element of
atomic mass numbet (i.e., an element with a total of protons and neutrons in
each atomic nucleus) will be

X Y Z
P = P =22 (3.72)
mg AmH

ng = ) THe
mu

whereZ 4 is the mass abundance of an element of atomic mass numb&om-

plete ionization of hydrogen results in two particles (an electron and a proton); of
helium, three particles (two electrons and a nucleus); and of an atom with atomic
numberZ (i.e., with Z protons or electrons)Z + 1 particles, which for heavy
enough atoms is always closeA4g2. Thus, for an ionized gas we will have

A 3.1
n:2nH—|—3nHe+ZQnA:Wf(2X+4Y+2Z)
H

Y
-7 <3X o+ 1) , (3.72)
2mH 2
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Figure 3.6 Calculation of radiation pressure. A beam of photons with blackbody intensity
B strikes the wall of a container at an an§léo its perpendicular. The projected
area of the beamiA, is increased by / cos 0, and therefore the power reaching
the wall per unit area is decreased Bxosf. Since a photon’s momentum,

p, is its energy divided by, the momentum flux in the beam i8/c. Every
reflection of a photon transfers twice its perpendicular component of momentum,
and therefore the momentum transfer per unit time and per unit area, i.e., the
pressure, i2B cos> f/c. The total pressure is obtained by integrating over all
angles of the beams that approach the wall.

where we have used the fact tiat+ Y + Z = 1. Thus,
m _p 2

my  nmg 143X +05Y

for a totally ionized gas. For Solar abundanc¥s= 0.71, Y = 0.27, Z = 0.02,
and thereforen/my = 0.61. In the central regions of the Sun, about half of the
hydrogen has already been converted into helium by nuclear reactions, and as a
resultX = 0.34,Y = 0.64, andZ = 0.02, giving m/myg = 0.85.

In addition to the kinetic gas pressure, the photons in a star exdidtion pres-
sure. Let us digress briefly, and derive the equation of state for this kind of pres-
sure. Consider photons inside a blackbody radiator with an intensity given by the
Planck function,/, = B,, which, when integrated over wavelength, we denoted
asB. As illustrated in Fig. 3.6, the energy arriving at the surface of the radiator
per unit time, per unit area, at some angle the perpendicular to the surface, is
B cos 8, because the area of the beam, when projected onto the wall of the radiator,
is increased byt / cos . Now, consider the photons in the beam, which strike the
fully reflective surface of the radiator at the angle Every photon of energy
has momentunp = E/c. When reflected, it transmits to the surface a momentum
Ap = (2E/c)cosf. Therefore, there is a second factorcof 0 that must be ap-
plied to the incoming beam. The rate of momentum tranfer per unit area will be
obtained by integrating over all angles at which the photons hit the surface. But,
the rate of momentum transfer (i.e., the force) per unit area is, by definition, the
pressure. Thus,

F dp/dt 2 [T 9. A 1
P= 1= 4 — = /7T/QBCOS fsin 0did¢ = 3cB =3t (3.74)

where in the last equality we have used the previously found relation (Eq. 2.4)
between intensity and energy density. Note that the derivation above applies not

(3.73)
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only to photons, but to any particles with an isotropic velocity distribution, and with
kinetic energies large compared to their rest-mass energies, so that the pekation
E/c (which is exact for photons) is a good approximation. Thus, the equation of
state in which the radiation pressure equals one-third of the thermal energy density
holds for any ultra-relativistic gas.

Returning to the case of the pressure due to a thermal photon gas inside a star,
we can write

1 1
Prad = gu = §QT47 (375)
which under some circumstances can become important or dominant (see Problems
2 and 3). The full equation of state for normal stars will therefore be

PRT éaT‘l. (3.76)

P:Pg+Prad:

m

We will see in Chapter 4 that the conditions in white dwarfs and in neutron stars
dictate equations of state that are very different from this form.

3.7 OPACITY

Like the equation of state, the opaciky,at every radius in the star will depend on

the density, the temperature, and the chemical composition at that radius. We have
already mentioned one important source of opacity, Thomson scattering of photons
off free electrons. Let us now calculate correctly the electron density for an ionized
gas of arbitrary abundance (rather than pure hydrogen, as before):

A p 2 1 p
e = 2N He —na=—(X+-Y+-7Z)|=—(>1+X), 3877
o=tk 3 na = o (x4 3y 4 57) = 22 (4x), @77
where we have again assumed that the number of electrons in an atom of mass
numberA is A/2. Therefore,
Neo0T

= T 14+ X)=(1+X)0.2cm?g . (3.78)
p 2mpy

In regions of a star with relatively low temperatures, such that some or all of the
electrons are still bound to their atoms, three additional processes that are important
sources of opacity arbound-bound, bound-free (also calledphotoionization),
and free-free absorption. In bound-bound and bound-free absorption, which
we have already discussed in the context of photospheric absorption features, an
atom or ion is excited to a higher energy level, or ionized to a higher degree of
ionization, by absorbing a photon. Free-free absorption is the inverse process of
free-free emission, often call&temsstrahlung (“braking radiation” in German).
In free-free emission (see Fig. 3.7), a free electron is accelerated by the electric
potential of an ion, and as a result radiates. Thus, in free-free absorption, a photon
is absorbed by a free electron and an ion, which share the photon’s momentum
and energy. All three processes depend on photon wavelength, in addition to gas
temperature, density, and composition.

Res =
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Figure 3.7 Left: A free electron accelerating in the Coulomb potential of an ion emits
Bremsstrahlung, or “free-free” radiatiomRight: In the inverse process of free-
free absorption, a photon is absorbed by a free electron. The process is possible
only if a neighboring ion, which can share some of the photon’s momentum, is
present.

When averaged over all wavelengths, the “mean opacity” due to both bound-free
absorption and free-free absorption behave approximately as

p
755 (3.79)

which is called a Kramers opacity law. This behavior holds only over limited ranges
in temperature and density. For example, free-free absorption acinetgases

with temperature at low temperature and density, with the increase in free electron
density. Similarly, bound-free opacity cuts off at high temperatures at which the
atoms are fully ionized. Additional sources of opacity, significant especially in
low-mass stars, are molecules and ldns®

Kbt ~

3.8 SCALING RELATIONS ON THE MAIN SEQUENCE

From the equations we have derived so far, we can already deduce and understand
the observed functional forms of the mass-luminosity relationy A *, and the
effective-temperature-luminosity relatioh,~ 7%, that are observed for main se-
guence stars. Let us assume, for simplicity, that the functiépg, M(r), p(r),
andT'(r) are roughly power laws, i.eR(r) ~ r?, M(r) ~ r7, etc. If so, we can
immediately write the first three differential equations (Eqgns. 3.56, 3.57, and 3.58)
as scaling relations,

P~ @, (3.80)
M ~r3p, (3.81)
and
T4y

(just as, instead of solving a differential equation, s#ydz = x*, we can write
directly f ~ z°). For moderately massive stars, the pressure will be dominated by

6The negative H ion forms when a second electron attaches (with a quite weak bond) to a hydrogen
atom.
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the kinetic gas pressure, and the opacity by electron scattering. Therefore

P~ pT (3.83)
and (Eq. 3.78)
K = const. (3.84)
Equating 3.80 and 3.83, we find
T ~ M (3.85)

r
(which is basically just the virial theorem again, for a non-relativistic, classical,
ideal gas — Eg. 3.27). Substituting this into 3.82, and using 3.81 to expigsse
find

L~ M3, (3.86)

as observed for main-sequence stars more massive than the Sun.

Equation 3.85 also suggests that M on the main sequence. To see this, con-
sider a star that is forming from a ma&éthat is contracting under its own gravity
and heating up (star formation will be discussed in some detail in Chapter 5). The
contraction will stop, and an equilibrium will be set up, once the density and the
temperature in the core are high enough for the onset of nuclear reactions. We will
see that the nuclear power density depends mainly on temperature. Thus, for any
initial mass,r will stop shrinking when a particular core temperature is reached.
Therefore, the internal temperatdrds comparable in all main-sequence stars (i.e,
it is weakly dependent on mass, and hence approximately constant), and

r~ M. (3.87)

Detailed models confirm that the core temperature varies only by a factaver
a range of~ 100 in mass on the main sequence. With- M, we see from Eq.
3.81 that the density of a star decreased/&s?, so that more massive stars will
have low density, and low-mass stars will have high density.

Proceeding to low-mass stars, the high density means there is a dominant role
for bound-free and free-free opacity,

P

SinceT ~const.;r ~ M, andp ~ M2, thenk ~ p ~ M~2, and eq. 3.82 gives
T4
L~v— ~ oo, (3.89)
kp P
as seen in low-mass stars.
For the most massive stars, the low gas density will make radiation pressure
dominant in the equation of state (see Problem 3),
P~T% (3.90)
and electron scattering, withh =const., will again be the main source of opacity.
Equating with 3.80 and substituting f@ in Eq. 3.82, we find

L~ M, (3.91)
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a flattening of the mass-luminosity relationship that is, in fact, observed for the
most massive stars.

Finally, we can also reproduce the functional dependence of the main sequence
in the H-R diagram. We saw thdt ~ A/° for low-mass stars anél ~ M?3 for
moderately massive stars. Let us then take an intermediate dlope,M*, as
representative. Sinee~ M, then

oTh = —— ~ — ~ M?~ L'/, (3.92)
T*
SO
L~Ts, (3.93)

as observed.

We have thus seen that the mass vs. luminosity relation and the surface-temperature
vs. luminosity relation of main-sequence stars are simply consequences of the dif-
ferent sources of pressure and opacity in stars of different masses, and of the fact
that the onset of nuclear hydrogen burning keeps the core temperatures of all main-
sequence stars in a narrow range. The latter fact will be elucidated below.

3.9 NUCLEAR ENERGY PRODUCTION

The last function we still need to describe is the power densjtyl’, X, Y, Z). To

see that the energy source behinghust be nuclear burning, we will consider the
alternatives. Suppose that the source of the Sun’s energy were gravitational, i.e.,
that the Sun had radiated until now the potential energy liberated by contracting
from infinity to its present radius. From the virial theorem, we saw that the thermal
energy resulting from such a contraction is minus one-half the gravitational energy,

Eg = —2Eq,. (3.94)

Therefore, the thermal energy that results from the contraction, and which the Sun
can radiate is

B ~ =
th 2 Te

(3.95)

To see how long the Sun could shine at its present luminosity with this energy
source, we divide this energy by the Solar luminosity. This gives the so-called
Kelvin-Helmholtz timescale

1GMZ 1 6.7 x 1078 cgs x (2 x 1033 g)?2

Tkh ™ 5 ro Lo 2x7x100cm x 3.8 x 103 erg s

=5x10"s=1.6x 107 yr. (3.96)

The geological record shows that the Earth and Moon have existed for over 4 billion
years, and that the Sun has been shining with about the same luminosity during all
of this period. A similar calculation shows that chemical reactions (e.qg., if the Sun
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were producing energy by combining hydrogen and oxygen into water) are also not
viable for producing the Solar luminosity for so long.

A viable energy source for the Sun and other main sequence stars is nuclear
fusion of hydrogen into helium. Most of the nuclear energy of the Sun comes from
a chain of reactions called the-p chain”. The first step is the reaction

p+p~>d+e++l/e, (3.97)

whered designates a deuteron, composed of a proton and a neutron. As we will
see in Section 3.10, the timescale for this process inside the SWA%isrr. The
timescale is so long mainly because the reaction proceeds via the weak interaction
(as is evidenced by the emission of a neutrino). The positron, the deuteron, and
the neutrino share an energy of 0.425 MeV. Once the reaction occurs, the positron
quickly annihilates with an electron, producing two 0.511 MeV gamma-ray pho-
tons. The neutrino, having a weak interaction with matter, escapes the Sun and car-
ries off its energy, which has a mean of 0.26 MeV. The remaining kinetic energy and
photons quickly thermalize by means of frequent matter-matter and matter-photon
collisions. Typically within 1 s, the deuteron will merge with another proton to
form 3He:

p+d—>He+~, (3.98)

with a total energy release (kinetic + theray photon) of 5.49 MeV. Finally, on a
timescale of 300,000 years, we have

3He +3He —*He + p + p, (3.99)

with a kinetic energy release of 12.86 MeV. Every time this three-step chain occurs
twice, four protons are converted intd‘He nucleus, two neutrinos, photons, and
kinetic energy. The total energy released fiée nucleus is thus

(4 x0.51142x 0425+ 2 x 5494 12.86) MeV = 26.73 MeV.  (3.100)

Deducting the2 x 0.511 Mev from the annihilation of two pre-existing electrons,
this is just the rest-mass difference between four free protons 4Hd aucleus:

[m(4p) — m(*He)]c? = 25.71 MeV = 0.7% m(4p)c>. (3.101)

Thus, the rest-mass-to-energy conversion efficiency of the p-p chain is 0.7%. The
time for the Sun to radiate away just 10% of the energy available from this source
is

0.1 x 0.007 x Mgc?

= . 1 2
Tnuc L@ (3 O )

~0.1x0.007 x 2% 10% g x (3x 10 cms™1)?
N 3.8 x 1033 erg s—1

In other words, in terms of energy budget, hydrogen fusion can easily produce the
Solar luminosity over the age of the Solar System.

Next, we need to see if the conditions in the Sun are suitable for these reactions
to actually take place. Consider two nuclei with atomic numbers (i.e., number of

=33x10"7s=10"yr.
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Nuclear Separation

Figure 3.8 Schematic illustration of the potential ene¥tfy') between two nuclei as a func-
tion of separatiorr. For two protons, the Coulomb repulsion reaches a maxi-
mum, withV(r) ~ 1 Mev atr = ro, at which point the short-range nuclear
force sets in and binds the nuclei (negative potential energy). Two nuclei with
relative kinetic energy ofv 1 keV, typical for the temperatures in stellar inte-
riors, can classically approach each other only to within a separatioh000
times greater thany. The dashed rectangle is a “rectangular barrier” of height
(V(r)) = 3E/2, which we use to approximate the Coulomb barrier in our cal-
culation of the probability for quantum tunneling through the potential.

protons per nucleus¥,4 and Zg. The strong interaction produces a short-range
attractive force between the nuclei on scales smaller than

ro~ 1.4 x 1071 cm. (3.103)

The strong interaction goes to zero at larger distances, and the Coulomb repulsion
between the nuclei takes over. The Coulomb energy barrier is

ZiZpe?
Ecoul - ATBe, (3104)
which atrg is of order
Ecoul(r()) ~ ZAZB MeV. (3105)

Fig. 3.8 shows schematically the combined nuclear (strong) and electrostatic (Coulomb)
potential. In the reference frame of one of the nuclei, the other nucleus, with kinetic
energyF, can classically approach only to a distance

- ZAZBB2

= (3.106)



52 CHAPTER 3

where it will be repelled away. At a typical internal stellar temperatu®6K, the

kinetic energy of a nucleus is5k7T ~ 1 keV. The characteristic kinetic energy is
thus of orde 02 of the energy required to overcome the Coulomb barrier. Typical
nuclei will approach each other only to a separatipn~ 10~!° cm, 1000 times

larger than the distance at which the strong nuclear binding force operates. Perhaps
those nuclei that are in the high-energy tail of the Maxwell-Boltzmann distribution
can overcome the barrier? The fraction of nuclei with such energies is

e—E/kT ~ 6_1000 ~ 10—434. (3107)
The number of protons in the Sun is

M@ 2 % 1033 g 57
— ==~ 10°". 3.108
my 1.7x 1024 ¢ 0 ( )

Thus there is not a single nucleus in the Sun (or, for that matter, in all the stars in
the observable Universe) with the kinetic energy required classically to overcome
the Coulomb barrier and undergo nuclear fusion with another nucleus.

Fortunatelyguantum tunneling through the barrier allows nuclear reactions to
take place after all. To see this, let us describe this two-body problem by means of
the time-independent Sddinger equation, for a wave functidnin a spherically
symmetric potential/ (r):

N, ~

h2

2—v2x11 = [V(r) — E]¥, (3.109)
W
where the reduced mass of the two nuclei, of massgsandmg, is

= AMB (3.110)

ma+mp
In our case, the potential is
ZaZpe?
V(r) = A28 (3.111)

r

and E is the kinetic energy. Let us obtain an order-of-magnitude solution to the
Schibdinger equation. By our definition of;, the radius of closest classical ap-
proach, we hav& (r;) = E. We can then writd/(r) = Er;/r, and the mean,
volume-averaged, height of the potential betwegandr, < r1 is

f:ﬂl 47r2V (r)dr

3
- ~ °F. 3.112
jTOI Amr2dr 2 ( )

(V(r))
ApproximatingV (r) with a constant function of this height (a “rectangular bar-
rier”), the radial component of the Saiinger equation becomes
P 1d*(ev) E

~—U 3.113
2ur  dr? 2 ( )

which has a solution

em, 8= Vil (3.114)




STELLAR PHYSICS 53

(The second independent solution of the equation, with an amplitude that rises with
decreasing radius, is unphysical.) The wave function amplitude, squared, is propor-
tional to the probability density for a particle to be at a given location. Multiplying
the ratio of the probability densities by the ratio of the volume elements?dr
and4rridr, thus gives the probability that a nucleus will tunnel fropto within

ro < r1 of the other nucleus:

(W) rg _ € _ag 2V/IE Z4Zpe?
WPz e SO ey ) B
2 > 1
= Vo ZuZ .
eXp( pooARe \/E)

A full solution of the Schodinger equation gives the same answer, but with an
additional factorr/+/2 in the exponential. If we recall the definition of the fine-
structure constant,

e2 1
a= e (3.116)
and define an energy
Eq = (raZ4Zp)*2uc?, (3.117)
then the probability of penetrating the Coulomb barrier simplifies to the function
g(B) = e VEG/E (3.118)

E¢ is called theGamow energyandg(E) is called theGamow factor. For two
protons,

1 * 1
Eq = (77137 x 1 x 1) 2§mp02 ~ 500 keV. (3.119)
(It is convenient to remember that the rest energy of a protgn?, is 0.94 GeV).
Thus, for the typical kinetic energy of particles in the Sun’s céfey- 1 keV, we

find g(E) ~ =22 ~ 10710, While this probability, for a given pair or protons,
is still small, it is considerably larger than the classical probability we found in
Eqg. 3.107.

3.10 NUCLEAR REACTION RATES

Even if tunneling occurs, and two nuclei are within the strong force’s interaction
range, the probability of a nuclear reaction will still depend on a nuclear cross
section, which will generally depend inversely on the kinetic energy. Thus, the
total cross section for a nuclear reaction involving ingredient nutlend B is

oag(E) = %e_\/EG/E, (3.120)

whereS is a constant, or a weak function of energy, with units of [ax¢ahergy].
Sp for a given nuclear reaction is generally derived from accelerator experiments,
or is calculated theoretically.
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The number of reactions per nucledsas it traverses a distanek in a field
with a densityn g of “target” nucleiB is

dN4 = ngoapdzx. (3.121)
Dividing both sides byit, the number of reactions per nuclediper unit time is
dN
= nBoABvAB, (3.122)

whereuv 45 is the relative velocity between the nuclei.

From Eq. 3.122, we can proceed to find the power density funetjoT’, X, Y, Z),
needed to solve the equations of stellar structure. Multiplying by the densitf
nuclei A will give the number of reactions per unit time and per unit volume, i.e.,
the reaction rate per unit volume,

RAB:nAnBO’ABUAB. (3123)

If every reaction releases an ene@y multiplying by @ gives the power per unit
volume. Dividing byp then gives the power per unit mass, rather than per unit
volume:

€ =nanpoapvaQ/p. (3.124)
Recalling that
X X
na=-2A pp= PLB (3.125)
AAmH ABmH

with X4 and X5 symbolizing the mass abundances, ahd and Az the atomic
mass numbers of the two nucleus typesan be expressed as

pXaXp

mUABUABQ. (3126)

€ =

In reality, the nuclei in a gas will have a distribution of velocities, so every ve-
locity has some probability of occurring. Hencecan be obtained by averag-
ing vagoap over all velocities, with each velocity weighted by its probability,
P(’UAB):

_ pXaXpB
€= w2 AaAp (caBvaB)Q, (3.127)
with
(0apvAE) = / G apvanP(ap)dvap. (3.128)
0

A classical non-relativistic gas will have a distribution of velocities described by
the Maxwell-Boltzmann distribution. Theeslative velocities of nucleiA and B
will also follow a Maxwell-Boltzmann distribution,

3/2 2
P(v)dv = 4rx <7) vZexp (—W) dv, (3.129)

2rkT 2kT

but with a mass represented by the reduced mass of the particlesy, brevity, we
have omitted here the subscrip3 from the velocities.
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o 2z 4« g 6 8 10
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Figure 3.9 The Boltzmann probability distributio®,(E), the Gamow factorg(E), and
their product,f(E). P(FE) is shown forkT = 1 keV, g(E) is for the case of
two protons, withEg = 500 keV, and bothy(E) and f(E) have been scaled
up by large factors for display purposes. The rarity of protons with large kinetic
energies, as described B E), combined with the Coulomb barrier, embodied
by g(E), limit the protons taking part in nuclear reactions to those with energies
nearEy, wheref(E) peaks.f(E) can be approximated as a Gaussian centered
atFEy (Eo = 5 keV for the case shown), with width parameter

Inserting 3.120 and 3.129 into 3.128, and changing the integration variable from
velocity to kinetic energy using = émﬂ, dE = pvdv, we obtain

8 1/2 SO > E
_(° —E/kT ,—\/Ec/E E 130
(ov) <7TM> (k;T)3/2/0 e e dE. (3.130)

The integrand in this expression,

f(B) = e B/ eV EG/E, (3.131)

is composed of the product of two exponential functions, one (from the Boltz-
mann distribution) falling with energy, and the other (due to the Gamow factor
embodying the Coulomb repulsion) rising with energy. Obvious(¥) will have

a narrow maximum at some energy, at which most of the reactions take place
(see Fig. 3.10). The maximum ¢f E) is easily found by taking its derivative and
equating to zero. Itis at

2/3
Ey = (’f) EY3. (3.132)
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A Taylor expansion off (E) aroundE, showsf(FE) can be approximated by a
Gaussian with a width parameter (i.e., the “or standard deviation, of the Gaus-
siane—*"/20") of

1/6
%E};"‘(H)WG. (3.133)
The value of the integral can therefore be approximated well with the area of the
Gaussiany/27 f(FEy)A (see Problem 7). Replacing in 3.127, we obtain the final
expression for the power density due to a given nuclear reaction,

25/3\@ pXaXp 05 Eé/G ; Eq 1/3
= X — hp—
‘ V3 mEAaApyn " (KT)2/3 P 4kT

A:

(3.134)

Equation 3.134 can tell us, for example, the luminosity produced by the p-p
chain in the Sun. For a rough estimate, let us take for the mass density in the core
of the Sun the central density,= 150 g cm2. As already noted in Section 3.6,
in the central regions of the Sun, some of the hydrogen has already been converted
into helium by nuclear reactions. Let us assume a typical hydrogen abundance
of X = 0.5, which we can use foX 4 and Xi. The first step in the p-p chain,
thep + p — d + e + v, reaction, is by far the slowest of the three steps in
the chain, and it is therefore the “bottleneck” that sets the rate of the entire p-
p process. The constaist for this reaction is calculated theoretically to ke
4 x 107%6 ¢cm? keV, which is characteristic of weak interactions. Erlet us take
the entire thermal energy release of each p-p chain completion, since once the first
step occurs, on a timescaleldf'® yr, the following two reactions, with timescales
of order 1 s and 300,000 yr, respectively, are essentially instantaneous. We saw that
every completion of the chain produces 26.73 MeV of energy and two neutrinos.
Subtracting the 0.52 MeV carried off, on average, by the two neutrinos, the thermal
energy released per p-p chain completioris= 26.2 MeV. As already noted,

E¢ = 500 keV for two protons, and the typical core temperaturgéds= 1 keV.
The atomic mass numbers are, of coutdg,= Ap = 1, and the reduced mass is
= myp/2. Finally, since we are considering a reaction between identical particles
(i.e., protons on protons) we need to divide the collision rate by 2, to avoid double
counting. With these numbers, Eq. 3.134 gives a power density of

e=10erg s~ gL (3.135)
Multiplying this by the mass of the core of the Sun, sagM, = 4 x 1032 g,
gives a luminosity ofv 4 x 1033 erg s~!, in good agreement with the observed
Solar luminosity 0f3.8 x 1033 erg s~1.

Reviewing the derivation of Egns. 3.122-3.134, we see that we can also re-
cover the reaction rate per nucleusy 4 /dt, by dividing back frome a factor
(XaQ)/(muAa). For thep + p reaction, this gives a rate @f6 x 10~8 s~! per
proton. The reciprocal of this rate is the typical time a proton has to wait until it
reacts with another proton, and indeed equals

Top ~ 6 x 10" 5 ~ 2 x 1010 yr, (3.136)

as asserted above. Thus, we have shown that hydrogen fusion provides an energy
source that can power the observed luminosity of the Sun over the known age of
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the Solar System, about 5 billion years, not only in terms of energy budget (Eq.
3.102) but also in terms of the energy generatate. Furthermore, we see that the
timescale to deplete the hydrogen fuel in the Solar core is of order 10 billion years.

The total power density at a point in a star with a given temperature, density, and
abundance will be the sum of the power densities due to all the possible nuclear
reactions, each described by 3.134. Because of the exponential term in 3.134, there
will be a strong preference for reactions between species with low atomic number,
and hence smalt;. For example, compare the reactions

p+d— *He+7, (Eg=0.66MeV) (3.137)
and
p+12C =N+, (Eg=35.5MeV), (3.138)

which have comparable nuclear cross sectingboth reactions follow the same
process of adding a proton to a nucleus and emitting a photon). At a typical kinetic
energy of 1 keV, if the abundances of deuterium and carbon nuclei were compara-
ble, the ratio between the rates would be

R(p*C) oo | 35.51/3 —0.66'/3
R(pd) P (4 % 0.001)1/3

~e 1610720, (3.139)

Furthermore, the higher the Gamow energy, the more strongly will the reac-
tion rate depend on temperature. For example, a first-order Taylor expansion of
Eg. 3.134 around” = 1.5 x 107 K, the central temperature of the Sun, shows that
thep +p — d + et + v, rate depends on temperature approximatelyygsvhile
thep +12C —!3 N + ~ rate goes likel''® (see Problem 8). The steep positive
temperature dependence of nuclear reactions, combined with the virial theorem,
means that nuclear reactions serve as a natural “thermostat” that keeps stars stable.
Suppose, for example, that the temperature inside a star rises. This will increase the
rate of nuclear reactions, leading to an increase in luminosity. Due to opacity, this
additional energy will not directly escape from the star, resulting in a temporary
increase in total energy. Since

1
Eiot = §Egr = _Etha (3140)

the gravitational energy,, will grow (i.e., become less negative), meaning the
star will expand, andz;;, will become smaller, meaning the temperature will be
reduced again. This explains why main sequence stars of very different masses
have comparable core temperatures.

The thermostatic behavior controls also the longterm evolution of stars. Even-
tually, when the dominant nuclear fuel runs out, the power dersityll drop.

The star will then contractEy;,, will increase, andl” will rise until a new nuclear
reaction, involving nuclei of higher atomic number, can become effective.

A key prediction of the picture we have outlined, in which the energy of the
Sun derives from the p-p chain, is that there will be a constant flux of neutrinos
coming out of the Sun. As opposed to the photons, the weak interaction of the
neutrinos with matter guarantees that they can escape the core of the Sun almost
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unobstructed. As calculated above, the thermal energy released per p-p chain
completion is 26.2 MeV. The neutrino number flux on Earth should therefore be
twice the Solar energy flux divided by 26.2 MeV:
P 2fo 2x14x10%ergs ! cm™?
newtrine o 9 MeV  26.2 x 1.6 x 106 erg

=6.7x10%s 1 em~2.

(3.141)

This huge patrticle flux goes mostly unhindered through our bodies and through
the entire Earth, and is extremely difficult to detect. Experiments to measure the
Solar neutrino flux began in the 1960’s, and have consistently indicated a deficit
in the flux of electron neutrinos arriving from the Sun. It now appears most likely
that thetotal neutrino flux from the Sun is actually very close to the predictions
of Solar models. The observed deficit is the result of previously unknown “flavor
oscillations”, in which some of the original electron neutrinos turn into other types
of neutrinos enroute from the Sun to the Earth.

We note, for completeness, that apart from the particular p-p chain described
in Egns. 3.97-3.99, which is the main nuclear reaction sequence in the Sun, other
nuclear reactions occur, and produce neutrinos that are detectable on Earth (see
Problem 9). In stars more massive than the Sun, hydrogen is converted to helium
also via a different sequence of reactions, called the CNO cycle. In the CNO cycle,
the trace amounts of carbon, nitrogen, and oxygen in the gas serve as “catalysts”
in the hydrogen-to-helium burning, without any additional C,N, or O being synthe-
sized. The main branch of the CNO cycle actually begins with reaction 3.138,

p+12C =N 4. (3.142)
This is followed by
BN B0+ et 41, (3.143)
p+3C SN 44, (3.144)
p+1UN =150 4 4. (3.145)
B0 =N +et +v,, (3.146)
and finally
p+°N —12C +*He. (3.147)

Although we noted that reaction 3.142 is slower by 20 orders of magnitude than the
p-p chain’sp+d —3 He+, thep+d reaction can take place only after overcoming
the p + p bottleneck, which has a timescale 18 orders of magnitadger than

p+d. The lack of such a bottleneck for the-'2C reaction is further compensated

by this reaction’s strong dependence on temperature. Although core temperature
varies only weakly with stellar mass, the slightly higher core temperatures in more
massive stars are enough to make the CNO cycle the dominant hydrogen-burning
mechanism in main-sequence stars of ma283/., and higher.

"Typical cross sections for scattering of neutrinos on matter are of aftet3 cm?, 1018 times
smaller than the Thomson cross section for photons. Scaling from Eq. 3.41, the mean free path for
neutrinos in the Sun is- 108 cm, 107 times greater than the Solar radius.



STELLAR PHYSICS 59

3.11 SOLUTION OF THE EQUATIONS OF STELLAR STRUCTURE

We have now derived the four differential equations and the three additional func-
tions that, together with boundary conditions, define uniquely the equilibrium prop-
erties of a star of a given mass and composition. Along the way, we already deduced
many of the observed properties of main-sequence stars. “Solving” this system of
coupled equations means finding the functiét{s), 7'(r), andp(r), which are the

ones that are usually considered to describe the structure of the star. Unfortunately,
there is no analytic solution to the equations, unless some unrealistic assumptions
are made (see, e.g., Problems 4-5). Nevertheless, a numerical solution can be ob-
tained straightforwardly, and is the most reasonable way to proceed anyway, given
the complicated nature of the functioRs x, ande when all relevant processes are
included. In a numerical solution, the differentials in the equations are replaced by
differences. Then, an example of one possible calculation scheme is one in which
the radial structure of a star is followed shell by shell, going either outward from
the center or inward from the surface.

3.12 CONVECTION

Under certain conditions, the main means of energy transport in some regions of a
star isconvection rather than radiative transport. Convection occurs when a vol-
ume element of material that is displaced from its equilibrium position, rather than
returning to the original position, continues moving in the displacement direction.
For example, if the displacement is upward to a region of lower density, and after
the displacement the density of the volume element is lower than that of its new
surroundings, the element will continue to be buoyed upwards. When convection
sets in, it is very efficient at transporting heat, and becomes the dominant transport
mechanism.

To see what are the conditions for the onset of convection, consider a volume
element of gas at equilibrium radiudnside a star , where the temperature, pres-
sure, and density ar€,P, andp, respectively (see Fig. 3.10). Now let us dis-
place the element to a radiust dr, where the parameters of the surroundings are
T + dT,P + dP, andp + dp. Since the gas in the star obeys

P
— 3.148
pxX s ( )
taking the logarithmic derivative gives
dp dP dT
s = 3.149
C P T ( )

To simplify the problem, we will assume that, at its new location, the volume ele-
ment expandadiabatically (i.e., without exchanging heat with its new surround-
ings, sodQ = 0, and therefore the entropy, defined & = dQ/T, remains
constant). The element expands until its pressure matches the surrounding pres-
sure, and reaches new paramet®rs 67', p + dp, andP + §P = P + dP, where

we have identified the small changes inside the element witfi aather than a
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T+dT
P+dP
p+dp

° v~

Figure 3.10 A mass element (lower circle) inside a star undergoes a small displaczment
to a higher position (upper circle), and expands adiabatically to match the new
surrounding pressur® + dP. If, after the expansion, the density inside the
elementp + dp, is larger than the surrounding density- dp, the element will
sink back to its former equilibrium position. If, on the other hand, the density
inside the volume is lower than that of the surroundings, the mass element will
be buoyed up, and convection ensues.

“d". Since we approximate the expansion of the element to be adiabatic, it obeys
an equation of state

P xp?, (3.150)
where theadiabatic index~, is the usual ratio of heat capacities at constant pres-
sure and constant volume. Taking again the logarithmic derivative, we obtain

op 16P

p P
The element will continue to float up, rather than falling back to equilibrium, if
after the expansion its density is lower than that of the the surroundings, i.e.,

(3.151)

p+dp < p+dp, (3.152)
or simply
dp < dp, (3.153)
(recall that bothip anddp are negative), or dividing both sides py
op _ dp (3.154)
PP

Substituting from Egns. 3.149 and 3.151, the condition for convection becomes

16P dP dT
—_— <= - = 3.155
SP P T (3.155)
Recalling that P = dP, this becomes
dr —1dP
daf _y-1dP

3.156
< (3.156)
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or upon division bydr,

d  ~—1TdP

o < P (3.157)
Since the radial temperature and pressure gradients are both negative, the condition
for convection is that the temperature profile must fall fast enough with increasing
radius, i.e., convection sets in when
dT'| ~—-1T |dP
dr v Pldr

For a non-relativistic gas without internal degrees of freedom (e.qg., ionized hy-
drogen),y = 5/3. As the number of internal degrees of freedom increagés-
comes smaller, making convection possible evéilif/ dr| is small. This can occur
when the gas is made of atoms, which can be excited or ionized, or of molecules that
have rotational and vibrational degrees of freedom and can be dissociated. Convec-
tion therefore occurs in some cool regions of stars, where atoms and molecules
exist. This applies to the outer layers of intermediate-mass main-sequence stars
and red giants, and to large ranges in radius in low-mass stars. Another range of
applicability of convection is in the cores of massive stars. The Sun is convective
in the outer 28% of its radius.

Once convection sets in, it mixes material at different radii and thus works to-
ward equilibrating temperatures, i.e., lowering the absolute value of the temperature
gradient|dT’/dr|. Therefore, convection can be implemented into stellar structure
computations by testing, at every radius, if the convection condition has been met.
If it has, convection will bring the temperature gradient back to its critical value,
and therefore the radiative energy transport equation (3.51) can be replaced by Eq.
3.158, but with an equality sign:

dI' _ y—1T(r)dP
dr v P(r)dr’

. (3.158)

(3.159)

PROBLEMS

1. In Egns. 3.23-3.28, we saw that, for a star composed of a classical, non-
relativistic, ideal gasFiota = Ef* + Ey = —Ef*, and therefore the
star is bound. Repeat the derivation, but for a classigativistic gas of
particles. Recall (Eq. 3.75) that the equation of state of a relativistic gas
is P = 1/3 Ey,/V. Show that, in this casel,, = Ef*, and therefore
FEiotal = B+ B4 = 0, i.€., the star is marginally bound. As a result, stars
dominated by radiation pressure are unstable.

2. The pressure inside a normal star is given by (Eq. 3.76)
ﬂ + 1CLT4.

m 3
Using parameters appropriate to the Sun, show that throughout the Sun, in-
cluding the core, where the internal temperature is aboUtK, the kinetic
pressure dominates.

P:Pg+Prad:
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3. Because of the destabilizing influence of radiation pressure (see Problem 1),

the most massive stars that can form are those in which the radiation pressure
and the non-relativistic kinetic pressure are approximately equal. Estimate
the mass of the most massive stars, as follows.

a. Assume that the gravitational binding energy of a star of mdsand
radiusR is | Eq,| ~ GM?/R. Use the virial theorem (Eq. 3.22),

to show that

wherep is the typical density.
b. Show that if the radiation pressurg,,q = %aT‘l, equals the kinetic
pressure, then the total pressure is

by 3 1/3 K 4/3
a m ’

c. Equate the expressions for the pressure in (a) and (b), to obtain an expres-
sion for the maximal mass of a star. Find its value, in Solar masses, assuming
a fully ionized hydrogen composition.

Answer:M = 110M.

. Consider a hypothetical star of radiswith densityp that is constant, i.e.,

independent of radius. The star is composed of a classical, non-relativistic,
ideal gas of fully ionized hydrogen.

a. Solve the equations of stellar structure for the pressure prBiite, with

the boundary conditio®®(R) = 0.

AnswerP(r) = (27 /3)Gp?(R? — r?)

b. Find the temperature profil&r).

c. Assume that the nuclear energy production rate depends on temperature as
e ~ T4, (This is the approximate dependence of the rate for the pp chain at
the temperature in the core of the Sun.) At what radius daesrease to 0.1

of its central value, and what fraction of the star’s volume is included within
this radius?

. Suppose a star of total maksand radiusk has a density profile = p.(1—

r/R), wherep, is the central density.
a. FindM (r).
b. Express the total magd in terms of R andp..
c. Solve for the pressure profil®(r), with the boundary conditio®(R) =
0.
Answer:

5 _ 2 /r

P(r) = nGp2R? {36 3 (E)2 +

HORHONE
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6. Consider a star of madg = 10M,, composed entirely of fully ionizetfC.
Its core temperature 5, = 6 x 10® K (compared tdl,. o, = 1.5 x 107 K
for the Sun).
a. What is the mean particle mags in units ofmg?
Answer:12/7.
b. Use the classical ideal gas law, the dimensional relation between mass,
density, and radius, and the virial theorem, to find the scaling of the stellar
radiusr, with total massM, mean particle mass, and core temperature
T.. Using the values of these parameters for the Sun, derive the radius of the
star.
Answer:0.86r.
c. If the luminosity of the star i€, = 107 L., what is the effective surface
temperature?
d. Suppose the star produces energy via the reaction

PC+12C —* Mg.

The atomic weight of2C is 12, and that of*Mg is 23.985. (The atomic
weight of a nucleus is defined as the ratio of its mass to 1/12 the mass of a
12C nucleus). What fraction of the star's mass can be converted into thermal
energy?
Answer:6.3 x 1074,
e. How much time does it take for the star to use up 10% of its carbon?
Answer:950 yr.

7. We saw that the nuclear reaction rate in a star depends on

ov) X E)dE
) [ s,
where

f(E)= e*E/kTe*\/M,

and £ is the Gamow energy (Eq. 3.131).
a. By taking the derivative of (F') and equating to zero, show th&tE') has

a maximum at
KT\ 1/

b. Perform a Taylor expansion, to second orderf @) aroundEy, to ap-
proximate f(E) with a Gaussian. Show that the width parameter (i.e., the
“o”) of the Gaussian is

21/6
= m
Hint: Take the logarithm off (E), before Taylor expanding, and then expo-
nentiate again the Taylor expansion.
c. Show that

A EYS(kT)?/S.

/ ™ HE)E = V3R (o)A,
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8. Show that the dependence on temperature of the nuclear power density (Eq. 3.134
at a temperatur@ nearT,, can be approximated as a power lawx 77,
where

Eg 2

4kT, 3

Evaluates atTy = 1.5 x 107 K, for the reactiong + p — d + et + v, and
p+12C =1BN + 4.

Hint: From Eq. 3.134, findn ¢, and calculaté(lne€)/d(In T)|r,. Thisis the
first-order coefficient in a Taylor expansion i ¢ as a function ofln 7" (a
pure power law relation betweerand? would obeyin € = const.+31InT).

8=

9. We saw (Eg. 3.141) that, on Earth, the number flux of Solar neutrinos from
the p-p chain is
P 2fo 2x14x10%ergs™!cm™?
newtrine o6 2 MeV  26.2 x 1.6 x 106 erg

Other nuclear reactions in the Sun supplement this neutrino flux with a small
additional flux of higher-energy neutrinos. A neutrino detector in Japan,
named SuperKamiokande, consists of a tank of 50 kton of water, surrounded
by photomultiplier tubes. The tubes detect the flasEefenkov radiation
emitted by a recoiling electron when a high-energy neutrino scatters on it.

a. How many electrons are there in the water of the detector?

b. Calculate the detection rate for neutrino scattering, in events per day,
if 1076 of the Solar neutrinos have a high-enough energy to be detected
by this experiment, and each electron poses a scattering cross section
10~43 cn?.

Hint: Consider the density of neutrino targets “seen” by an individual elec-
tron, with a relative velocity of between the neutrinos and the electron, to
obtain the rate at which one electron interacts with the incoming neutrinos,
and multiply by the total number of electrons, from (a), to obtain the rate in
the entire detector.

Answers:1.6 x 1034 electrons; 9 events per day.

=6.7x10"0%s 1 cm™2.



Chapter Four

Stellar Evolution and Stellar Remnants

So far, we have considered only stars in static equilibrium, and found that a star of a
given mass and composition has a unique, fully determined, structure. However, it
is now also clear that true equilibrium cannot exist. Nuclear reactions in the central
regions synthesize hydrogen into helium, and over time change the initial elemental
composition. Furthermore, convection may set in at some radii and mix processed
and unprocessed gas. The equations of pressure, opacity, and nuclear power density
all depend sensitively on the abundances. Indeed, at some point, the hydrogen
fuel in the core will be largely used up, and the star will lose the energy source
that produces pressure, the gradient of which supports the star against gravitational
collapse. It is therefore unavoidable that stewslve with time. In this chapter,

we will discuss the various processes that stars of different masses undergo after
the main sequence, and the properties of their compact remnants — white dwarfs,
neutron stars, and black holes. We will then study the phenomena that can occur
when such compact objects accrete material from a companion star in a binary pair.

4.1 STELLAR EVOLUTION

Stellar evolution, as opposed to equilibrium, can be taken into account by solv-
ing a series of equilibrium stellar models (called a “stellar evolution track”), in
which one updates, as a function of a star's age since formation, the gradual en-
richment by elements heavier than hydrogen at different radii in the star. It turns
out that the observed properties of stars on the main sequence change little during
the hydrogen-burning stage, and therefore they make only small movements on the
H-R diagram.

From scaling arguments, we can find the dependence of the main-sequence life-
time, t,.5, On stellar mass. We previously derived the observed dependence of
luminosity on mass,

L~ M. (4.1)

We now also know that the energy source is nuclear reactions, whereby a fraction
of a star’s rest mass is converted to energy and radiated away. The total radiated
energy is therefore proportional to mass,

Ltps ~E ~ M, (4.2)
and

M —a
tis ~ f ~ Ml . (43)
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For intermediate-mass stars, which obey a mass-luminosity relatiomwith3,

tms ~ M 2. Thus, the more massive a star, the shorter its hydrogen-burning phase
on the main sequence. Detailed stellar models confirm this result. For example, the
main-sequence lifetimes of stars with initial Solar abundance and various masses
are:

0.5Mg —~ 5 x 10'%r; (4.4)
1.0Mg —~ 101 %r;

10Mg —~ 2 x 107yr.

The Sun is therefore about halfway through its main-sequence lifetime. We saw
that, for the most massive statsy~ 1, the result of electron-scattering opacity and
radiation pressure. The lifetimg,s therefore becomes independent of mass and
reaches a limiting value,

> 30Mg —~ 3 x 10%yr. (4.5)

The lifetimes of massive stars, 106 — 107 yr, are short compared to the age of the
Sun or the age of the Universe (which, as we will see in Chapters 7-9, is about 14
gigayears [Gyr], where 1 Gyr i< yr). The fact that we observe such stars means
that star formation is an ongoing process, as we will see in Chapter 5.

Once most of the hydrogen in the core of a star has been converted into helium,
the core contracts and the inner temperatures rise. As a result, hydrogen in the less-
processed regions outside the core starts to burn in a shell surrounding the core.
Stellar models consistently predict that, at this stage, there is a huge expansion of
the outer layers of the star. The increase in luminosity, due to the gravitational
contraction and the hydrogen shell burning, moves the star up in the H-R diagram,
while the increase in radius lowers the effective temperature, moving the star to
the right on the diagram (see Fig. 4.1). This is thd giant phase. The huge
expansion of the star's envelope is difficult to explain by means of some simple and
intuitive argument, but it is well understood and predicted robustly by the equations
of stellar structure. The red-giant phase is brief compared to the main sequence,
lasting roughly one-tenth the time, from a billion years for Solar-mass stars, to
only of order a million years for 10M, stars, and a few0°® years for the most
massive stars.

As the red-giant phase progresses, the helium core contracts and heats up, while
additional helium “ash” is deposited on it by the hydrogen-burning shell. At some
point, the core will reach a temperature of abBut 103K and a density ~ 10% g
cm~3, where helium burning can become effective through thiple-alpha”
reaction,

“He +*He 4+ He —'2C + ~(7.275MeV). (4.6)

Triple-alpha is the only reaction that can produce elements heavier than helium
in the presence of only hydrogen and helium, because no stable elements exist
with atomic mass numbers of 5 or 8. The beryllium isotdBe, formed from

the fusion of two*He nuclei, has a lifetime of onlyv 10716 s. Nevertheless,
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Figure 4.1 lllustration of post-main-sequence evolution on the H-R diagfam Observed
H-R diagram for stars in the “globular cluster” M3 (more on star clusters in Chap-
ter 5.1.5). Themain sequence turnoffmarks the point at which stars are now
leaving the main sequence and evolving on to the red-giant branch. All the stars
in the cluster formed together about 13 Gyr ago, and the cluster has not experi-
enced subsequent star formation. As a result, all stars above a certain mass, corre-
sponding to the turnoff point, have left the main sequence, while those below that
mass are still on the main sequence. The density of points in each region of the
diagram reflects the amount of time spent by stars in each post-main-sequence
evolution stage.Bottom: Theoretical stellar evolution tracks for stars of vari-
ous initial main-sequence masses (with an assumed initial metal abundance of
Z = 0.0004). Each track begins at the lower left end on the “zero-age main
sequence”. After leaving the main sequence, stars evolve along, and up to the
tip of, the red-giant branch. They then move quickly on the diagram to the left
edge of the “horizontal branch”, where helium core burning and hydrogen shell
burning take place, and evolve to the right along the horizontal branch. Once all
the helium in the core has been converted to carbon and oxygen, the star rises
up the “asymptotic giant branch” where double shell burning — a helium-burning
shell within a hydrogen burning shell — takes place. Note the good correspon-
dence between the theoretical track for €h&M, initial-mass star (solid line)
and the observed H-R diagram on top. For clarity, the theoretical horizontal and
asymptotic giant branches are not shown for the other initial masses. Data cred-
its: S.-C. Rey et al. 2001, Astrophys. J., 122, 3219; and L. Girardi, et al. 2000,
Astron. & Astrophys. Suppl., 141, 371.
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a small equilibrium abundance &Be can be established, and capture of another
“He nucleus then completes the triple-alpha process. The last stage would have
an extremely low probability, were it not for the existence of an excited nuclear
energy level in'2C which, when added to the rest mass energi?6f, happens to
have almost exactly the rest mass energiedief+°Be. This “resonance” greatly
increases the cross section for the second stage of the reaction. In fact, from the
existence of abundant carbon in the Universe (without which, of course, carbon-
based life would be impossible) Hoyle predicted the existence of this excited level
of 12C before it was discovered experimentally.

Along with carbon production, some oxygen and neon can also be synthesized
via the reactions

‘He +12C 5150 + v, 4.7
and
‘He 40 —2Ne + . (4.8)

Atthe same time, hydrogen continues to burn in a shell surrounding the core. When
helium ignition begins, the star moves quickly on the H-R diagram to the left side of
thehorizontal branch, and then evolves more slowly to the right along this branch,
as seen in Fig. 4.1. Horizontal branch evolution last only about 1% of the main-
sequence lifetime. Once the helium in the core has been exhausted, the core (now
composed mainly of oxygen and carbon) contracts again, until a surrounding shell
of helium ignites, with a hydrogen-burning shell around it. During this brief (

107 yr) double-shell-burning stage, the star ascendsflyenptotic giant branch

of the H-R diagram — essentially a repeat of the red giant branch evolution, but
with helium+hydrogen shell burning around an inert carbon/oxygen core, rather
than hydrogen shell burning around an inert helium core.

Evolved stars undergo large mass loss, especially on the red giant branch and on
the asymptotic giant branch, as a result of the low gravity in their extended outer
regions and the radiation pressure produced by their large luminosities. Mass loss is
particularly severe on the asymptotic giant branch during so-ctidexthal pulses
—roughly periodic flashes of enhanced helium shell burning. These mass outflows,
or stellar ‘winds” lead to mass-loss rates of upt0=*M, yr=!, which rid a star
of a large fraction of its initial mass. Giants are highly convective throughout their
volumes, leading to dredge-up of newly synthesized elements from the core to
the outer layers, where they are expelled with the winds. In these processes, and
additional ones we will see below, the nuclear reactions inside post-main-sequence
stars create essentially all elements in the Universe that are heavier than helium.

In stars with an initial mass of less than ab&ut/, as the giant phase pro-
gresses, the dense matter in the core reaches equilibrium in a new state of matter
called a degenerate electron gas. As we will see in the next section, regions of
the core that are in this state are supported against further gravitational contraction,
even in the absence of nuclear reactions. As a result, the cores of such stars do
not heat up to the temperatures required for the synthesis of heavier elements, and
at the end of the asymptotic giant phase they remain with a helium/carbon/oxygen
core.
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Figure 4.2 Several examples of planetary nebulae, newly formed white dwarfs that irradiate
the shells of gas that were previously shed in the final stages of stellar evolution.
The shells have diameters of 0.2 — 1 pc. Photo credits: M. Meixner, T.A.
Rector, B. Balick et al., H. Bond, R. Ciardullo, NASA, NOAO, ESA, and the
Hubble Heritage Team

At this point, the remaining outer envelopes of the star expand to the point
that they are completely blown off and dispersed. During this very brief stage
(~ 10* yr), the star is a planetary nebula!” (see Fig. 4.2), in which ultraviolet
photons from the hot, newly exposed, core excite the expanding shells of gas that
previously constituted the outer layers of the star. Finally, the exposed remnant of
the original core, called a “white dwarf” reaches the endpoint of stellar evolution
for stars of this mass. In the white-dwarf region of the H-R diagram, these stars
move with time to lower temperature and luminosity as they slowly radiate away
their heat. White dwarfs will be the subject of the next section.

Stars with an initial mass greater than ab®lf;, continue the sequence of core
contraction and synthesis of progressively heavier elements, which eventually (and
quickly) ends in a “supernova” explosion. We shall return to this class of stars in
Section4.3.

4.2 WHITE DWARFS

In the 19th and early-20th centuries, it was discovered that the nearby (2.7 pc)
A-type star Sirius, the brightest star in the sky, is a visual binary, with a white

1planetary nebulae have nothing to do with planets, and the name has a purely historical origin.
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Figure 4.3 Observed motion on the sky, over the past century, of the visual binary consisting
of Sirius A and its faint white dwarf companion, Sirius B. On the left are the
observed positions due the orbital motions around the center of mass, combined
with the proper motion of the system as a whole. On the right side, only the
positions of Sirius B relative to Sirius A are shown. The maximum projected
separation of the pair is 10 arcseconds. Using Kepler's Law, a mass close to
1My, is derived for the white dwarf.

dwarf companion that was named Sirius B. (In fact, Sirius B is the nearest known
white dwarf, and was the first one ever found.) An orbital period of about 50 years
was observed (see Fig. 4.3), allowing the first measurement of the mass of a white
dwarf, which turned out to be close 1d\/,. Like all white dwarfs, Sirius B’s

low luminosity and high temperature imply a small radius of ali®@0 km, i.e.,

less than that of the Earth. The mean density inside Sirius B is therefore of order
1 ton cn1 3. In this section, we will work out the basic physics of white dwarfs and

of matter at these extremely high densities.

4.2.1 Matter at Quantum Densities

We saw in the previous section that when the core of a star exhausts its nuclear
energy supply, it contracts and heats up until reaching the ignition temperature of
the next available nuclear reaction, and so on. After each contraction, the density
of the core increases. At some point, the distances between atoms will be smaller
than their de-Broglie wavelengths. At that point, our previous assumption of a

classical (rather than quantum) ideal gas, which we used to derive the equation of
state, becomes invalid. To get an idea of the conditions under which this happens,
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recall that the de-Broglie wavelength of a particle of momenguis

A= h = h ~ h , (4.9)
p  (2mE)Y2  (3mkT)1/2

where we have represented the energy with the mean energy of a pdttiele,
3kT/2. Since electrons and protons share the same energy, but the mass of the
electron is much smaller than the mass of the proton or of other nuclei, the wave-
lengths of the electrons are longer, and it is the electron density which will first
reach the quantum domain. At interparticle separations of order less than half a
de-Broglie wavelength, quantum effects should become important, corresponding
to a density of

Do~ my :8mp(3mekT)3/2
ENCYPR h?

For example, for the conditions at the center of the Jui; 15 x 10°K,

(4.10)

8X1L7Tx107 g (3x9x 107 gx 1.4 x 10710 erg K~! x 15 x 10°K)%/2
e (6.6 x 10727 erg 8)3

(4.11)
=640 g cm 3.

The central density in the Sun js~ 150 g cm~3, and thus the gas in the Sun is
still in the classical regime. Even very dense gas can remain classical, if it is hot
enough. For example, faf = 108K, i.e.,E ~ kT ~ 10 keV,

pq ~ 11,000 g cm 3. (4.12)

Instead of the Maxwell-Boltzmann distribution, the energy distribution at quantum
densities will follow Bose-Einstein statistics for bosons (particles with spin that is
an integer multiple of:) or Fermi-Dirac statistics for fermions (particles with spin
that is an uneven integer multiple bf2). Let us develop the equation of state for
such conditions.

4.2.2 Equation of State of a Degenerate Electron Gas

Heisenberg's Uncertainty Principle states that, due to the wave nature of matter,
the position and momentum of a particle are simultaneously defined only to within
an uncertainty

AxAp, > h. (4.13)

Similar relations can be written for each of the coordinateg, andz. Multiplying
the relations, we obtain

AxAyAzAp, ApyAp, > h3, (4.14)
or

d*pdV > h®. (4.15)
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kT=E,/40
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Figure 4.4 Approach to degeneracy of the Fermi-Dirac occupation fragtid), askT —
0, shownforkT = E¢ /2, E¢ /5, Ef /10, andE /40. At kT < Ey, all particles
occupy the lowest energy state possible without violating the Pauli Exclusion
Principle. The distribution then approaches a step function, with all energy states
below E; occupied, and all those abo¥& empty.

The constanh? thus defines the six-dimensional volume of a “cell” in position-
momentum phase space. The Uncertainty Principle implies that two identical par-
ticles that are in the same phase-space cell are in the same quantum state. Ac-
cording to Pauli’s exclusion principle, two identical fermions cannot occupy the
same quantum state. Thus, fermions that are closely packed and hence localized
into a small volumedV, must each have a large uncertainty in momentand
have momenta that are different from those of the other fermions in the volume.
This necessarily pushes the fermions to lapie and large momenta mean large
pressure.

The Fermi-Dirac phase-space distribution embodying these principles for an
ideal gas of fermions, is

2541 d*pdV
dN = D) S (4.16)
exp (7” ) +1

wheres is the spin of each fermion in units &f andu(7) is the chemical poten-
tial? of the gas. Wherl" — 0, u(T') approaches an assymptotic valig, When
kT < Ey, the first term in the Fermi-Dirac distribution (the “occupation fraction”)

2The chemical potential of a thermodynamic system is the change in energy due to the introduction
of an additional particle, at constant entropy and volume.
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Figure 4.5 Calculation of the pressure exerted by particles of an ideal gas with momentum
p. that are reflected off the side of a container.

approaches a step function (see Fig. 4.4) in which all particles occupy the lowest
energy states possible without violating the Pauli principle. This means that all
energy states up to an ener@y are occupied, and all above,; are empty. Un-

der such conditions, the gas is said to bdedgeneraté. For degenerate electrons,
which are s = 1/2 particles, having an isotropic velocity field, the phase-space
distribution will be

2 x 4rp? B if |p| < p;

dN (p)dp = .
(p)dp { 0 i [p| > ps
wherepy, called the=ermi momentum, is the magnitude of the momentum corre-

sponding to thé=ermi energy E;. Dividing by dV/, we obtain the number density
of electrons of a given momentum

8rp? % if [p| < ps
dp = he - . 4.18
ne(p)dp { 0 it [p| > ps (4.18)
Integrating over all momenta from O {or gives a relation between the electron
density and;:

, (4.17)

Pr8m 4 81
Ne :/0 ﬁp dp = Bpr' (4.19)

Next, let us derive a general expression for the pressure exerted by any ideal gas.
By definition, an ideal gas consists of particles that interact only at short distances,
and hence can transfer momentum only during an “impact” with another particle.
Consider ideal gas particles impinging on the side of a container, with a mean
intervaldt between consecutive impacts (see Fig. 4.5). Set #inds perpendicular
to the surface. Particles with ancomponent of momentum, will transfer a
momentuntp,. to the surface with each reflection. The force per unit area due to
each collision is then

dFy  2py  2pyup  2pvs

dA  dAdt  dAdxz  dV
wherev, = dx/dt The pressure is obtained by summing the forces due to all
particles of all momenta:

(4.20)

o DUz
P= dN d 4.21
/0 (p) P (4.21)

where we have divided by 2 because, at any given time, only half of all the particles
will have av,, component toward the side of the container, rather than away from
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it. But
1
gpv, (4.22)

where we have utilized? + v + v? = v* and assumed that the velocities are
isotropic so that, on average, = v = v2. SincedN/dV = n,

2 1 4
DaVyp = MU, = gmv =

P= ;/000 n(p)pvdp. (4.23)

Replacing the Maxwell-Boltzmann distribution far(p) recovers the classical
equation of state,

P = nkT. (4.24)

For a non-relativisti degenerateelectron gas, however, we replaeg) with the
Fermi-Dirac distribution in the degenerate limit (eq. 4.18). Taking p/m., we
obtain instead

Pt Smpl, 8t #f (3)/ s,
3Jo h®me 3h3me 5 8 5me ¢
where we have used eq. 4.19 to expres# terms ofn.. To relaten. to the mass
density appearing in the equations of stellar structure, consider a fully ionized gas
composed of a particular element, of atomic humBeasind atomic mass number
A, and a density of ions. Then

ne = Zny = 2. (4.26)
Amy,

(4.25)

Substituting into eq. 4.25, we obtain a useful form for thguation of state of a
degenerate non-relativistic electron gas

2/3 2 5/3
3 h Z 5/3
20memy

The important feature of this equation of state is that the electron pressure does
not depend on temperature. Indeed, in our derivation of this equation, we have

assumed thatT is effectively zero. (More precisely is very low compared to

the energy of the most energetic electrons at the Fermi energy, which are prevented
from occupying lower energy states by the Pauli principle — see Problem 1.)

In a typical white dwarfp ~ 106 g cm3 andT ~ 107K. White dwarfs are gen-
erally composed of material that was processed by nuclear reactions into helium,
carbon, and oxygen, and therefaf¢ A ~ 0.5. Plugging these numbers into 4.27,
we find

(6.6 x 10727 erg s)?
T 20x9x 108 g (1.7 x 1024 g)5/3

P, 0.5°/3(10% g em™3)%/%  (4.28)

3Note that, although we have used non-relativistic considerations (Eq. 4.22) to derive Eq. 4.23, it
holds in the relativistic case as well. We can easily verify that, for an ultra-relativistic gas with particle
energiesE, by replacingp with E/c, v with ¢, andn(p)dp with n(E)dE, we recover the relation
P = U/3, which we derived in Eq. 3.74.
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=3 x 10?2 dyne cm 2.

As opposed to the electrons, the nuclei at such densities are still completely in
the classical regime. The thermal pressure due to the nuclei, assuming a helium
composition, is

. W — Pt 10 gem ™ x 1.4 x 1070 erg K~* x 107 K
th — n+ = —_— ~
4m

» 4x1.7x10"%g
(4.29)

=2 % 10?°dynes cm™ 2.

The degenerate electron pressure therefore completely dominates the pressure in
the star.

4.2.3 Properties of White Dwarfs

Next, we can see what the degenerate electron pressure equation of state, combined
with the other equations of stellar structure, implies for the properties of white
dwarfs. Let us start with the relation between mass and radius.

4.2.3.1 Mass-radius relationship

The equations of mass continuity and hydrostatic equilibrium, expressed as scaling
relations (see Eqgns. 3.80 and 3.81), suggest

M

~ =, (4.30)
T
and
M M?
p G ”NG4 . (4.31)
r T
The degenerate electron-gas equation of state is
M5/3
P~ bp? o b——, (4.32)
r

where the constant factéris given in Eq. 4.27. Equating the pressures gives
b
~ =M, 4.33
re (433)

In other words, the radius of a white dwarf decreases with increasing mass. An
order-of-magnitude estimate of the radius is therefore

b -1/ h? <Z>5/3 -1/3
rwa~ =MV T (2 (4.34)
G 20memf/5G A
(6.6 x 1027 erg 5)2(2 x 1033 g)~1/3 2\ M\
20 x 9 x 10728 g (1.7 x 10-24 g)5/3 6.7 x 10~ cgs \ A Mg

z 5/3 M -1/3
=12 x 10° = —_
< 10%em <A> (MQ) ’
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i.e., about 4000 km foE /A = 0.5 andM = 1M, as deduced for observed white
dwarfs from their luminosities and temperatures. A full solution of the equations
of stellar structure for the degenerate gas equation of state gives

ZN\5/3 N\ LB
— 9 = el
Twd = 2.3 X 107cm (A) (]V[@> . (4.35)

4.2.3.2 The Chandrasekhar Mass

The larger the white-dwarf mass that we consider, the smallgtbecomes, im-
plying larger densities, and therefore larger momenta to which the electrons are
pushed. When the electron velocities become comparable to the speed of light, we
can no longer assume = p/m in Eq. 4.23. Insteady, which dictates the rate

at which collisions transfer momentum to the container wall, approachiesthe
“ultra-relativistic” limit, we can replace with c. Eq. 4.25 is then replaced with

1 [P 8n 8me b}

Pe == — T 2 d - s - 436
3 /O LEb pedp = 235 (4.36)
Again using Eqgns. 4.19 and 4.26, we obtain #uggiation of state for an ultra-
relativistic degenerate spin-1/2 fermion gas

3 1/3 hc z 4/3
P=(= — (= /3 4.37
‘ (87T> 4m;/3 <A> g ( )

Compared to the non-relativistic case (Eq. 4.27), note the 4/3 power, but also the
fact that the electron mass does not appeatr, i.e., this equation holasyfaitra-
relativistic degenerate ideal gas of spin-1/2 particles. This comes about because, for
ultra-relativistic particles, the rest mass is a negligible fraction of the total energy,
E = (m?c* + p*c?)'/2, and hence ~ E/c. As we go from small to large white-
dwarf masses there will be a gradual transition from the non-relativistic to the ultra-
relativistic equation of state, with the power-law indexgofradually decreasing

from 5/3 to 4/3.

This necessarily means that, as we go to higher masses, and the density increases
due to the shrinking radius, the pressure support will rise more and more slowly,
so that the radius shrinks even more sharply with increasing fndsssee what
happens as a result, let us re-derive the scaling relations between mass and radius,
but with an index(4 + ¢€)/3, and then let approach 0. Thus

P~ plte/3, (4.38)
SO
M (4+e)/3 M2
7’["4""6 ~ 7’74, (439)
or
P~ M2/, (4.40)

4Sirius B, with a mass of M ®, is among the more massive white dwarfs known, and its equation
of state is already in the mildly relativistic regime. Its radius, 5880 km, is therefore smaller than would
be expected based on Eq 4.35, but is fully consistent with the results of a relativistic calculation.
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and

o~ Me2)/3¢ (4.41)
Whene — 0,

r— M~ =0. (4.42)

In other words, at a mass high enough so that the electrons become ultra-relativistic,
the electron pressure becomes incapable of supporting the star against gravity, the
radius shrinks to zero (and the density rises to infinity), unless some other source of
pressure sets in. We will see that, at high enough density, the degeneracy pressure
due to protons and neutrons begins to operate, and it can sometimes stop the full
gravitational collapse, producing objects called neutron stars.

The above argument implies that there is a maximum stellar mass that can be
supported by degenerate electron pressure. It is calle@hbadrasekhar mass
To estimate it, recall from the virial theorem that

_ 1
PV =~ By (4.43)

Substituting the ultra-relativistic electron degeneracy pressurg fand the usual
expression for the self-enerdy,, , we can write

1/3 4/3 2
() wm(3) oo (4.44)
87 ama/® \A 3 r
With
M
~— 4.45
P~ (4.45)
and
A 5
V= (4.46)
r cancels out of the equation and we obtain
2Z\2 [ he \*/?

A full solution of the equations of stellar structure for this equation of state gives a
somewhat larger numerical coefficient, so that the Chandrasekhar mass is

Z\2/ 3/2
M, = 0.21 (A) (Gncﬂ) m,. (4.48)
p

The expressiot/m?/(hc) that appears in the Chandrasekhar mass is a dimension-
less constant that can be formed by taking a proton’s gravitational self energy, with
the proton radius expressed by its de Broglie wavelength, and forming the ratio
with the proton’s rest energy:

. Gm Gm3 6.7 x 107% cgs (1.7 x 10724 g)?

a6 = h/(myc)my,c? " he  66x10 2Tergs x 3 x 100 cms !

~ 10729,

(4.49)
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The constantvc expresses the strength of the gravitational interaction, and is the
gravitational analog of the fine-structure constant,
e? 1

Qem = 3= ~ 720, (4.50)
which expresses the strength of the electromagnetic interaction. Eq. 4.48 says
that the maximum mass of a star supported by electron degeneracy pressure is, to
an order of magnitude, the massm(§3/2 protons (i.e.,~ 1057 protons). Since
Z/A=~0.5,

Mg, = 0.21 x 0.52 x 10792 x 1.7 x 10724 g = 1.4M,,. (4.51)

In fact, no white dwarfs with masses higher thifg, have been found.

There is also a lower bound to the masses of isotatgtite dwarfs that have
been measured, of abauR5M . This, however, is a result of the finite age of the
Universe,1.4 x 10'° yr. Stars that will form white dwarfs having masses smaller
than this (namely, stars that have an initial mass on the main sequence smaller than
about0.8M ), have not yet had time to go through their main-sequence lifetimes,
even if they were formed early in the history of the Universe.

4.2.3.3 White dwarf cooling

Due to the good thermal conduction of the degenerate electrons in a white dwarf
(similar to the conduction in metals, which arises in the same way), the temperature
inside a white dwarf is approximately constant with radius. The temperature can be
estimated by recalling that a white dwarf forms from the contraction of a thermally
unsupported stellar core, of makk down to the radius at which degeneracy pres-
sure stops the contraction. Just before reaching that final point of equilibrium, from
the virial theorem, the thermal energy will equal half the gravitational energy:

1 GM?

Eth’\‘§

For a pure helium composition, the number of nuclei in the coké idm g, and the
number of electrons i8//2m . The total thermal energy (which, once degeneracy
sets it, will no longer play a role in supporting the star against gravity) is therefore,

(4.52)

3 3M, 1 1 9 M
Eww=-NkT = - — (= + kT = - —kT 4.53
) zm,,(2+4) 8m, (4.53)
and so
K~ G (4.54)
9 r
Substituting the equilibrium,,q of white dwarfs from Eq. 4.34,
80G2m.my/® 2\ P
~ 2T el [ 2 /3
kT oz (A) M (4.55)

5In interacting binaries, ablation by beams of matter and radiation from a companion can sometimes
lower the mass of a white dwarf, or even destroy the white dwarf completely. See Section 4.6.3.
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~ 80(6.7 x 1078 cgs)? 9 x 10728 g (1.7 x 10~ g)8/30 5=5/3(1 x 107 g)4/3
- 9(6.6 x 1027 org 5—1)2 ST X107 e)

=1.1 x 10~ 3erg,

for a 0.5 Mg white dwarf. The temperature is th#§" ~ 70 keV, orT ~ 8 x

108K, and a just-formed degenerate core is a very hot object, with thermal emission
that peaks in the X-ray part of the spectrum. As such, once the core becomes an
exposed white dwarf, its radiation ionizes the layers of gas that were blown off in
the various stages on the giant phase. As already noted, this produces the objects
called planetary nebulae.

A white dwarf is an endpoint in stellar evolution, devoid of nuclear reactions. It
therefore cools by radiating from its surface the thermal energy stored in the still-
classical gas of nuclei within the star’'s volume . (The degeneracy of the electron gas
limits almost completely the ability of the electrons to lose their kinetic energies.)
The radiated luminosity will be

L = 4772 joTp, (4.56)

whereTg is the effective temperature of the white dwarf photosphere. Although
electron heat conduction leads to a constant temperature over most of the volume,
there is a thin non-degenerate surface layer (of order 1% of the white dwarf radius)
that insulates the star. This layer lowéis relative to the interior temperature and
slows down the rate of energy loss.

However, to obtain a crude upper limit on the rate at which a white dwarf cools
by means of its radiative energy loss, let us assume a constant temperature all the
way out to the surface of the star, so tfiat ~ T'. The radiative energy loss rate is
then
dEyw  3MkdT

dt — 8m, dt
(where we have included in the right hand term only the contribution of the nu-
clei to the thermal energy from Eq. 4.53). Separating the varigblasdt¢, and
integrating, the cooling time to a temperatdrés

3MEk
Tcool ™~
: 8mpdnr? ;o373

drr2 yoT* ~ (4.57)

(4.58)

- 3x1x10%gx1.4x10710erg K™*
8 x 1.7 x 10724 g 4m(4 x 108 cm)2 x 5.7 x 1075 cgs x 313

7 \"?
= 10°
3 x 10 yr<1O3K> ,

where we have takei!/ = 0.5M andry,q = 4000 km. (We have abbreviated the
units of the Stefan-Boltzmann Lawés as “cgs”.) Alternatively, we can write the
temperature as a function of time as

T + —-1/3
10°K (3 x 109yr> (4.59)
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Thus, even with the unrealistically efficient cooling we have assumed, it would take
a0.5M, white dwarf several Gyr to cool t003K. In reality, the insulation of the
non-degenerate surface layer results in an effective temperature that is significantly
lower than the interior temperature, and hence an even lower cooling rate. Further-
more, at some point in the cooling evolution, crystallization of the nucleons inside
the white dwarf takes place, and the latent heat that is released and added to the
thermal balance further slows down the decline in temperature. Detailed models
have been calculated that take these and other processes into account for various
masses and chemical compositions of white dwarfs (a carbon/oxygen core is usu-
ally assumed, surrounded by helium and hydrogen envelopes). The models show
that, over10'° yr, comparable to the age of the Universe, white dwarfs cannot cool
below ~ 3000 — 4000 K. This explains why most white dwarfs are observed to
have high temperatures, and hence their blue to white colors. The coolest white
dwarfs known have effective temperatures-o8500 K.

4.2.3.4 Brown dwarfs

Let us digress for a moment from the subject of stellar remnants, and use the
equations we have developed to see that electron degeneracy and its consequences
also dictate a minimal initial mass that a star must have in order to shine. Con-
sider a newly forming star (or “protostar”) composed of a collapsing cloud of hy-
drogen. Nuclear ignition of hydrogen requires a minimal temperature of about
Tign ~ 107K. Recall the relation between temperature and mass of a white dwarf,
obtained by arguing that the contraction of the core will halt at the radius when
degeneracy pressure sets in (Eq. 4.55). However, for fully ionized hydrogen (as
opposed to helium)N = 2M /m,, (rather thanV = 3M /4m,; Eq. 4.53). There

are 8/3 times more particles, and the temperature is correspondingly lower, so Eq.
4.55 becomes

kKT ~

9 8/3 —5/3
106G memy (Z) M3, (4.60)

3h2 A

If the mass of the protostar is small enough such that contraction halts lgfpre
is attained, the object will never achieve true stardom on the main sequence. The
limiting mass is

—3/4
02 m. 3 z\*®
OG;nT;mp () =0.09My,  (4.61)

Mmin ~ (kﬂgrl)3/4 < A

where we have assuméetf A = 1, appropriate for hydrogen. A full solution of the
stellar structure equations gives
Miin = 0.07TMp. (4.62)

Such “failed stars”, with masses lower than this limit, are caienvn dwarfs. As
noted in Chapter 2.2.2, stars of this type have indeed been found, and are labeled
with spectral types L and T.



STELLAR EVOLUTION AND STELLAR REMNANTS 81

4.3 SUPERNOVAE AND NEUTRON STARS

4.3.1 Core Collapse in Massive Stars

We now return to stars with initial masses (i.e., their masses when they begin their
lives on the main sequence) of ab@dt/, or more. This corresponds to spectral
types O and “early” B. After exhausting most of the hydrogen in their cores, such
stars move to the giant branch. They then begin a sequence of steps, each con-
sisting of the contraction and heating of the inner regions, resulting in the ignition
of new nuclear reactions. As time advances, shells at various inner radii attain the
temperatures and the densities required for the reactions that produce progressively
heavier elements. Apart from the reactions already discussed for lower-mass stars,

‘He4+2C =10+~ (4.63)

and
“He +1°0 -2 Ne + ~, (4.64)

these massive stars can also burn carbon via the reactions

120 412¢ -2°Ne +*He + 7, (4.65)
12¢ 412C % Na +p, (4.66)

and
2o 420 =B Mg +n. (4.67)

Carbon burning is followed by neon, oxygen, and silicon burning. Each of these
stages takes less and less time. For example, 26114, star, the duration of each
burning stage is:
H ~5x10°yr;
He ~ 5 x 10%yr;
C ~500yr,;
Ne ~ 1yr,
Si ~ 1day.
Massive stars undergo all the stages of nuclear burning up to the production of
elements in the “iron group” with atomic mass number arodnd 56, consisting
of isotopes of Cr, Mn, Fe, Co, and Ni. At this stage, the star’s outer envelope has
expanded to about000r, and it has a dense core of radius10* km with an
onion-like layered structure (see Fig. 4.6). The outer layers of this core are still
burning hydrogen. Looking inwards, the core consists of concentric shells com-
posed primarily of helium, carbon, oxygen, neon, silicon, and iron, respectively.
Figure 4.7 shows, for all the chemical elements, the binding energy per nucleon
(i.e., the binding energy of a nucleus divided by its mass numMbeEnergy can be
gained by fusing or fissioning elements with low binding energy per nucleon into
elements with high binding energy per nucleon. The iron group elements are the
most tightly bound nuclei, and are therefore a “dead end” in nuclear energy pro-
duction. Synthesis of iron-group elements into heavier elements consumes, rather
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Figure 4.6 Simplified schematic view of the layered structure of a massive star and the dis-
tribution of the main elements that compose it, at the onset of core collapse and
the ensuing supernova explosion.

than releases, thermal energy. This fact is at the root of the “iron catastrophe” that
ensues.

When the central iron core continues to grow and approakhgstwo processes
begin:
1. Nuclear Photodisintegration: The temperature is high enough for energetic
photons to be abundant, and they get absorbed in the endothermic (i.e., energy-
consuming) nuclear reaction

v +56Fe — 13*He + 4n, (4.68)

with an energy consumption of 124 MeV. The helium nuclei are further unbound
in the process

v +*He — 2p + 2n, (4.69)

consuming 28.3 MeV (the binding energy ofHe nucleus). The total energy of
the star is thus reduced §¥24 + 13 x 28.3) /56 ~ 8.8 MeV= 1.4 x 10~° erg per
nucleon. With about0®” protons in a Chandrasekhar mass, this corresponds to a
total energy loss of .4 x 1052 erg,~ 10 times the energy radiated by the Sun over
1019 yr.

2. Neutronization: The large densities in the core lead to a large increase in the
rates of processes such as

e +p—ntr,, (4.70)
e~ +°Fe —°Mn + v, (4.71)
e” +5°Mn —5¢Cr + 1. (4.72)

This neutronization depletes the core of electrons, and their supporting degeneracy
pressure, as well as of energy, which is carried off by the neutrinos.
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Figure 4.7 Binding energy per nucleon as a function of atomic mass number. Several el-
ements are marked. The iron-group elements witle 56 have the highest
binding energy per nucleon, 8.8 MeV, and therefore nuclear fusion of these ele-
ments into heavier elements does not release thermal energy, but rather consumes
it.

The two processes lead, in principle, to an almost total loss of thermal pressure
support and to an unrestrained collapse of the core of a star on a free-fall timescale.
For the typical core densities prior to collapge;- 10° g cnm3 (calculated from
stellar evolution models), this timescale is (Eg. 3.15)

3r \1/2
= ~0.1s. 4.7
T <32G/3> 0.1s (4.73)

In practice, at these high densities, the mean free path for neutrino scattering be-
comes of order the core radius. This slows down the energy loss, and hence the
collapse time, to a few seconds.

As the collapse proceeds and the density and the temperature increase, the reac-
tion

e +p—=n+r,, (4.74)

becomes common, and is infrequently offset by the inverse process of neutron de-
cay

n—p+e + U, (4.75)
leading to an equilibrium ratio of densities of
1
Ne = Np R ——"Ny,. (4.76)

200
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Thus, most of the nucleons become neutrons, ameldron star forms, in which
degenerate neutrons, rather than electrons, provide the pressure support against
gravity.

4.3.2 Properties of Neutron Stars

The properties of neutron stars can be estimated easily by replagingth m., in
Eqgns. 4.34-4.35, describing white dwarfs. Thus

5/3 ~1/3 13
me [ Z M M
ns A 2.3 x 10° ‘= — ~ 14k :
" X mem (A) <M®> m(lAM@)

(4.77)
Here we have se /A = 1, since the number of particles contributing to the degen-
eracy pressure (i.e., the neutrons) is almost equal to the total number of nucleons.
Since the radius of a neutron star is about 500 times smaller than that of a white
dwarf, the mean density is abol® times greater, i.ep ~ 10** g cm™3. This is
similar to the density of nuclear matter. In fact, one can consider a neutron star to
be one huge nucleus of atomic mass number 10°7.

Our estimate of the radius is only approximate, since we have neglected two
effects which are important. First, at these inter-particle separations, the nuclear
interactions play an important role in the equation of state, apart from the neutron
degeneracy pressure. The equation of state of nuclear matter is poorly known, due
to our poor understanding of the details of the strong interaction. In fact, it is hoped
that actual measurements of the sizes of neutron stars will provide experimental
constraints on the nuclear equation of state, which would be important input to
nuclear physics. Second, the gravitational potential energy of a test particle of mass
m at the surface of a- 1.4M, neutron star, of radius ~ 10 km, is a significant
fraction of the particle’s rest-mass energy:

Eyy GM  67x10%cgsx14x2x10%8g
_ ~ ~ 20%. 4.78
me2  re? 10 x 105 ¢m (3 x 1010 ¢cm s—1)2 0% ( )

This means that matter falling onto a neutron star loses 20% of its rest mass, and
the mass of the star (as measured, e.g., via Kepler's law) is 20% smaller than the
total mass that composed it. Thus, a proper treatment of the physics of neutron stars
needs to be calculated within the strong-field regime of General Relativity. More
detailed calculations, including these two effects, give a radius of about 10 km for
al.4Mg neutron star.

The Chandrasekhar mass,

Z\2/ he \*/?
My, =02 (A) (sz) my, (4.79)
P

can be used to estimate a maximal mass for a neutron star, beyond which the density
is so high that even the degenerate neutron gas becomes ultra-relativistic and unable
to support the star against gravity. Again replacingZhel = 0.5, appropriate for

white dwarfs, withZ /A = 1, describing neutron stars, gives a factor of 4, or

Mns,max = 14]\/[@ x4 = 56M® (480)
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Figure 4.8 Optical-light image of the supernova SN1994D, below and to the left of its host
galaxy, NGC 4526. For several weeks around its peak brightness, the luminosity
of a supernova is comparable to that of an entire galaxy, With 10'° L. (The
spikes emerging from the supernova are due to diffraction.) Photo credit: NASA,
ESA, the High-Z Supernova Search Team and the Hubble Key Project Team.

Taking into account General Relativistic effects lowers this estimate to 8Bdyt

This reduction come about because, in the regime of strong gravity, the pressure
itself contributes significantly to the gravitational field, and thus pressure gradu-

ally loses its effectiveness in counteracting gravitation. Detailed calculations that

attempt also to take into account the strong interaction of nuclear matter further

lower the maximal mass @®— 3M,, but this is still highly uncertain.

4.3.3 Supernova Explosions

The fall of the layers of matter that surrounded the core onto the surface of a newly
formed neutron star sets off a shock wave that propagates outwards and blows off
the outer shells of the star, in what is observed a&sigernovaexplosion (see

Fig. 4.8). The details of how exactly this occurs are not understood yet. In fact,
sophisticated numerical simulations of the collapse are presently still unable to
reproduce the “explosion”, i.e., the ejection of the star’s outer regions. A kinetic
energy of abous x 10! erg is imparted to the material flying out (as determined
from measurements of the mass and velocity of ejecta in supernova remnants).
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About3 x 10*° erg can be observed over a period of order one month as luminous
energy, driven primarily by the decay of radioactive elements synthesized during
the last few moments before collapse, during the collapse, and during the explosion.
Although the luminous energy is only 1% of the kinetic energy, it nevertheless
makes a supernova an impressive event; the mean luminosity is of order

3 x 104 erg
30d x 24 hr x 60 m x 60 s
comparable to the luminosity of an entire galaxy of stars (see Chapter 6).

However, the total gravitational binding energy released in the collapse of the
core to a neutron star is

GM? M \?/ ro \-1
E, ~ =5x 10 ns ) 4.82
LA x (1.4M@) (10 km) ere (4.82)

ns

Lsx ~ 108 ergs ™t ~ 3 x 10°Le,  (4.81)

The kinetic and radiative energies are just small fractiens,0~2 and~ 1074,
respectively, of this energy. The bulk of the energy released in the collapse is
carried away by neutrino-antineutrino pairs. The density is so high that photons
cannot emerge from the star, and they undergo frequent photon-photon collisions.
These produce electron-positron pairs, which form neutrino pairs:

’Y+’y—>e+—‘r€7—>I/e+l7€,lju—|—l7u,y7-—|—ﬂ7- (4.83)

(the 1 and 7 neutrinos are neutrinos related to the muon and the tauon, which
are heavy relatives of the electron.) The neutrinos can pass through the star with
few scatterings (see Problem 3), and can therefore drain almost all of the thermal
energy.

A striking confirmation of this picture was obtained in 1987, with the explo-
sion of Supernova 1987A in the Large Magellanic Cloud, a satellite galaxy of our
Galaxy (the Milky Way; see Chapter 6), at a distance of 50 kpc from Earth. This
was the nearest supernova observed since the year 1604. A total of 20 antineutri-
nos (several of them with directional information pointing toward the supernova)
were detected simultaneously in the span of a few seconds by two different under-
ground experiments. Each experiment consisted of a detector composed of a large
tank filled with water and surrounded by photomultiplier tubes. These experiments
were initially designed to search for proton decay. The experiments discovered
the antineutrinos, and measured their approximate energies and directions via the
reaction

Ue+p—n+et, (4.84)

by detecting the Cerenkov radiation emitted by the positrons moving faster than
the speed of light in water. The typical energies of ths were 20 MeV. The de-
tection of 20 particles, divided by the efficiency of the experiments to antineutrino
detection (which was a function of antineutrino energy), implied that a “fluence”
(i.e., a time-integrated flux) df x 10° cm~2 electron antineutrinos had reached
Earth. The electron antineutrinog,’s, are just one out of six types of particles
(Ve, Ve, vy, Uy, V7, D7) that are produced in similar numbers and carry off the col-
lapse energy. Thus, the total energy released in neutrinos was

Feutrino ~ 2 x 10% cm™2 x 6 x (20 MeV x 1.6 x 10 %erg MeV™!)  (4.85)



STELLAR EVOLUTION AND STELLAR REMNANTS 87

x4m(5 x 10* pe x 3.1 x 10'® cm pc™1)? ~ 10°3 erg,

close to the total energy expected from the collapse of a stellar core.

We note here that there is an altogether different avenue for stars to pass the
Chandrasekhar limit and explode, in events that are c&jlpd-la supernovae
White dwarfs that are in close binaries, where mass transfer takes place from a
companion onto the white dwarf, can reakh,,. At that stage, or possibly even
before actually reaching/.,, thermonuclear ignition of the carbon core occurs.
However, this happens under degenerate conditions, without the thermostatic ef-
fect of a classical equation of state. With a classical equation of state, a rise in
temperature produces a rise in pressure that leads to an expansion of the star, a
lowering of the temperature, and a decrease in the nuclear reaction rates. Instead,
under degenerate conditions, the white dwarf structure is insensitive to the rise in
temperature, which raises the nuclear reaction rates more and more, ending in a
thermonuclear runaway that blows up the entire star. As opposed to core-collapse
supernovae, which leave a neutron star remnant (or a black hole, see below), it is
believed that type-la supernovae leave no stellar remnant (see Problem 4). It is
presently unknown what kind of star is the companion of the white dwarf in the
systems that are the progenitors of type-la supernovae. It is also possible that a
type-la explosion is actually the result of the merger of two white dwarfs — see
Problem 6. The supernova shown in Fig. 4.8 was a type-la event. We will return
later to the physics of accretion in close binaries (Section 4.6) and to the use of
type-la supernovae in cosmology (Chapters 7 and 9).

Finally, there exists a class of objects even more luminous than SNe, though
very transient, calledjamma-ray bursts (GRBs). These explosions release of
the order ofl0%! erg over a period of just a few seconds. As their name implies,
much of this energy is released at gamma-ray frequencies, but the rapidly fading
“afterglows” of the explosions can sometimes be detected at longer wavelengths
on longer timescales — minutes in X-rays, days in the optical, and weeks at radio
wavelengths. A GRB occurs about once a day in the observable Universe. It is
now known that at least half of these explosions occur in star-forming galaxies, i.e.,
galaxies that have massive young stars. This argues that some GRBs result from
the core collapse of massive stars of a particular type or in a particular configura-
tion, i.e., that they are a certain kind of core-collapse supernova. In recent years,
evidence is accumulating that actually links some GRBs to supernovae observed at
the same location. The nature and mechanisms of GRBs are still widely debated.
The large energy outputs, as well as indirect evidence of the existence of highly
relativistic bulk motions of material, suggest that GRBs involve the formation of
black holes.

The material expelled by the mass outflows from giants and by both types of
supernovae — core-collapse and la, is essentially the only source of all “heavy”
elements. Except for helium and trace amounts of the next few lightest elements,
which were synthesized early in the history of the Universe (as we will see in Chap-
ter 9), all “nucleosynthesis” takes place inside stars during their various evolution
stages, or during their explosions as supernovae.
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Figure 4.9 Flux at 430 MHz vs. time from PSR J0546+2441, a typical radio pulsar, over
several periods. The pulse period is 2.84385038524 s (i.e., measured to 12 sig-
nificant digits). Note the variable strength, and occasional disappearance of the
pulses. The inset shows a zoom-in on the pulse profile, averaged over many pe-
riods. Data credit: D. Champion, see Mon. Not. Royal. Astron. Soc. (2005),
363, 929.

4.4 PULSARS AND SUPERNOVA REMNANTS

Many neutron stars have been identified as such in their manifestatmriszss.

Pulsars were first discovered with radio telescopes in the 1960s as point sources of
periodic pulses of radio emission, with periods of the order ef 1072 to 1 s.

Today, over 1000 pulsars are known. The periods of most pulsars are observed to
grow slowly with time in a very regular manner. The predictability of the pulse
arrival times is comparable to that of the most accurate man-made clocks. Fig-
ure 4.9 shows a typical pulsar time series. One of the best studied pulsars, which
we shall use as an example, is the Crab pulsar, at the center of the Crab nebula (see
Fig. 4.10). The Crab nebula, an example sti@ernova remnant is an expanding

cloud of gaseous fragments at the same location in the sky where a bright supernova
explosion was observed and documented in the year 1054 by Chinese, Japanese,
and Korean astronomers. The Crab pulsar, from which pulsations are detected at
radio, optical, and X-ray wavelengths, has a pulsation period-ef33 ms, i.e., an
angular frequency

2
w=""_190s"1, (4.86)
T

The period derivative is

dr 1 ,
a2y ox107, (4.87)
dt  T75yr
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Figure 4.10 The Crab nebula, the remnant of a core-collapse supernova that exploded in the
year 1054, at a distance of 2 kpfop: Image in optical light. Image scale is 4 pc
on a side Bottom:Zoom in on the area marked in the top photo, in optical light
(left), with the pulsar at the center of the remnant indicated by the arrow; and
in X-rays (right), showing the pulsar, bi-directional jets, and a toroidal structure
formed by synchrotron emission from energetic particles. Note that a similar
emission morphology is faintly discernible also in the optical image on the left.
Photo credits: European Southern Observatory; and NASA/CXC/ASU and J.
Hester et al.
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or
dw 21 dt
— = =-24x10"757% 4.88
at 12 dt s (4.88)
The total luminosity of the Crab nebula, integrated over all wavelengths, is
Liot = 5 x 10%%erg s 71, (4.89)

and is mostly in the form ofynchrotron radiation, i.e., radiation emitted by rela-
tivistic electrons as they spiral along magnetic field lines.

4.4.1 ldentification of Pulsars as Neutron Stars

To see that the Crab pulsar (and other pulsars) are most plausibly identified with
spinning neutron stars, let us consider possible mechanisms for producing period-
icity of the observed magnitude and regularity. Three options that come to mind,
of astronomical phenomena associated with periodicity, are binaries, stellar pulsa-
tions, and stellar rotation. For binary orbits, the angular frequency, masses, and
separation are related by Kepler's law,
w2 = GO ID) (4.90)
a

or
[G(My + My)]'/?

w2/3

(4.91)

a =

6.7 x 1078 cgs (4 x 10%3 g)]*/3

= [ (1955(1)2/3 el =2x 10" cm = 200 km,
where we have assumed two solar-mass objects and inserted the Crab pulsar’s fre-
quency. The separatianis much smaller than the radii of normal stars or of white
dwarfs. Only a pair of neutron stars could exist in a binary at this separation. How-
ever, General Relativity predicts that two such masses orbiting at so small a separa-
tion will lose gravitational binding energy via the emission of gravitational waves
(see Problems 5 and 6). This loss of energy will cause the separation between the
pair to shrink, and the orbital frequencygomow, contrary to the observation that the
pulsar frequencies decrease with time. Thus, orbital motion of stellar-mass objects
cannot be the explanation for pulsars.

A second option is stellar pulsations. Stars are, in fact, observed to pulsate
regularly in various modes, with the pulsation period dependent on denSity as
T o p~'/2. Normal stars oscillate with periods between hours and months, and
white dwarfs oscillate with periods of 100 to 1000 s. Neutron stars, which(gre
times denser than white dwarfs, should therefore pulsate with petidmes

81t is easy to see from a dimensional argument that this must be the case for radial pulsations. Con-
sider a star that is “squeezed” radially, and then released. The restoring force due to the pressure has
dimensions of pressure times arda, ~ PA ~ (GMp/r)r?, where we have used the equation
of hydrostatic equilibrium (Eg. 3.19) to express the dimensions of the pressure. Equating this to the
mass times the acceleratiab{a ~ Mr /72, gives the required result. Note that the pulsation period,
T ~ (Gp)~1/2,is essentially the same as the free-fall timescale, Eq. 3.15.
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shorter, i.e., less than 0.1 s. However, the most common period for pulsars is about
0.8 s. There is thus no known class of stars with the density that would produce the
required pulsation period.

Finally, let us assume that the rapid and very regular pulsation is produced via
anisotropic emission from a rotating star. The fastest that a star can spin is at the
angular frequency at which centrifugal forces do not break it apart. This limit can
be found by requiring that the gravitational force on a test masat the surface,
be greater than the centrifugal force:

GM
r2m > mw?r, (4.92)
or
M WP

and therefore

_3M 3w? 3(190 s~ 1)2

T 4md T G dmx 6.7 x 10-9 cgs
for the Crab pulsar. Thus, if the Crab pulsar is a spinning star and is not flying
apart, its mean density must be at least five orders of magnitude larger than that of
a white dwarf, but consistent with that of a neutron star. Note that the pulsars with
the shortest periods known, of about 1 ms (rather than the Crab’s 33 ms), must have
mean densities 1000 times larger to avoid breaking apart4.€0!* g cm 3. This

is just the mean density we predicted for neutron stars.

Next, let us presume that the luminosity of the Crab nebula is powered by the
pulsar's loss of rotational energy as it spins down. (The observed luminosity of
the pulsar itself~ 103! erg s!, is much too small to be the energy source of the
extended emission). Since

p =13x10" gem™3,  (4.94)

1
Eiot = §Iw2, (4.95)

wherel is the moment of inertia,

B __p o

dt dt’
For an order-of-magnitude estimate, let us use the moment of inertia of a constant-
density sphere] = 2Mr2. Then

(4.96)

Ltot = -

5 Lot 5 x5 x 1038 ergs_1
Mr?~ -2 o — _ — 3% 10% 2
" Swdw/dl | 2x 1905 1(—24x109s2) > &
(4.97)

A 1.4M, neutron star of radius 10 km has just this valué\bf?:
Mr? =1.4x2x10% g x (10° cm)? = 2.8 x 10 g cm?. (4.98)

By comparison, a normal star like the Sun Bds? of order10? larger than the
value in Eqg. 4.98. Conservation of angular momentum; [w, then dictates that
when a stellar core of solar mass and solar radius collapses to a radius of about
10 km, it will spin up by a factor of order0?. The rotation period of the Sun is



92 CHAPTER 4

25.4 days, oR x 10° s, which is typical of main-sequence stars. Collapse of a
stellar core to neutron-star proportions is thus expected to produce an object with a
spin period of order milliseconds, as observed in pulsars.

Thus, we see that if we identify pulsars as rapidly spinning stars, then: their spin
rate is that expected from the collapse of the cores of main sequence stars to neutron
star dimensions; their mean densities are those of neutron stars; and their loss or
rotational energy accounts for the luminosity of the supernova ejecta in which they
are embedded, if they have the moments of inertia of neutron stars. Finally, the
location of pulsars at the sites of some historical supernovae, an explosion that
is expected to accompany the formation of a neutron star (in terms of the energy
released, even if the details of the explosion are not yet fully understood), leaves
little doubt that pulsars are indeed neutron stars.

4.4.2 Pulsar Emission Mechanisms

The details of how pulsars produce their observed periodic emission are still a mat-
ter of active research. However, it is widely accepted that the basic phenomenon is
the rotation of a neutron star having a magnetic field axis that is misaligned with
respect to the star’s rotation axis by some arfjleA spinning magnetic dipole
radiates an electromagnetic luminosity

L= 1 25,4 in? 9, (4.99)

6¢c3

whereB is the magnetic field on the surface of the star, at a radias the mag-
netic pole. Solving Eq. 4.99 foB, with the observed properties of the Crab, a
typical neutron-star radius, asth 6 ~ 1,

(6c30)Y/2 [6(3 x 1012 ems™1)3 x 5 x 1038 erg s~ 1]1/2
r3w? sin 0 (10 ¢cm)3(190s~1)2 x 1

~ 8x10'2 Gauss.

(4.100)
Magnetic fields of roughly such an order of magnitude are expected when the ion-
ized (and hence highly conductive) gas in a star is compressed during the collapse
of the iron core. The originally small magnetic field of the star (esgl, Gauss in
the Sun) is “frozen” into the gas. When the gas is compressed, the flux in the mag-
netic field lines is amplified in proportion to2, corresponding te- 10'° between
the core of a main sequence star and a neutron star.

In a process that is not yet fully agreed upon, the complex interactions between
magnetic and electric fields, particles, and radiation in the neighborhood of the
neutron star power the nebula, and also lead to the emission of radiation in two
conical beams in the direction of the magnetic axis. As the star spins and the
magnetic axis precesses around the rotation axis, each beams traces an annulus of
angular radiu® on the sky, as seen from the neutron star (see Fig. 4.11). Distant
observers who happen to lie on the path of these “lighthouse beams” detect a pulse
once every rotation, when the beam sweeps past them. This implies, of course, that
we can detect only a fraction of all pulsars, nhamely those for which the Earth lies
in the path of one of the beams.

Evidence that magnetic dipole radiation is the basic emission mechanism can be
found from the age of the Crab pulsar. If such radiation is leading to the pulsar’s
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Figure 4.11 Schematic model of a pulsar. Bi-conical beams of radiation emerge along the
magnetic axis of a neutron star. The magnetic axis is inclined by an éngle
the star’s spin axis. Observers in a direction, as viewed from the star, that is
within one of the two annular regions swept out by the beams as the star rotates
will detect periodic pulses.

loss of rotational energy, then, combining Eqns. 4.96 and 4.99,

T IUJE X W, (4.101)
and
dw Cw?. (4.102)
dt
The constanf’ can be determined from the present valuegwfdt andw,
c=2 (4.103)
Wo

Separating variables in Eq. 4.102 and integrating, we obtain for the age of the
pulsar

3
wp 1 1
toulsar = -~ | 5 — =3 | » 4.104
pulsa; 2(4)0 <w2 W?) ( )
wherew; is the initial angular frequency of the neutron star upon formation. Thus,
an upper limit on the current age of the Crab pulsar is obtained by takiagug

andw; = oo,
wo 190 s~ ¢
tpulsar </ = 9.2
200  2x24x1079s
This limit is consistent with the historical age, 950 yr, of the supernova of the year

1054. The pulsar age wilqual950 yr if we setr; = 27 /w; = 2.5 ms, close to the
expected spin rate of newly formed neutron stars.

=4x10"s = 1260 yr. (4.105)
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4.4.3 Neutron Star Cooling

As already noted, according to the above picture, we observe only a fraction of all
pulsars, those for which the Earth is in the rotating pulsar beam. More significantly,
pulsars slow down and lose their rotational energies, and as a result, at some point
in time, will become undetectable as pulsars. However, there should exist a large
population of old, spun-down, neutron stars — the remnants of all massive stars
that have undergone core-collapse to this state. In Section 4.2.3.3, we saw that the
small surface areas of white dwarfs result in very long cooling times. The surfaces
of neutron stars, smaller by five orders of magnitude compared to those of white
dwarfs, mean that old neutron stars will be “stuck” at temperatures of a6d&f,

with thermal radiation peaking at photon energies of tens of eV (called the “extreme
UV” range).

Detailed calculations of neutron star cooling are considerably more uncertain
than those for white dwarfs, partly due to the poorly constrained equation of state
on nuclear matter, which leads to uncertainty in the structure and composition of a
neutron star. A cooling calculation also needs to take into account many different
physical processes, not all fully understood, that may play a role under the extreme
conditions of gravity, temperature, density, and magnetic field inside and near the
surface of a neutron star. Interstellar gas atoms falling onto a neutron-star surface
also have an effect, and are likely to heat it to X-ray temperatures. To date, only
several candidate isolated old neutron stars have been found in X-ray surveys. The
small surface areas of neutron stars mean that their optical luminosities are very
low, and hence such objects can be found only when they are near enough. X-ray
surveys do reveal a large population of accreting neutron stars in binary systems,
called “X-ray binaries”, which we will study in Section 4.6.

4.5 BLACK HOLES

In the case of a stellar remnant with a mass above the maximum allowed mass of a
neutron star, no mechanism is known which can prevent the complete gravitational
collapse of the object. In fact, General Relativity predicts that even if some new
form of pressure sets in at high densities, the gravitational field due to such pressure
will overcome any support the pressure gradient provides, and the collapse of the
star to a singularity, dtblack hole” is unavoidable.

As its name implies, matter or radiation cannot escape from a black hole. An
incorrect derivation, giving the correct answer, of the degree to which a mass must
be compressed to become a black hole can be obtained by requiring that the escape
velocity, v., from a spherical mass of radiude greater than (and hence nothing
can escape),

GM 1, 1,

> 5'[}6 = §C 5 (4106)
r
and therefore th&chwarzschild radiusis
2GM M
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Photons cannot escape from an object with a Mdgkat is concentrated within a
radius smaller than,. The above derivation is incorrect because the kinetic energy
of a photon is notnc? /2, nor is the gravitational potential accurately described by
the Newtonian limitGM /r.

A correct derivation of-;, which we shall only outline schematically, begins with
the Einstein equations of General Relativity,

81G
G = CTT’“" (4.108)
The Einstein equations relate the geometry and curvature of spacetime to the distri-
bution of mass-energyl},, is theenergy-momentum tensdt is represented by a
4 x 4 matrix, and each of its indices runs over the four space-time coordinates. This
is the “source” term in the equations and includes mass-energy density and pres-
sure. G, is the “Einstein tensor” consisting of combinations of first and second
partial derivatives, with respect to the spacetime coordinates, ah#tgc, g, .
(A more detailed description df,,, andG/,, is given in Chapter 8). The metric

describes the geometry of spacetime via the “line element”

(d8)2 = Zg;wdxudxua (4.109)

8%

whereds is the interval between two close spacetime events. For example, the
metric (familiar from Special Relativity) which describes spacetime in a flat (“Eu-
clidean”) region of space, far from any mass concentration, istihkowski met-

ric, with a line element

(ds)? = (cdt)? — (dz)? — (dy)? — (dz)?. (4.110)
The nonzero terms of thex 4 matrix describing,,, in this case are
goo =1, g11 =—1, g2 =—1, g33 =—1L (4.111)
In spherical coordinates, the Minkowski metric has the form,
(ds)? = (cdt)? — (dr)? — (rdf)? — (rsin 0dep)?, (4.112)
ie.,
goo =1, gi1 =—1, goo=—1% g33=—r’sin0. (4.113)

SinceG,, andT),, are symmetriel x 4 tensors (e.9¢ ., = G,,.), there are only
10, rather than 16, independent Einstein equations, and a zero-divergence condition
onT,, (implying local energy conservation) further reduces this to six equations.

A solution of the Einstein equations for the geometry of spacetime in the vacuum
surrounding a static, spherically symmetric, mass distribution, as viewed by an
observer at infinity (i.e., very distant from the mass) is Sltbwarzschild metric

(ds)? = <1 — 2GM> (cdt)? — <1 — 2GM)1 (dr)? — (rdf)? — (rsinfde)?,

rc2 rc?

@.114)
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wherer, 0, and¢ are spherical coordinates centered on the masst erthe time
measured by the distant observer. The time shown by any clock can be found from
theproper time 7, defined as

dr = @ (4.115)
C
For a clock at rest (i.edr = df = d¢ = 0),
2GM\ '/ 1/2
dr = (1 . G2 ) dt = (1 - L) dt. (4.116)
rc T

Consider now a stellar remnant that is compact enough that its radius is within
rs, and hence the Schwarzschild metric (which applies only in vacuum) describes
spacetime in the vicinity of,. When a clock is placed at— r,, dr approaches
zero timesdt. During a time interval of, sayit = 1 s, measured by a distant
observer, the clock neat advances by much less. In other words, clocks appear
(to a distant observer) to tick more and more slowly as they approgacnd to
stop completely at,. This is calledgravitational time dilation .

The electric and magnetic fields of a light wave emitted by a source mear
will also appear to oscillate more slowly due to the time dilation, and therefore the
frequency of light will decrease, and its wavelengttwvill increase, relative to the
wavelength)\, of light emitted by the same source far from the black hole. This
gravitational redshift is

—1/2 ~1/2
A<12GM) -(1-7) o (4.117)

Ao rc? r

When the light source is at,, the wavelength becomes infinite and the energy of
the photonshc/\, approaches zero.

In General Relativity, once we know the metric that describes spacetime, we can
find the trajectories of free-falling particles and of radiation. In particular, mass-
less patrticles and light move alomgyll geodesics defined as paths along which
ds = 0. Settingds = 0 in Eq. 4.114, the “coordinate speed” of a light beam
moving in the radial directiondf = d¢ = 0) is

L. (1— 2GM> — ¢ (1— L) (4.118)
dt rc? r

At r > rg, the speed isc, as expected. However, as light is emitted from closer
and closer ta-,, its speed appears to decline (again, to a distant observer), going
to zero atr;. Gravity works effectively as an index of refraction, with= oo at

rs. AS a result, no information can emerge from a radius smaller thawhich
constitutes an évent horizon’ around the black hole. We have thus re-derived
(correctly, this time) the Schwarzschild radius and its main properties.

Because of gravitational time dilation, a star collapsing to a black hole, as viewed
by a distant observer, appears to shrink in progressively slower motion, and gradu-
ally appears to “freeze” as it approaches its Schwarzschild radius. In fact, it takes an
infinite time for the star to cross, and therefore, formally, black holes do not ex-
ist, in terms of distant static observers such as ourselves. (They certainly can exist,
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even in the “present” of observers who are near enough to a black hole). However,
for all practical purposes, there are no differences in observed properties between
such “frozen stars” and truly collapsed black holes. This comes about because, as
a source of light falls toward,, the rate at which photons from the source reach
the observer declines &% — r,/r)'/2. Furthermore, the energy of each photon
declines due to the gravitational redshift also(as- r,/r)'/2. The equation of
motion for a radially free-falling light source;(t), can be roughly estimated by
noting that, as the source approachgsit will move with a velocity close ta,

and hence its geodesic (i.e., its path in spacetime) will be close to that of the null
geodesic of photons. Let us take the negative solution in Eq. 4.118 (the source is
falling to smaller radii). Separating the variables,

cdt — — rdr

: (4.119)

r—Ts

changing variables to = r — r,, and integrating,

c(t—to) = —/mdw =—(z+rslnz) = —[r—rs+rsIn(r—rs)]. (4.120)
x

Asr —r, — 0, the logarithmic term becomes dominant, and we can write the

equation of motiony(t), as viewed by the distant observer, as

t—1

r—7Ts ~ €exXp |:_C(0):| . (4121)
Ts

Inserting this dependence into the expression for the decline in the observed photon

emission rate due to gravitational time dilation, we find that

dNpn rs\Y2  [r—rs 1/2 ct
- ~(1f7) ( - ) x exp (5 - (4.122)

(where in the last step we have substituted r in the denominator, and — r,
in the numerator using Eq. 4.121).
For example, for & M, stellar core undergoing its final collapse, the character-
istic time is
2rs  2x5x3km x 10° cm km™?

= = 1 —4 = .1 . 412
c 3 x 1019 cm s—1 07" s=01ms ( 3)

Thus, after a mere 20 ms, the photon rate will decline by a factof-e3w) =
10~%7. The photon emission rate from a Sun-like star emitting in the optical range,
at a typical photon energy é&fv = 1 eV, is of order

dNp, L 3.8 x 1033 erg s~!
dt hv  1eV x 1.6 x10-12 ergeV !

A factor of 1087 decrease in photon flux implies that, after just 20 ms, the photon
emission rate from the star will decrease~tol0~42 s—!. The time between the
emission of consecutive photons will thus el 042 s, many orders of magnitude
larger than the age of the Universe, which is of ortie!® yr, or ~ 10!7 s. The
“frozen star” is truly “black”, and no photons emerge from it after a timescale of
milliseconds.

~ 107 571, (4.124)
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Theoretically, quantum mechanics allows an exception to this rule, and small
amounts of so-called “Hawking radiation” can escape a black hole, even causing it
to “evaporate” completely if it is small enough. However, it is unclear if black hole
evaporation has any astronomical relevance.

Observationally, there are many objects considered to be stellar-mass black hole
candidates, consisting of members of binary systems in which the minimum mass
of one of the members is significantly larger thai, yet a main-sequence or
giant star of such mass is not seen. Presumably, black holes form from the core-
collapse of stars with an initial mass above some threshold (which is currently
thought to be abou25M ). In some of these binary systems, accretion of matter
onto the black hole is taking place. Such systems will be discussed in more detail
in Section 4.6. Finally, there is evidence for the existence of “supermassive” black
holes, with masses ef 10° — 10° M, in the centers of most large galaxies. These
will be discussed in Chapter 6.

4.6 INTERACTING BINARIES

Until now, stars were the only luminous objects we considered. However, there
exists an assortment of objects which are powered not by nuclear reactions, but
by the accretion of matter onto a gravitational potential well. Objects in this cat-
egory include pre-main-sequence stars, interacting binaries, active galactic nuclei
and quasars, and possibly some types of supernovae and gamma-ray bursts. While
all these objects are rare relative to normal stars, they are interesting and important
for many physical and observational applications. The physics of accretion is sim-
ilar in many of these objects. In this section, we will focus on interacting binaries,
which are the best-studied accretion powered objects.

As already noted, many stars are in binary systémairs with an orbital period
of less than about 10 days are usually in orbits that are circular, “aligned” (i.e., the
spin axes of the two stars and the orbital plane axis are all parallel), and synchro-
nized (i.e., each star completes a single rotation about its axis once per orbit, and
thus each star always sees the same side of its companion star). This comes about
by the action of the strontidal forces that the stars exert on each other at small
separations. The force per unit mass on a mass element at the surface of a star, at

distanceAr from the center, due to the ma&s, of the star itself is
Fgrav G]\/Il
= . 4.125
m (Ar)? ( )
The tidal force on this mass element, due to the influence of the second star of mass
M, at a distance (assumingAr < r) is

Ftide 1 1 > - QGMQAT‘

= M _— =
m GM; (7"2 (r+ Ar)? r3

(4.126)

“Current evidence is that the binary fraction among stars depends on stellar mass, with most of the
massive stars being in binaries, but most low-mass stars being single. About one-half of solar-mass stars
are in binaries.
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The ratio between the forces is ,
Ftide o 2M2 Ar 3
Fgrav_ M, (’I“) ’
Thus, the largeAr/r, the more tidal distortion of the shapes of the stars occurs,
such that they become two ovals pointing at each other. As long as the stars are not
tidally locked (i.e., synchronized and circularized), energy is continuously lost to
friction while the different parts of each star are deformed during the orbit. Once
tidal locking is achieved, everything appears stationary in a reference frame rotating
at the binary frequency, and the system achieves its minimum efergy.

If we draw the surfaces of constant potential energy in the rotating frame of such
a binary, the isopotential surfaces close to each of the stars will be approximately
spherical, but at larger radii they are more and more oval shaped, due to the gravi-
tational pull of the companion (see Fig. 4.12). There is one particular isopotential
surface for which projections onto any plane passing through the line connecting
the stars traces a “figure 8", i.e., the surface is pinched into two pointed “lobes”
that connect at a point between the two stars. These are &gtk lobesand the
point where they connect is tiérst Lagrange Point, L. At L, the gravitational
forces due to the two stars, and the centrifugal force in the rotating frame due to
rotation about the center of mass, all sum up to Zero.

In any star, surfaces of constant gas density and pressure will be parallel to sur-
faces of constant potential (which is why isolated stars are spherical). Thus, a
member of a close binary that evolves and grows in radius, e.g., into a red giant,
will have a shape that is increasingly teardrop shaped. If the star inflates enough
to fill its Roche lobe, stellar material at thig point is no longer bound to the star,
and can fall onto the companion. Three configurations are thus possible:

In adetached binaryneither of the stars fills its Roche lobe; irsami-detached
binary one of the stars fills its Roche lobe; and ic@ntact binary both stars fill

their Roche lobes. In the last case the binary system looks like a single, peanut-
shaped object with two stellar cores and a common envelope.

In the semi-detached case there is always transfer of matter from the Roche-lobe-
filling star to its companion. Different observational phenomena result, depending
on the nature of the receiving star. If it is a main-sequence star, an “Algol-type” bi-
nary system results. If the receiving star is a white dwarf, the resulting phenomena
are calledcataclysmic variables novag andtype-la supernovae If the receiver

(4.127)

8The same kind of tidal deformation is applied by the Sun and the Moon to the Earth, especially to the
Earth’s liquid water surface layer. The deformation is maximal when the three bodies are approximately
aligned, during full Moon and new Moon. During one daily Earth rotation, a point on the Earth goes
through two “high tide” locations and two “low tide” locations. Due to the loss of energy to tidal friction,
the Earth-Moon system is by now largely circularized, but only partly synchronized. On the one hand,
the Moon’s orbital and rotation periods are exactly equal, and hence we always see the same (“near”)
side of the Moon. Although the Moon is solid, synchronization was achieved by means of the solid tidal
stresses and deformations imposed on it by the Earth. The Earth’s rotation, on the other hand, is not yet
synchronized with either the Sun’s or the Moon'’s orbital periods. See Problem 8 for some quantitative
assessments of ocean tides.

9Note thatL; is generallynot at the center of mass. The center of mass is closer to the more massive
star in the binary system, while; is closer to the less massive star. Only in equal-mass binaries do the
two points coincide.
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accretion g
disk !

Figure 4.12 Equipotential surfaces (dotted curves) in the co-rotating reference frame of a
binary system with mass ratib/; /M, = 5. Left: In this example, both stars
are inside their respective Roche lobes, but are tidally distorted. Loss of energy
to tidal friction will cease only when the orbits about the center of mass become
circularized, and aligned and synchronized with the rotations, so that there is no
motion in the co-rotating frameRight: Here, the secondary star, on the right,
fills its Roche lobe. Matter flows through tfig point and falls onto the primary
star, which is now a compact object. Viewed from an inertial frame, the falling
material possesses angular momentum, and hence an accretion disk is formed
around the compact primary star.

is a neutron star or black hole, the system is calleX-aay binary .

Viewed from an inertial reference frame, the accreted material possesses angular
momentum having the direction of the system’s orbital angular momentum. (In
the rotating frame, the matter experiences a Coriolis force as it falls toward the
receiving star). If the receiving star is compact, the accreted material will not reach
the surface immediately, but rather go into orbit around the star. The gas particles
on different coplanar, elliptical orbits will collide with each other, and eventually
anaccretion disk forms around the receiving star.

4.6.1 Accretion Disks

In an accretion disk, particles move on approximately circular orbits, and lose en-
ergy and angular momentum due to viscous interaction with particles moving along
orbits at adjacent radii. The particles therefore slowly drift to progressively smaller
radii, until reaching the surface of the star (or the Schwarzschild radius, if the accre-
tor is a black hole). The frictional heat is radiated away. Although the exact process
by which viscous friction operates in accretion disks is still a matter of debate, we
can nonetheless derive some general properties of these objects.

Consider a mass element)/, in the accretion disk around a star of mads
To fall from a circular Keplerian orbit of radius+ dr to an orbit at radiug, the
mass element must lose some potential energy. Half of the lost potential energy
is necessarily converted to additional kinetic energy at the smaller radius with its
higher Keplerian velocity, and the remaining half can be converted td%hdate

10Note that this result, while following directly from Newtonian mechanics for a particle in a circular
orbit, is just another instance of the virial theorem for a classical non-relativistic system of particles in
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gain in thermal energy of the mass element will thus be
1 (GMdM GMdM
E 11— 5 - )
4B 2 ( T r+dr )
where we neglect the gravitational self-binding energy of the disk itself. Assuming

the hot gas radiates its thermal energy as a black body at the same radius where the
gravitational energy is liberated, the luminosity from an annulus in the disk will be
dE 1 dM <1 1 ):1GMMdT

inz— Mi —
d dt 2G dt 2 72

(4.128)

Py = 2(27r)droT?,

(4.129)
whereM is the mass accretion rate through a particular annulus of the dliisk,
the Stefan-Boltzmann constant, and the factor of 2 on the right hand side is because
the area of the annulus includes both the “top” and the “bottom”. Taking the two

right-hand terms and isolatirig, we find for the temperature profile of an accretion

disk
GMM e
T(r)z( ) P34, (4.130)

8mo

In a steady state}/ must be independent of (otherwise material would pile up

in the disk, or there would be a shortage of material at small radii), and must equal
the accretion rate of mass reaching the stellar surface. Thusy—3/4, meaning

that the inner regions of the disk are the hottest ones, and it is from them that most
of the luminosity emerges. The total luminosity of an accretion disk with inner and
outer radiiry, andr.,; is found by integrating over the luminosity from all annuli,

Tout 1 . 1 1
L= / 2(2nr)oT*(rydr = ~GMM ( - ) . (4.131)
Tin 2 Tin  Tout

This result could have, of course, been obtained directly from conservation of en-
ergy!! If roue > 7in, the result simplifies further to

I 1GMM

2 Tin

Itis instructive to evaluate thmdiative efficiency of accretion disks by dividing
the luminosity above by/¢2, the hypothetical power that would be obtained if all
the accreted rest mass were converted to energy:

_1GM
Ty,

If the accreting object is, e.g.,1a4 M, neutron star with an accretion disk reach-

ing down to the stellar surface at a radius of 10 km, thers about 2.5 times the

, (4.132)

(4.133)

gravitational equilibrium — in this case a system of one particle.

Note that, in addition to energy conservation, a full treatment of accretion disk structure must also
conserve angular momentum. The angular momentum per unit mass of a disk particle at radius
a circular Keplerian orbit with velocity., is J/m = rv. = vVGMr. Thus, a particle descending
to an orbit at smaller must get rid of angular momentum by transfering it to other particles in the
disk. Those particles gain angular momentum, and hence move to larger radii. Some of the gravitational
energy released by the inflow will power this outflow of matter, at the expense of the energy that can be
radiated by the disk.
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Schwarzschild radius,, = 2GM/c? (Eq. 4.107), that corresponds to such a mass
(recall thatr, ~ 3 km for 1M). The rest-mass-to-radiative energy conversion effi-
ciency is then about.10. For black hole accretors, it turns out from solution of the
General Relativity equations of motion that gas particles have a “last stable orbit”
at which they can populate the accretion disk. At smaller radii, a particle quickly
spirals in and crosses the event horizon, carrying its remaining kinetic energy with
it. The last stable orbit for a non-rotating black hglés at3r,. Accretion disks
around such black holes will therefore have an efficiency/d2 ~ 0.08, some-

what lower than accretion disks around neutron stars. (A solution of the problem
using the correct General Relativistic, rather than Newtonian, potential, gives an
efficiency of 0.057). The point to note, however, is that, in either case, the effi-
ciency is an order of magnitude higher than the efficiency of the nuclear reactions
operating in starsy = 0.007 or less. Furthermore, only a tiny fraction of a main-
sequence star’s mass is involved at any given time in nuclear reactions, whereas an
accretion disk can extract energy with high efficiency from all of the mass being
channeled through it. Under appropriate conditions, accretion disks can therefore
produce high luminosities.

Let us calculate the typical luminosities and temperatures of accretion disks in
various situations. In cataclysmic variables, the accretor is a white dwarf, with
a typical mass ofl M, and a radius ofl0* km. A typical accretion rafg is
10~9My, yr~!. This produces a luminosity of

71GMM C6.7x107 8 cgsx2x 103 g x 1079 x 2 x 10%3 g

L
2 Tin 2 x3.15x 107 s x 10° cm

(4.134)

=4x10¥ ergs™' ~ Lg.

The luminosity from the accretion disk thus completely overpowers the luminosity
of the white dwarf. The disk luminosity can be much greater than that of the donor
star (for low-mass main-sequence donors, the most common case), comparable to
the donor star (for intermediate-mass main sequence stars) or much smaller than
the donor luminosity (for high-mass main sequence and red-giant donors). At the
inner radius (which dominates the luminosity from the disk) the temperature is (Eq.
4.130)

8o

.\ 1/4
T(r)z(GMM> P34 (4.135)

12p black hole is fully characterized by only three parameters — its mass, its spin angular momentum,
and its electric charge (the latter probably not being of astrophysical relevance, because astronomical
bodies are expected to be almost completely neutral). Spacetime around a rotating black hole is de-
scribed by a metric called the Kerr metric, rather than by the Schwarzschild metric. Black hole spin is
accompanied by the general relativistic phenomenon of “frame dragging”, in which spacetime outside
the event horizon rotates with the black hole. In a rotating black hole, the last stable orbit and the event
horizon are at smaller radii than in the non-rotating case.

13The accretion rate can be limited by the rate at which the donor star transfers mass through the
L7 point, by the efficiency of the viscous process that causes material in the accretion disk to fall to
smaller radii, or by the radiation pressure of the luminosity resulting from the accretion process — see
Section 4.6.2
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(6.7 x 1078 cgs x 2% 1038 g x 1079 x 2 x 1033 g 1/4(109 -
- 3.15 x 107 5 X 87 x 5.7 x 10-5 cgs o

=5 x 10*K.

The thermal spectrum from the disk therefore peaks in the far UV part of the
spectrum, and is usually distinct from the spectrum of the main-sequence or red
giant donor star (which of course generally has a red spectrum). The integrated
spectrum of the system will therefore have at least two distinct components.

When the orbits of cataclysmic variables are sufficiently inclined to our line of
sight, monitoring the total light output over time, as the systems rotate, reveals
changes due to mutual eclipses by the various components: the donor star, the ac-
cretion disk, and sometimes a “hot spot” where the stream of matter from the donor
hits the disk. The changing projected area of the distorted donor star also affects
the light output. Analysis of such data allows reconstructing the configurations
and parameters of these systems. In addition to the periodic variability induced by
eclipses and changes in orientation, accreting systems reveal also aperiodic vari-
ability, i.e., variations with a “noise-like” character. These variations likely arise
from an unstable flow of the material overflowing the donor’'s Roche lobe, causing
changes inV/, as well as from instabilities and flares in the accretion disk itself.

In a class of cataclysmic variable calledvaethere are also outbursts of lu-
minosity during which the system brightens dramatically for about a month. The
outbursts occur once eveiy) — 10° yr, as a result of rapid thermonuclear burn-
ing of the hydrogen-rich (and hence potentially explosive) accreted material that
has accumulated on the surface of the white dwarf. Assuming again an accretion
rate of10~° M, yr—!, over a period of 1000 yr, a mass 1f~% M, will cover the
surface of the white dwarf. If completely ignited, it yields an energy

Frova = 0.007mc? = 0.007x 1079 x2x 10%* g x (3x 10*° cm s71)? ~ 10%0 erg.
(4.136)
When divided by a month2(5 x 10° s), this gives a mean luminosity df x
103 erg s' = 10L, i.e., 10° times the normal luminosity of the accretion
disk. In reality, only partial processing of the accreted hydrogen takes place, and
the energy is also partly consumed in unbinding some material from the underlying
white dwarf. On the other hand, for longer recurrence times between outbursts, the
mass of accumulated hydrogen can be larger than assumed above. The gamma-ray
spectra of novae reveal emission from the radioactive decay of elements that are
synthesized in these explosions, providing direct evidence of the process at hand.
As discussed in Section 4.3.3, under certain conditions (likely involving the
reaching of the Chandrasekhar mass by the accreting white dwarf) an extreme,
runaway version of the nova eruption, called a type-la supernova, occurs. In such
an event, a large fraction of the white dwarf mass (i.e., of otdéf, of carbon,
rather than the0—® M, of hydrogen in the nova case) is ignited and is explosively
synthesized into iron-group elements. The total energy is, correspondif§ly,
times larger than that of a nova, i.€0°*~>2 erg. As in the core-collapse supernova
explosions that end the life of massive stars, the ratio of kinetic to luminous energy
is about 100, and thus type-la supernovae, with a luminosity of altgtit.,, can
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outshine their host galaxies for a period of about a month (see Problem 4). Al-
though core-collape supernovae and type-la supernovae have similar luminous and
kinetic energy outputs, one should remember that in core-collapse supernovae 99%
of the energy is carried away by neutrinos, and therefore core-collapse supernovae
are intrinsically far more energetic events. Type-la supernovae have a narrow range
of observed optical luminosities, probably as a result of the fact that they generally
involve the explosion of about4 M of white dwarf material. These supernovae

are therefore very useful as “standard candles” for measuring distances. In Chap-
ters 7 and 9 we will see how they have been used in this application.

When the receiving star in an interacting binary is a neutron star or a black hole,
the inner radius of the accretion disk is of order 10 km, rather fitdrkm, and
therefore the luminosity is much greater than in a white dwarf accretor. For exam-
ple, scaling from Eq. 4.134, if the accretor id.d M, neutron star with the same
accretion rate, the accretion-disk luminosity is of ortiét” erg s''. The temper-
ature at the inner radius, scaling &8'/4r—3/4 (Eq. 4.135), isT’ = 10" K. The
emission therefore peaks in the X-rays, and hence the name “X-ray binaries”. In
reality, due to the extreme matter and radiation densities, temperatures, and mag-
netic fields near the surface of a neutron star, the accretion disk may not actually
reach the surface, and accreting material is sometimes channeled to the poles, form-
ing a hot-spot where it hits the surface. In addition to the thermal emission from
the accretion disk, other, non-thermal, radiation components are observed in such
systems, e.g., synchrotron emission from relativistic electrons spiraling along mag-
netic field lines. Some accreting white dwarfs also possess strong magnetic fields
that funnel the accretion flow directly onto hot spots on the white dwarf. Such
“magnetic cataclysmic variables” also appear then as X-ray sources.

4.6.2 Accretion Rate and Eddington Luminosity

The above discussion shows that the properties of accreting systems are largely
determined by three parameteks, M, andry,,. M andry, are limited to particular
values by the properties of stars and stellar remnants. However, the accretion rate,
M, also cannot assume arbitrarily large values. To see this, consider an electron
at a radiug’ in an ionized gas that is taking part in an accretion flow toward some
compact object of mage/. The accretion flow produces a luminosity per frequency
interval L,,, and therefore thdensityof photons with energjtv atr is

j— LV

"~ dwr2chy’
The rate at which photons of this energy are scattered via Thomson scattering on
the electron is

Tiph (4.137)

Rscat = NphoTC, (4138)

whereo is the Thomson scattering cross section. Each scattering event transfers,

on average, a momentupn= hv/c to the electron. The rate of momentum transfer

to the electron, i.e., the force exerted on it by the radiation, is then
dp hv _ Lyor

= Rgcat— = .
dt seat . 47ric

(4.139)
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The total radiative force on the electron is obtained by integrating over all frequen-
ciesv,

LUT

Frod = (4.140)

4mrie’
The electron would be repelled from the accreting source of luminosity, were it
not for the gravitational attraction of the accreting object. This force will be much
greater on protons than on electrons. However, the Coulomb attraction between
electrons and protons prevents their separation, and therefore the gravitational at-
traction on a proton effectively operates on neighboring electrons as well. The
attractive force on the electron is therefore
GMm,,

7“2
The accretion flow, and its resulting luminosity, can proceed only if the radiative
force does not halt the inward flow of matter, i.B,,q < Fyrav. Equating the two
forces, using Eqns. 4.140 and 4.141, we obtain the maximum luminosity possible
in a system powered by accretion,

_ dmeGMm,,

or

Fyray = . (4.141)

L (4.142)

CAr x3x 1010 x 6.7 x 107 cgs x 2x 10 g x 1.7 x 1072* g M

6.7 x 10725 cm? Mg

38 -1 M 4 M
=13 x 10°° erg s M =6.5x10 L@MQ.

This limiting luminosity is called th&ddington luminosity.

Recalling our derivation, above, of a luminosity of ordé?” erg s~! from an ac-
cretion disk around &4, neutron star with an accretion raté = 10~ M yr—1,
we see that an accretion rate, say, 100 times larger would bring the system to a lu-
minosity of several timeé g, and is therefore impossible. This is not strictly true,
since in the derivation of g we have assumed spherical accretion and an isotrop-
ically radiating source. Both assumptions fail in an accretion disk, which takes
in matter along an equatorial plane, and radiates preferentially in directions per-
pendicular to that plane. Nevertheless, detailed models of accretion disk structure
show that disks become unstable when radiating at luminosities approdching
The Eddington limit is therefore a useful benchmark even for non-spherical ac-
creting systems. Finally, note thaty applies to systems undergoing steady-state
accretion. Objects of a given mass can have higher luminosities (see, e.g., the lu-
minosities of novae and supernovae that we calculated above), but then an outflow
of material is unavoidable, the object is disrupted, and the large luminosity must be
transient.

4.6.3 Evolution of Interacting Binary Systems

The transfer of mass between members of interacting binaries can have drastic
effects on both members. We recall that isolated neutron stars power their pulsar
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emission and their surrounding supernova remnant emission at the expense of their
rotational energy, and thus gradually slow down. A neutron star in a binary system,
if accreting matter from its companion, under suitable conditions can gain angular
momentum, which can spin the pulsar back up. Thus, many pulsars in binary
systems are spinning at millisecond frequencies, i.e., close to the maximal spin
possible for a neutron star, and have negative period derivaft/gsthey are still
being spun up by the accretion; see Problem 9). The neutron star can also affect the
donor star. The jets and beams present in pulsars may hit one side of the donor star
(the binaries are tidally locked), heat it, ablate it, or completely destroy it. Several
examples of such “black-widow pulsars” are known, in which an old millisecond
pulsar has no companion, or in which the companion is a white dwarf of much too
small a mass to have evolved in isolation from the main sequence (i.e., white dwarfs
of such mass form after a time that is much greater than the age of the Universe).
The transfer of mass and angular momentum in an interacting binary can also
lead to complex evolution of the parameters of the system, such as binary separation
and accretion rate. Changes in those parameters can then affect the future evolution
of the system. Let us see how this works. The orbital angular momentum of a
circular binary composed of masskf and M, with separatior: is

J = Iw = pa’w, (4.143)
where! is the moment of inertia, andis the reduced mass,
Mi Mo
= —. 4.144
VAR ( )

(For simplicity, we will ignore the spin angular momentum of the stars.) Substi-
tutingw from Kepler's Law (Eq. 2.35),

W2 = G(Ml + MQ)

. , (4.145)
a

we get
J=pu G(M1 + Mg)a. (4146)

Assuming conservation of total mass and angular momentum, the time derivative
of J equals zero,

gzdmm+%w@f+“dﬁ:q (4.147)

2/a di
or
2dp  lda
_za 4.148
pwdt a dt - ( )
Expressing: in terms of its constituent masses,
d/,d 1 dMl dMQ
_ = M. M . 4.149
dt M1+M2(dt 2 Mg (4.149)
However, conservation of mass means that= — M,, and hence
d M
B 2 (My— My). (4.150)

dt — M, + M,
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Replacing in Eq. 4.148, we finally get

- M1 — Mg 1da
2M, ML adi (4.151)

Eq. 4.151 determines how the period and separation of the system evolve, de-
pending on the constituent masses, the accretion rate, and its sign. For exam-
ple, consider a system that starts out with two close main sequence stars, with
My > M. M will therefore be the first to become a red giant, fill its Roche lobe,
and transfer mass tbl,. SinceM; loses mass)/; is negative. From Eq. 4.154,
is then negative. In other words, the two stars approach each other. The decrease
in separatioru means that the Roche lobe arouhi moves to a smaller radius,
and the accretion rate grows further. If this trend is not interrupted (e.g., by the end
of the giant stage af/,), the system reaches a common envelope stage. Evolution
resumes oncé/; becomes a white dwarf, or at a later stage, whénbecomes
a red giant, if it fills its Roche lobe. Accretion will now be in the opposite sense,
and ]/, is therefore positive. If, despite the earlier accretion phase and the individ-
ual stellar evolution/; is still larger thanM5, thena will now be positive. If the
Roche lobe size af/, overtakes the star’s radius, accretion will stop. Alternatively,
if by this time M, > Mj, the two stars will again approach each other and there
may be a second common envelope phase. Obviously, there are many other possi-
ble evolution paths, depending on the initial parameters. Moreover, in reality stars
lose mass throughout their evolution by means of winds, and therefore the total
mass and angular momentum of a binary system will generally not be conserved,
opening further binary evolution paths.

PROBLEMS

1. In afully degenerate gas, all the particles have energies lower than the Fermi
energy. For such a gas we found (Eq. 4.19) the relation between the density
n. and the Fermi momentupy:

_ 87 5

a. For a nonrelativistic electron gas, use the relatips- /2m.E; between
the Fermi momentum, the electrom mass, and the Fermi energiy, to
expressty in terms ofn. andme.

b. Estimate a characteristic under typical conditions inside a white dwarf.
Using the result of (a), and assuming a temperafire: 107 K, evaluate
numerically the ratidz,;, / E'y, whereE,, is the characteristic thermal energy
of an electron in a gas of temperatufe to see that the electrons inside a
white dwarf are indeed degenerate.

2. Cold, planetary-mass, objects such as Jupiter are mostly devoid of internal
thermal energy sources, as is the case of white dwarfs. However, planets are
supported against gravity by repulsive atomic electrostatic forces rather than
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by free electron degeneracy pressure. Estimate the maximum mass that can
be supported by atomic electrostatic forces, as follows.

a. Approximate the typical pressure inside a planet by means of the electro-
static Coulomb energy density due to each atom’s repulsion of its adjacent
atoms. Ignore the effect of non-adjacent atoms, whose charges are screened.
Assume a pure atomic-hydrogen composition. Assume further that the atoms
are distributed on a static grid of constant density with separatipasd
hence there are six neighboring atoms surrounding each atom, with the cen-
ters of their electron clouds separated-by from the center of the electron
cloud of the central atom.

b. Express the planet radius in terms of the planet nddsshe hydrogen
atom massm, and the “rigid” inter-atomic spacing, and then write the
gravitational binding energy density of the planet in terms of these parame-
ters.

c. Equate the electrostatic energy density you found to the gravitational bind-
ing energy density. The inter-atomic spacinghould cancel out from the
equation (why?). Find the mass at which this equality occurs, and compare
to Jupiter's mass)/; ~ 0.001 M.

Answer:8M ;. For larger masses, the gravitational energy density will over-
come the atomic electrostatic repulsion, the planet radius will stop growing
with mass as fast a&/'/3, the density will increase, and quantum degener-
acy pressure of the electrons will set in as the main source of pressure. From
there on, the planet’s radius will decrease as its mass increasas, &S

(Eq. 4.34).

. Most of the energy released in the collapse of a massive star to a neutron star

(a core-collapse supernova) is in the form of neutrinos.

a. If the just-formed neutron star has a madgs= 1.4M; and a radius

R = 10 km, estimate the mean nucleon density, in"ém Find the mean

free path, in cm, of a neutrino inside the neutron star, assuming the den-
sity you found and a cross section for scattering of neutrinos on neutrons of
oun = 10742 cm?.

b. How many seconds does it take a typical neutrino to emerge from the neu-
tron star in a random walk?

Hint: neutrinos travel at a velocity close ¢o Recall that the radial distance

d covered in a random walk df steps, each of lengthis d = v/NI.

c. Twelve electron antineutrinos from Supernova 1987A were detected by
the Kamiokande neutrino detector in Japan. This experiment consisted of a
tank filled with 3 kton of water, and surrounded by photomultiplier tubes.
The photomultipliers detect the Cerenkov radiation emitted by a recoiling
positron that is emitted after a proton absorbs an antineutrino from the super-
nova. Estimate how many people on Earth could have perceived a flash of
light, due to the Cerenkov radiation produced by the same process, when an
antineutrino from the supernova traveled through their eyeball. Assume that
eyeballs are composed primarily of water, each weighs about 10 g, and that
the Earth’s population was 5 billion in 1987.
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4. Type-la supernovae are probably thermonuclear explosions of accreting white
dwarfs that have approached or reached the Chandrasekhar limit.
a. Use the virial theorem to obtain an expression for the mean pressure inside
a white dwarf of masd/ and radiusR.
b. Use the result of (a) to estimate, to an order of magnitude, the speed of
soundws = +/dP/dp ~ +/P/p, inside a white dwarf. In an accreting white
dwarf with a carbon core that has reached nuclear ignition temperature, a
nuclear burning “flame” encompasses the star at the sound velocity or faster.
Within how much time, in seconds, does the flame traverse the radius of the
white dwarf, assumindg? = 10* km, M = 1.4M,? Note that thisound-
crossing timescalds ~ (Gp)~'/2, which is also the free-fall imescale (Eq.
3.15)
c. Calculate the total energy output, in ergs, of the explosion, assuming the
entire mass of the white dwarf is synthesized from carbon to nickel, with a
mass-to-energy conversion efficiency of 0.1%. Compare this energy to the
gravitational binding energy of the white dwarf, to demonstrate that the white
dwarf explodes completely, without leaving any remnant.
d. Gamma rays from the radioactive deca§Ni —°6 Co + v —%6Fe + ~
drive most of the optical luminosity of the supernova. The atomic weights
of ®6Ni and®SFe are 55.942135 and 55.934941, respectively. Calculate the
total energy radiated in the optical range during the event. Given that the
characteristic times for the two radioactive decay processes are 8.8 days and
111 days, respectively, show that the typical luminosity i$0'° L.

5. General Relativity predicts that accelerated masses raplatitational waves
thereby losing energy, in analogy to the emission of electromagnetic radia-
tion by accelerated charges. There is indirect evidence for the existence of
such waves from the orbital time evolution of some binary pulsars. If gravi-
tational radiation were also responsible for the loss of rotational erférgy
of isolated pulsars (e.g., the Crab pulsar), then a dependence

dE rot 6
X W
dt

would be expected, wheteis the angular rotation velocity.

a. Under the above assumption, find an expressiow for.

b. For the time dependence found in (a), derive an upper limit for the age of
the Crab pulsar. Given that the supernova that marked the Crab’s formation
occurred in the year 1054, is gravitational radiation a viable braking mecha-
nism for the Crab pulsar?

6. A type-la supernova is thought to be the thermonuclear explosion of an ac-
creting white dwarf that goes over the Chandrasekhar limit (see Problem 4).
An alternative scenario, however, is that supernova-la progenitors are white
dwarf binaries that lose orbital energy to gravitational waves (see Problem 5)
until they merge, and thus exceed the Chandrasekhar mass and explode.

a. Show that the orbital kinetic energy of an equal-mass binary with separa-
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tion ¢ and individual masse&/ is

M2
Ek = ¢ )
2a

and the total orbital energy (kinetic plus gravitational) is minus this amount.
b. The power lost to gravitational radiation by such a system is

. 25 (2GM\°
EgW: C(G)

- 5G \ c2a

By equating to the time derivative of the total energy found in (a), obtain a
differential equation for(t), and solve it.

c. What is the maximum initial separation that a white-dwarf binary can

have, if the components are to merge within 10 Gyr? Assume the white
dwarfs havel M, each, and the merger occurs whes: 0.

Answer:0.016 AU.

. A star of massn and radiug- approaches a black hole of magsto within

a distancel > r.

a. Using Eq. 4.127, express, in termsofr, andM, the distance at which

the Newtonian radial tidal force exerted by the black hole on the star equals
the gravitational binding force of the star, and hence the star will be torn
apart.

b. Find the black-hole mas® above which the tidal disruption distancg,

is smaller than the Schwarzschild radius of the black hole, and evaluate it for
a star withm = M, andr = rg. Black holes with masses above this value
can swallow Sun-like stars whole, without first tidally shredding them.
Answer:108 M.

c. Derive a Newtonian expression for ttengential tidal force exerted in-
ward on the star, in terms of, », M, andd, again under the approximation

r < d. The combined effects of the radial tidal force in (a) and and the
tangential tidal force in (c) will lead to “spaghettification” of stars, or other
objects that approach the black hole to within the disruption distance.

Hint: Remember that the star is inradial gravitational field, and hence
there is a tangential component to the gravitational force exerted on regions
of the star that are off the axis defined by the black hole and the center of the
star. The tangential component can be found by noting that the small angle
between the axis and the edge of the stat is/d.

Practitioners of some schools of yoga are warned not to perform yoga during
the full or the new Moon, citing the tidal effect of the Moon at those times
on other “watery bodies” such as the oceans. Let us investigate this idea.

a. Verify the dramatic tidal effect of the Moon on the oceans by using Eg.
4,127 to calculate the ratio of the tidal “lifting forcd”;q. and the Earth’s
gravitational attractionf,,.,, for a point mass on the surface of the Earth
and on the Earth-Moon line. Use this ratio to estimate the change in water
height, in cm, between high tide and low tide, due to the moon alone. Repeat
the calculation for the tidal effect due to the Sun alone.
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Hint: The surface of the oceans traces an equipotential sugf&sesonstant,
whereR is the distance from the Earth’s center to the ocean surface at every
point, andyg is the effective gravitational acceleration at every point on the
surface. Translate the tidal-to-gravitational force ratio into a relative change
in g between a point at high tide (which experiences the full tidal force) and
a point at low tide (which experiences no tidal force), and thus derive the
relative change irR.

Answers:77 cm due to Moon, 33 cm due to Sun.

Note: While the Sun and Moon are the drivers of ocean tides, a reliable calcu-
lation of tides at a particular Earth location must take into account additional
factors, including the varying distances between Earth, Moon, and Sun (due
to their elliptical orbits), their inclined orbital planes, the latitude, coastline
shape, beach profile, ocean depth, water viscosity and salinity, and prevailing
ocean currents.

b. Calculate by how much (in milligrams) you are lighter when the full or
new Moon is overhead or below, compared to when it is rising or setting,
assuming your body weight is 50 kg.

c. Calculate in dynes and in gram-force (i.e., in dynes divided by the grav-
itational accelerationy = 980 cm s~2) the tidal stretch exerted on your
body by the Moon plus the Sun when you are standing up with the full or
new moon overhead. Assume your body weight is 50 kg and your height is
180 cm.

9. A spinning neutron star of magy = 1.4 Mg, constant density, and
radius R = 10 km has a period® = 1 s. The neutron star is accret-
ing mass from a binary companion through an accretion disk, at a rate of
M =10""? M., yr—t. Assume the accreted matter is in a circular Keplerian
orbit around the neutron star until just before it hits the surface, and once it
does then all of the matter’'s angular momentum is transferred onto the neu-
tron star.

a. Derive a differential equation fd?, the rate at which the neutron-star pe-
riod decreases.

b. Solve the equation to find how long will it take to reaBh= 1 ms, the
maximal spin rate of a neutron star.

Hint: Calculate the Keplerian velocity of the accreted material a moment
before it hits the neutron star surface, and use it to derive the angular mo-
mentum per unit mass of this materidl/m. The angular momentum of a
rotating object with moment of inertid is Iw. The rate of change of the
star’s angular momentum is just the rate at which it receives angular momen-

tum from the accreted matter, i.e.,
d )
—(Iw)=M

o)

The moment of inertia of a constant-density spherke4s %MRQ. Solve for

the angular acceleratiah neglecting changes in the neutron star’'s mass and
radius. (This will be justified by the result). From the relatiBn= 27 /w,
derive P. This “spin-up” process explains the properties of old, “millisecond

J

m
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pulsars”, some of which, indeed, have negafive

Answer:2.6 x 108 yr. Over this time, the neutron star mass increases by 18%,
and its radius decreases by 5%, justifying the approximation of constant mass
and radius.

A compact accreting object of maas is radiating at the Eddington lumi-
nosity (Eq. 4.142) corresponding to that mass,

B 4rcGMm,,

) M
Lp = =1.3x 10*® erg sflM—.

or 0]
An astronaut wearing a white space suit is placed at rest at an arbitrary dis-
tance from the compact object. Assuming that the cross-sectional area of the
astronaut’s body ist = 1.5 m?, find the maximum allowed mass of the
astronaut, in kg, if the radiation pressure is to support her from falling onto
the compact object.
Hint: By definition, a proton at any distance from this object will float, its
gravitational attraction to the object balanced by the radiation pressure on
nearby electrons. Consider the astronaut as a particle withrmass cross-
section equal to her geometrical cross-sectioh(the factor of 2 is because
her suit is white, so every photon reflection transfers twice the photon mo-
mentum). Compare: to m, and2A to or.
Answer:77 kg.



Chapter Five

Star Formation, H Il Regions, and the Interstellar

Medium

Much of thebaryonic matter (i.e., matter composed of protons and neutrons) in
the Universe is not inside stars, but is, instead, distributed between the stars. The
interstellar medium (ISM), consists of molecular, atomic, and ionized gas, with
large ranges of densities and temperatures, as well as solid particlastoMost

of the volume of the ISM is in the ionized and atomic gas phases. However, the
molecular gas phase is particularly interesting because new generations of stars can
form, under some conditions, out of this material. The newly-formed stars then
influence the remainder of the gas from which they formed, by means of outflows,
photodissociation and photoionization by the radiation from massive stars, shocks
and element enrichment from the explosions of the massive stars as core-collapse
supernovae, and more. The ISM, in turn, releases this stellar energy by means
of physical processes that are distinct from those we have seen in stars and stellar
remnants. In this chapter, we will focus on the ISM in star-forming regions. We will
briefly survey star forming environments, some of the properties of young stellar
populations, the main physical processes that operate in the ISM around newly
formed stars, and the observable consequences of those processes.

5.1 CLOUD COLLAPSE AND STAR FORMATION

Stars are seen to form in “molecular clouds”, which are one component of the
ISM. Molecular clouds are randomly shaped agglomerations composed mainly of
molecular-hydrogen gas, with typical massed@f — 10° M, sizes of hundreds
of parsecs, and typical particle densitiesl6f — 10* cm~3. The temperatures in
molecular clouds are between10— 100K. Molecular clouds are the largest, most
massive, gravitationally bound objects in the ISM. While the densities of molecular
clouds are among the highest encountered in the ISM, it is important to realize
that even this gas is extremely rarified compared to gas at an atmospheric density
of ~ 10 cm™3. In fact, the densities of molecular clouds are many orders of
magnitude lower than the density of the best vacua achievable in the laboratory.
(We will see below that these low densities have an important effect on the radiation
emitted by the ISM.) The nearest (and probably the best studied) giant molecular
clouds are in the Orion star-forming region, at a distance of about 500 pc. Several
views of this region are shown in Fig. 5.1, at various wavelengths and scales.

As we have seen, the mean mass densities inside stars arg cm 3, i.e.,
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Figure 5.1 Several views of the Orion star-forming regiGounterclockwise from top pair:
A map showing radio emission from the CO molecule, superimposed on an op-
tical image of the familiar constellation; near-infrared zoom in on the region
which constitutes the “sword” of the constellation, centered on the Orion nebula;
a further zoom-in (about 1 pc on a side) on the “Trapezium” cluster of massive
young stars that power the brightest H Il region; and optical images of several
protoplanetary disks around young stars, seen as dark silhouettes on the back-
drop of the gas emission. Disk diameters ard 00 — 500 AU. Photo Credits:
S. Sakamoto et al., see Astrophys. J., 425 (1994), 641; G. Kopan, R. Hurt, and
the Two Micron All Sky Survey; M. McCaughrean and the European Southern
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particle densities of~ 10%* cm=3. Thus, to form new stars, some regions of a
molecular cloud must be compressed by many orders of magnitude. The details
of the process of star formation are not understood yet. We can outline, however,
some of the general criteria under which gravitational contraction of a gas cloud
can proceed, and potentially lead to the conditions required for star formation.

5.1.1 The Jeans Instability

Let us assume, for simplicity, a spherical gas cloud of constant denaitg tem-
peraturel’, composed of particles with mean maas The gas is ideal, classical,
and nonrelativistic. The cloud’s mass g, its radius isr, and its gravitational
energy is

GM?

Byl ~ ———. (5.1)

If the cloud undergoes a radial compressionthe gravitational energy will change
(become more negative) by

GM?
The volume will decrease by
dV = 4mridr, (5.3)

and the thermal energy will therefore grow by
dr

dEy, = PdAV = nkT4rr?dr = . (5.4)
T

M
———kT4rr?dr = 3—kT
m§7r1"3 m

The cloud will be unstable to gravitational collapse if the change in gravitational
energy is greater than the rise in thermal energy (and the pressure support it pro-
vides),

|dEy| > dEi,. (5.5)

Substituting from Egns. 5.2 and 5.4, we see that this means that, for a cloud of
given radiusr and temperatur&’, collapse will occur if the mass is greater than
theJeans mass

B 3I<:Tr
T Gam

Equivalently, a cloud of mas&/ will collapse only if its radius is smaller than the
Jeans radius

M (5.6)

_Gm o,
3kT
This condition can also be stated as a condition on the density, which must be larger

than theJeans density

M 3 (3kT\®
= P— . 5-8
Pl dmrd AmM? ( Gm > (5-8)

Ty (57)
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Let us obtain some representative humbers for a typical molecular cloud with
M ~ 1000Mg andT ~ 20 K. At these low temperatures, there are few free
electrons, and most of the hydrogen is bound gniblecules, sen ~ 2myg. The
Jeans density is then

3 3x1.4x10 0 erg K™t x 20K
4w (1000 x 2 x 1033 g)2 \ 6.7 x 1078 cgs x 2 x 1.7 x 10~ g

3

) (5.9)

Py =

=3x10"*gem 3,

corresponding to a number density of

x 10724 g cm ™3
ny(Hy) = ':n%] = ?2) » 197 » 1gO—24 . Lem™3. (5.10)
Thus, the typical observed density of molecular cloud$,— 10* cm~3, is several
orders of magnitude higher than the Jeans density and, according to the criterion
we have just formulated, the clouds should be unstable to gravitational collapse.
Since the clouds exist and appear to be long-lived, another source of pressure, other
than thermal pressure, must be present. It is currently believed that the dominant
pressure is provided by turbulence, magnetic fields, or both.
If, rather than looking at the entid®00/., cloud, we consider a one-solar-mass
clump of gas inside the cloud (with the same temperatufe ef 20 K and density
of 102 — 10* cm~3), the Jeans density for this clumpi6® times larger, i.e.~
105 em~3. This is much higher than the actual density of the clump, and the clump
is thus stable against collapse. We can therefore expect the collapse of a molecular
cloud to begin with the larger masses, that more easily pass the Jeans criterion.
As the collapse proceeds and the density increases, progressively smaller regions
of the cloud reach the Jeans density for their masses, and can start to collapse
independently. This fragmentation into smaller and denser masses continues until
the creation of a cluster of individuglotostars, i.e., objects that will evolve into
stars on the main sequence. From Eq. 5.7, the Jeans radius of a molecular cloud
fragment of mass of ordérM,, which can eventually collapse to such a protostar,
is

ry ~ 5 x 10 cm. (5.11)

5.1.2 Cloud Collapse

Although the Jeans criterion provides a necessary condition for the onset of col-
lapse in a gas cloud, the collapse involves the release of gravitational energy, and
can proceed only if there is an avenue for releasing this energy. If, for example,
the gravitational energy is converted to thermal energy and the temperature and the
pressure rise, the Jeans mass will rise and the collapse will stop. The contraction
will then proceed slowly, at a pace determined by the rate at which thermal energy
is radiated away. However, if the gravitational energy is converted to some other,
non-pressure-producing, form, then the collapse of a cloud that passes the Jeans
criterion can proceed on a free-fall time. Two such avenues for converting grav-
itational energy, which are important in star-forming regions, are dissociation of



STAR FORMATION, H Il REGIONS, AND THE INTERSTELLAR MEDIUM 117

Hs, which uses up 4.5 eV per molecule, and ionization of hydrogen, which takes
13.6 eV per atom.

Consider, for example, théM, clump discussed above. If hydrogen disso-
ciation and ionization can take place, then once the density has reached the Jeans
value for such a masp; = 3 x 1078 g cm3, the cloud can collapse on a free-fall
timescale (Eq. 3.15)

3 \1/2 3 1/2
T = (5.12)
32Gp 32%x6.7x 1078 cgs x 3 x 1078 gem—3

= 1.2 x 10'? s = 40,000 yr.

The free-fall collapse will stop once most of the hydrogen is iistociatedand

then ionized, because continued compression past that point will quickly raise the
temperature and pressure. We can find the properties of the collapsed cloud at its
new equilibrium state from the virial theorem, which we developed in the context
of stellar physics. At the new virial equilibrium, the thermal energy of the (now
ionized) gas will again equal minus-one-half the gravitational energy. If we make
the crude approximation that, during the collapse, the gas does not radiate away
any energy (as in the treatment of convection in Chapter 3.12, this is an “adiabatic”
approximation), then the gravitational energy, in turn, equals the energy converted
in breaking up the molecules and the atoms. Thus,

M M
Eg = — <4.5 eV + —13.6 eV) (5.13)
2mH mpg
and
3 3 M
Egw=-NkT = - —kT 5.14
T 2 0.5my ®.14)
o)
3 M 1/ M M
— kT'=—-|-——45eV+—13.6eV |. 5.15
2 0.omg 2 (2mH v mp ¢ ) ( )
The typical particle energy at the new equilibrium is then
3 1 1
§kT = §4’5 eV + 113.6 eV =4.0¢eV, (5.16)

and the temperature is
2 4eV
T=- —
30.86 x 1074 eV K

To find the radius of the clump at this new equilibrium, we can again invoke the
virial theorem,

= 30, 000K. (5.17)

2 r 2 0.5mg’

1 GM? M
7G ~ 3 kT (5.18)
or
G]V[mH
6kT

r

(5.19)
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C6.7x1078cgsx2x10%% g x 1.7 x 107 g
B 4x4eVx1.6x10-12ergeV 1

Thus, dissociation and ionization of hydrogen alone can consume enough energy
to bring a Solar-mass protostar down to dimensions of order 100 times that of the
Sun. In reality, this adiabatic approximation for cloud collapse only gives an upper
limit to the temperature and radius of the protostar. Several processes by means
of which the gas can radiate away energy (and which will be discussed in Sec-
tion 5.2.3, below) operate efficiently during the collapse, lowering the temperature
considerably. Furthermore, as when discussing stellar structure, we have ignored
angular momentum and magnetic fields, but in stellar formation they likely play
important roles. In particular, angular momentum conservation will restrain the
collapse in the plane perpendicular to the direction of rotation of the cloud, and an
accretion disk structure (see discussion in Chapter 4.6.1) will be formed.

From this point on, the loss of thermal energy is controlled by the radiative ef-
ficiency and the opacity of the gas, and the protostar at the center of the accretion
disk slowly grows in mass by means of the matter channelled into it by the disk, and
contracts in radius. Calculations indicate that after0” — 108 yr, the temperature
of ~ 107 K required for hydrogen ignition is achieved in the core of the protostar,
and it becomes a star on the main sequence in the H-R diagram. While there is
a thus plausible physical path to star formation, it is important to realize that the
processes described above have not been directly observed, since they occur inside
dusty, and hence opaque, molecular clouds.

=1.0x 10" em ~ 0.7 AU.

5.1.3 Planetary System Formation

The field of pre-main-sequence stellar evolution and planetary system formation is
rich and rapidly developing, in terms of both theory and observations, but we will
touch upon it only briefly and descriptively.

In recent years, disks of gas and dust have been discovered around many young
stellar objects (see Fig. 5.1). As noted above, disks are expected naturally since
the angular momentum of a collapsing gas clump prevents it from collapsing in
a purely radial direction. Thegwotoplanetary disks are thought to be potential
planetary systems in the making. One possible scenario for planet formation is
that the rocky cores of planets form first by mutual adhesion of colliding small
fragments in the disk, followed by gravitational accretion of additional solid and
gas-phase material. In an analogy of “the rich get richer”, the superior gravitational
attraction of the largest “protoplanets” allows them to accrete the most material
from the disk and to swallow smaller planets, eventually concentrating much of the
disk material in a fairly small number of planets. In the lower-temperature outer
regions of the protoplanetary disk, beyond the “ice radius” (or “snow line”) where
water is frozen, there is perhaps a larger quantity of solid material available for this
process, compared to the hot inner regions of the disk, where water apndr€®
their gas phases. Icy planets and gas giants with large masses can thus form only
beyond the ice radius.

In the final stages of pre-main-sequence contraction and initial nuclear ignition,
a star goes through a “T-Tauri” phase, characterized by a strong stellar wind. Bi-
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polar jets of material are also observed to emerge from some objects. When the
stellar wind begins, it likely cleans out a star’'s surroundings of any remaining gas
and dust that are not bound in planets. In the inner regions of the new planetary
system, mainly the rocky cores of the planets remain. In the case of the Earth,
the oceans and the atmosphere may have been later additions, brought to Earth via
comet impacts (see Problem 1).

The recent discovery of extrasolar planets that are gas giants in small-radius
orbits (see Chapter 2.2.4) suggests a process of “migration” of the giant planets
inward. It is presently still debated what is the physical process behind such mi-
gration, and why a migration of giant planets did not occur in our Solar System. It
is unlikely that it did occur, all the way until the “swallowing” of one or more of
the original giant planets by the Sun, since the migrating giant planets would have
dragged the rocky inner planets along with them into the Sun.

5.1.4 The Initial Mass Function

Stars form with a range of masses between those of stars at the hydrogen-burning
limit, M ~ 0.1Mg, and the most massive known sta¥$,~ 100M,. The relative
number distribution of stars as a function of mass is described bipitied mass
function. There is some evidence that this function is “universal”, i.e., of the same
form at all locations, and perhaps also at all times in the past, but there is yet no
full agreement on this issue. Observations suggest that a reasonable description of
the number of stars of mags per unit mass interval is given by a power law,

N
AN e, (5.20)
dm

wherea = 2.35 over most of the mass range. This is called the Salpeter initial
mass function. Thus, low-mass stars are much more common than high-mass stars.
On the other hand, in the range betweeh)M and 1M, the slope probably
flattens, and there may even be a maximum to the distribution betweé
and0.5M. The faintness of low-mass stars, on the one hand, and the rarity and
short lives of high-mass stars, on the other hand, make measurement of the initial
mass function a difficult task. This empirical uncertainty compounds the already-
mentioned theoretical uncertainty regarding the details of star formation.

5.1.5 Star Clusters

Due to the “top-down” fragmentation by which molecular clouds collapse, stars
are formed irstar clusters. Two main types of clusters are observed: open clusters
and globular clusters. Open clustersare collections of 50-1000 stars, and are
generally (but not always) observed to be young, as evidenced by the presence of
massive stars. Most open clusters are not bound by their self gravity, and therefore
disperse on arossing timescalethe time it takes a star to cross the cluster, given
the typical random internal velocities. Since young open clusters are currently be-
ing formed from gas that has been enriched by previous stellar generations, the
stars in open clusters are observed to have high “metallicities”, i.e., “heavy” ele-
ment abundances that are comparable to Solar ones.
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Figure 5.2 Left: The Pleiades, an open star cluster that is visible to the naked eye, at a
distance of 120 pc. Note the nebulosities surrounding some of these young stars.
Image scale is abo@tpc on the vertical sideRight: The globular cluster M80,
at a distance of 8.7 kpc. Image scalelipc on the vertical side. Photo Credits:
NASA, ESA, AURA/Caltech; NASA and the Hubble Heritage Team

Globular clusters are bound systems #6* —10° stars within a spherical distribu-
tion of radius of a few parsecs. Their stellar populations consist of main-sequence
stars and giants of masses lower than about a solar mass, as well as the stellar
remnants (white dwarfs, neutron stars) of the more massive stars that existed in
the past. The stars have low metallicities, indicating these are ancient systems that
were formed from relatively unprocessed gas. Figure 5.2 shows examples of an
open cluster and a globular cluster.

A third kind of clusters has been discovered in recent years in galactic regions
called “starbursts” undergoing intense star formation. The clusters, cetunast
star clusters, consist 0f10* — 106 stars within a few pc, including young, very
massive stars. It is possible that super star clusters, or some fraction of them, can
remain bound even after the massive stars in them explode as supernovae, and that
they can survive other subsequent disruptive processes such as tidal forces from the
galactic structures which we will discuss in Chapter 6. If so, after several billion
years they will evolve into objects similar in many properties to globular clusters.
Thus, super star clusters may simply be young globular clusters.

5.2 HII REGIONS

In star-birth regions, the more massive among the stars that have formed have high
effective temperatures. These stars therefore emit UV and X-ray radiation which
ionizes the hydrogen and helium in the uncollapsed parts of the molecular cloud.
The resultingH Il regionsconsist of gas in equilibrium betwegmotoionization

by the stellar photons and the inverse procesgodmbination that occurs when

ions capture free electrons. (“H' is an astronomical term for ionized hydrogen,

i.e., H". Thus, HI is neutral atomic hydrogen, ¥ is three-times-ionized carbon,

or C3*, etc.) Let us examine some of the physical processes involved, and their
conseguences.
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Figure 5.3 Schematic illustration of the “Stngren sphere” of ionized hydrogen that is
produced around a hot star via photoionization. Inside the radius.,, the
hydrogen is almost completely ionized, i.e., there is an “H II” region. Beyond
rstrom, the hydrogen is neutral (“H 17), since all photons capable of ionizing it
have been absorbed. Further yet from the star, all photons energetic enough to
photo-dissociate hydrogen molecules, Have also been absorbed, and the gas
is molecular.

5.2.1 The Stbmgren radius

An approximately spherical region of radiuswill be formed around a hot star,
within which all the photons that can ionize hydrogen (photons with eneligies

13.6 eV) are absorbed by the gas (see Fig. 5.3). Under steady-state conditions,
the total number of hydrogen recombinations per unit time inside this volume must
equal the total number of photoionizations per unit time. The latter rate equals just
the number of ionizing photons that leave the star per unit tihe, Thus

4
Q* = Rrecgﬂ'rsa (521)

whereR ... is the number of recombinations of electrons and protons per unit time
per unit volume. As in our discussion of nuclear reaction rates (see Eq. 3.123),
recombination involves collisions between two types of particles having certain
volume densities, relative velocitiesand a cross sectian,. for interaction. Thus

the recombination rate will be

Rice = NpNe(0rect) = npnea(T) = a(T)nZ = a(T)z*n?, (5.22)
where
(T) = (Orecv) (5.23)

is the temperature-dependent “recombination coefficient”. In Eq. 5.22, we have
assumed that the density of electrons and protons is the samen,, (as it would

be in a pure hydrogen gas), and that a fractiaf the gas, which has density is
ionized. Let us further assume that the hydrogen is almost fully ionized within this
region, i.e.,xz ~ 1, an assumption we will justify shortly. Combining Eqgns. 5.21
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and 5.22, the radius of the spherical volume within which all the ionizing photons

are absorbed is
1/3
Tstrom = ( SQ* ) . (524)

4ran?

This is called thestromgren radius.

To obtain a typical value ofs,om, CONsider a main-sequence O5V star, with a
luminosity per unit frequency,, . Its output of ionizing photons can be calculated
numerically to be

Q. = / Mdu ~3x10%s7L (5.25)
hv=13.6 eV hv

Typical gas densities in H regions arex = 10 — 10* cm—3. The recombination

coefficienta(T') can be calculated from quantum mechanics. As will be elaborated

in more detail below, the temperature of the gas is set by a balance bédtestamy

via photoionization andooling through radiation. The equilibrium temperature is

typically 10* K. At this temperaturé,

a(10*K) = 2.6 x 10713 cm3 s, (5.26)

Thus, for example, for = 10* cm 3,

3x3x10%¥g7!
Tstrom = < (527)

1/3
4 x 2.6 x 10713 cm3 s—1 x (104 cm—3)2>

=6 x 10" cm = 0.2 p.

Such HIl regions of ionized gas, that have been carved out of the molecular gas
by the ionizing radiation around young stars are, in fact, seen in many star forming
regions (see Fig. 5.1).

5.2.2 lonization Fraction

Outside the Stimgren radius the gas is, of course, neutral, since, by definition, the
ionizing photons have all been absorbed. Let us now justify the assumption that,
within the Stdmgren sphere, the gas is almost completely ionized, and there is a
sharp transition in hydrogen ionization — &mization front — at rgy0m. UsSing

again the same considerations as before to write the rate of a reaction per unit
volume, but now with collisions between neutral atoms and ionizing photons, the
photoionization rate per unit volume at any point is

Rion - nphotonn(l - x)aionQ (528)

1This value fora(T') includes recombinations of hydrogen to all its excited states, but excludes re-
combinations to the ground state. An atom that recombines to the ground state will emit a photon with
energyhr > 13.6 eV, which will quickly ionize some other nearby hydrogen atom. Thus, recombina-
tions to the ground state, under most conditions, have no effect on the overall ionization balance, and
can therefore be ignored. This assumption is called “case-B” recombination.
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wherenphoton IS the ionizing photon density;(1 — ) is the density of neutral
hydrogen atoms, and,,, is the photoionization cross section. The photon density
is just the ionizing photon flux at a distancérom the ionizing star, divided by,

Q-
py—p (5.29)
The cross section of a hydrogen atom for photoionization from its ground state by
photons with energies greater thiamy, = 13.6 eV is

Nphoton =

-3
Tion & 0g <:0> . 00=06.3x10"18 cm?. (5.30)

(Note, for comparison, that this cross sectiom($ times larger than the Thomson
cross section posed by a free electron. Thus, neutral hydrogen atoms are very easily
ionized by photons with an energy of 13.6 eV.) Photons with enetgies 13.6 eV
will generally be in the exponentially falling Wien tail of the spectral distribution
produced by the central star (see below). Itis therefore safe to make the approxima-
tion that all of the ionizing-photon raté).., consists of photons withv ~ 13.6 eV,
and we can adopt, for oj,,. Thus

Q*

Rion = mn(l — x)0o. (5.31)

In a steady state, at every point in the gas there will be a balance between the
ionization rate per unit volume and the recombination rate per unit volRng,=
RI‘CC! Or

a(T)z*n? = Q- n(l — x)oy. (5.32)
472
This defines a quadratic equation for the ionization fractipn
2 Q.00
=b, b= 5.33
1—=z ’ drr2an’ ( )
or
2 4+ bx — b, (5.34)
with a positive solution (the negative solution is physically meaningless)
1
T = 5(4, + Vb2 + 4b). (5.35)

Let us estimate: at a typical location, say, = 0.1 pc, inside the Stimgren radius
of 0.2 pc that we found previously. For that particular choice of parameters,

Q.00

= 4rrZan (5.36)
_ 3x10%s7! x 6.3 x 107 cm? 6% 10
~ 471(0.1 x 3.1 x 1018 cm)2 2.6 x 10-13 cm3 s=1 104 cm—3 ’
and
1
T = 5(—b + /b2 +4b) = 0.999983, 11—z =1.7x107°. (5.37)

Thus, we see that, indeed, the gas interior to thérggren radius is almost com-
pletely ionizec?

2In this derivation, we have assumed that the ionizing flux decreases only by geometrical dilution,
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5.2.3 Gas Heating and Cooling Mechanisms

The rate at which energy is fed by the star into the kgion is called th&eating

rate. To calculate it, consider a free electron (called a “photoelectron”) that has just
been liberated from an atom by photoionization by an O star. Suppose the star has
an effective temperature @fz = 20,000K. The peak of a blackbody distribution

at this temperature is at

Rtmax = 2.8kT =2.8 x 0.86 x 1074 eVK ™' x 2x 10* K =4.8¢V. (5.38)

Only photons with energfiv > 13.6 eV, i.e., in the Wien tail of the distribution,

can ionize the hydrogen atoms, and all of these photons will be absorbed within
the Stbmgren sphere. The electrons liberated by the photoionization of hydrogen
will have an energy equal to the ionizing photon energy, minus the 13.6 eV binding
energy of atomic hydrogen. The total heating rate, integrated over the whole H
region volume, will therefore be

> L, (T = 20,000 K
Dheating = /h (hv —13.6 eV) (T'=20,000K) 4, (5.39)

v=13.6 eV hv
The mean heating rate per unit volume is ju§t: , divided by the volume of

atin,
the Stbmgren sphere. If the gas is dense enough, the photoelectrons quickly col-
lide with the already-present electrons, protons, and ions in the gas and the pho-
toelectron’s kinetic energy is redistributed among all the particles, which follow a
Maxwell-Boltzmann distribution with a well-defined temperature.
However, to photons, the rarified, ionized gas is largely transparent. The mean

free path to Thomson scattering is

1 1
nop 104 em=3 X 6.7 x 1025 cm?
which is much larger thang,..,. Thus, most of the radiation escapes from the
H 1l region without scattering. This means that in thdl Hegion there may be
a thermodynamic equilibrium between mass particles (which therefore follow a
Maxwell-Boltzmann energy distribution), but not between mass particles and radi-
ation. In the context of the physics of diffuse interstellar gas, this situation is called
local thermodynamic equilibrium. As a consequence, the radiation emitted by
the 10* K gas will not have a blackbody spectrum.

Most of the energy deposited in the IHgas by ionizing photons is radiated
away in the form ofemission linephotons at discrete wavelengths. To see how

l= =1.5x 10* cm = 50 pc, (5.40)

as4nr?. This assumption must obviously fail as we approaghom, and the ionizing photons are
depleted by the cumulative absorption of the small, but non-zero, neutral fraction of the gas between
r = 0 andrstrom. The thickness of the transition zone between ionized and neutral gas is of order the
mean free path of an ionizing photah~ 1/nog = 5 x 1076 pc.

In contrast to the result above, a large neutral fraction within thén8jren radius can arise in
situations where the ionizing source has a “hard” spectrum, i.e., a large fraction of the ionizing photons
have energies significantly larger than 13.6 eV. Because aof tifedependence of the photoionization
cross section, the ionization rate is then low, the ionization fractioan be correspondingly low, and
the transition zone is no longer small comparead@.m. Such conditions arise, e.g., in the gas that
is photoionized by the X-ray photons from accreting objects such as X-ray binaries and active galactic
nuclei (see Chapters 4 and 6).
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Figure 5.4 Example of a recombination cascade in a hydrogen atom. A free electron and
proton recombine into the = 4 excited level of hydrogen, emitting the sum
of the kinetic energy of the free electron and the binding energy ofithe 4
level, in the form of a “Brackett continuum” photon. The atom then decays radia-
tively to then = 2 level, emitting an K (Balmer Series) emission-line photon.
Finally, the atom decays to the ground level and emits a Lymahoton.

this comes about, let us return to the hydrogen atom. A recombining hydrogen
atom will recombine either to the ground state, or to some excited state, while
radiating its excess energy as a “continuum” photon of energy equal to the differ-
ence between the kinetic energy of the free electron and energy of the atomic state
(see Fig. 5.4). The atom will then decay radiatively in one or more steps until it
reaches the ground state, while emitting an emission line photon at every step, with
an energy corresponding to the difference between the atomic energy levels. The
probabilities for the atom to recombine into each of the states, and then to decay
into each of the lower states, can again be calculated from quantum mechanics. The
last decay usually involves emission of a Lyman series photon (i.e., a transition to
the ground level).

The hydrogen inside the $tmgren radius is constantly being ionized and recom-
bining, and therefore at a given moment, some small fraction of it is in atoms in the
ground state. As already noted, hydrogen in its ground state has a very high cross
section for absorbing Lyman photons and, as a result, the emitted Lyman photon is
almost immediately re-absorbed by some other atom, which again decays in one or
more steps ending in the emission of a Lyman photon. This process is repeated until
the excitation energy of the original state, into which an atom recombined, has been
degraded into many lower-energy hydrogen transition photons (Balmer, Paschen,
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Brackett, etc.) and one Lymamphoton. The lower-energy photons escape readily
from the gas, while the Lyman-photons execute a random walk of absorption and
re-emission until reaching the edge of thdlHegion. If there is dust mixed with
the gas (more on dust soon), a Lymarphoton may be absorbed by a dust grain
before it reaches the edge of the ionized region, in which case the photon energy is
re-emitted by the grain as infrared thermal radiation. The escape of photons of this
hydrogerrecombination emissiois one way in which the ionized gas “cools”, i.e.,
loses the energy that is constantly being fed into it by the central star.

The luminosity emitted per unit volume in a particular hydrogen emission line,
say, Hv (n = 3 — 2 in the Balmer series), is (using Eq. 5.22)

Lo = apge(T)n2hvi,, (5.41)

whereay,(T) is the effective recombination coefficient for hydrogen recombi-
nations that lead to the emission ofvH A similar equation can be written for,

say, Balmer continuum photons, a fraction of whose energies actually cools the
gas. Thus, the rate of energy loss, opoéling rate” of the gas, due to hydrogen
recombination is proportional to the gas density squared. Note that, since most
recombinations end with the emission of one Lymaphoton, and the rate of re-
combinations equals the rate at which the central star emits ionizing photons, the
Lyman- photon emission rate approximates the ionizing photon rate. Thus, mea-
suring the Lyman flux is a practical way of deducing the ionizing flux of the star
(i.e., the flux withhr > 13.6 eV)*

A second cooling mechanism, which is much more efficient than hydrogen re-
combination, is by means of line emission from ions of heavier elements. The
electrons and ions (mostly protons) in the gas collide with the ions of various
elements, most importantly carbon, nitrogen, oxygen, sulfur, silicon, and iron (so-
called “metals”), that exist in the gas in trace amounts. These ions have excited
energy levels at relatively low energies above the ground level, similar to the typ-
ical kinetic energies of the electrons. An electron-ion collision can therefore lead
to collisional excitation of the ion, which takes up some of the kinetic energy of
the electron. If another collision does not “de-excite” the excited ion and thus re-
turns the energy to the gas, the excited ion will decay radiatively to its lower energy
levels, and the resulting emission-line photons will carry away the energy — there
is a low probability for re-absorption of the photons by other ions, because their
abundance is so low.

3strictly speaking, recombinatidimesarenota gas cooling mechanism. By means of the recombi-
nation lines, the gas gets rid of the binding energy of its constituent atoms, but not of its heat (i.e., the
kinetic energy of its constituents). The emitted energy of recombination line photons is always less than
the 13.6 eV of ionization energy per atom that we subtracted in Eg. 5.39, and which therefore does not
contribute to the gas temperature. Only the hydrog@mtinuumphotons (Balmer continuum, Paschen
continuum, etc.), minus the binding energy of their appropriate lower energy levels, contribute to gas
cooling via hydrogen recombination emission.

4Under low density « 10* cm—3) conditions, about one-third of the atoms in the= 2 state
can decay to the ground state via “two-photon decay” instead of through Lyiremission. The
two photons have a total energy that equals the energy of a Lymatmeton [13.6 eV1 — 1/4) =
10.2 eV], but with individual energies distributed in a continuum between 0 and 10.2 eV and peaked at
10.2 eV/2=5.1eV.
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Even if collisional de-excitation does occur much faster than radiative decay,
this cooling mechanism still operates. Consider a whole population of a particular
ion in a gas that is in local thermodynamic equilibrium. The ratio between the
population of any two of the ion’s energy levels is then, by definition, given by the
Boltzmann factor,

M2 _ 92 —hw/kT (5.42)

ni g1
wherehv is the energy difference between the levels, gndndg, are the statis-
tical weights of the levels. Thus, as long/asis not much greater thakil", there
will be an equilibrium population of ions in the excited level, and the constantly
ongoing radiative decay of that population will lead to the loss of thermal energy
by the gas, in the form of emission line photons from the ions.

A third type of radiative cooling process, which is efficient mainly under high-
density conditions, is Bremsstrahlung (free-free) emission. Bremsstrahlung can
also become the dominant (even if inefficient) cooling mechanism in gas that is
both sufficiently hot (hence fully ionized) and tenuous (so electrons and ions rarely
meet and recombine, and therefore the recombination rate is low — see Eq. 5.22).
Such conditions exist in the “intracluster medium” of galaxy clusters (see Chapter
6.4).

The total cooling rate of an interstellar gas will thus be a sum of the cooling rates
due to all the various cooling processes. Which processes are dominant will depend
on the gas composition (chemical abundances and ionization fractions), the density,
and the temperature. Figure 5.5 shows an example of a “cooling func\d’),
of interstellar gas. The cooling rate per unit volume can be obtained by multiplying
the cooling function, which has units of power times volume, by the gas density
squared. The complex form of the curve is due to the changing dominance of
different cooling processes at different temperatures. Note, in particular, that the
cooling function reaches a maximum®t~ 10° K. BeyondT ~ 107 K, all the
elements in the gas are almost fully ionized and Bremsstrahlung remains the only,
relatively inefficient, cooling avenue. Because the cooling ratd;)n?, is very
low for a gas that is both hot and tenuous, such a gas may remain “stuck” at a high
temperature for a very long time.

The efficacy of a cooling process may also depend on the opacity of the gas to
radiation at the wavelengths of the cooling emission — if the gas is opaque, the
energy cannot escape. As in the interiors of stars, the opacity depends on chemical
composition, density, and temperature. The temperature, in turn, is determined
under steady-state conditions by the requirement that the heating rate per volume
element equal the cooling rate per volume element,

Fheating = Fcooling- (543)

To examine more quantitatively the relative importance of the various gas cool-
ing processes under different conditions, consider a population of hypothetical two-
level ions which can radiate emission-line photons of enérgyThe ions are con-
stantly being excited by collisions with electrons, and de-excited by both collisional
and radiative transitions. The density of electrons.isand the densities of ions in
level 1 and in level 2 are; andn,, respectively. The total density of these ions is
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Figure 5.5 Example of a cooling function for interstellar gas, under the assumption that
the ionization is purely collisional at every temperature (i.e., there is no pho-
toionization). The complex shape of the function is due to the different cooling
mechanisms that are dominant at different temperatures: molecular line emission
atT < 10° K; atT ~ 10° — 10* K, collisionally excited lines of neutral and
low-ionization species of metals; &t~ 10* — 10° K, hydrogen and helium re-
combination; al’ ~ 10° K, T~ 2 x 10° K, T ~ 5 x 10° K, andT ~ 10° K,
far-UV and X-ray emission lines from highly ionized species of carbon, oxygen,
neon, and iron, respectively; and Bremsstrahlurigj at 107 K. Note that heat-
ing sources (e.g., stars) will affect the ionization levels of the different elements,
and will therefore influence the form of the cooling function.

n = ny + ny. Some fraction of the gas is in the ions, as determined by the balance
between ionization due to the radiation field and recombination with electrons, and
hencen « ng « n.. The rate of collisional excitations from level 1 to level 2 of
the ion is proportional to the electron density and to the density of ions in level 1.
Thus,

Ri2,coll = NeN1qi2 = Ne(n — N2)q12, (5.44)

whereg» is a collisional excitation coefficient that includes the effects of cross
section and temperature. Similarly, the rate of collisional de-excitations from level
2tolevel 1lis

Ra1,coll = NeN2G21, (5.45)

where ¢, is the corresponding collisional de-excitation coefficient. The rate of
radiative decay between the two levels is

Ro1,rad = n2Aai, (5.46)
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where A, is the Einstein coefficient for spontaneous radiative emission, i.e., the
reciprocal of the mean lifetime for spontaneous decay to the lower energy level.
(We will here ignore stimulated emission, which is unimportant in most circum-
stances, but, for an exception, see the discussion of masers in the next section.) In
equilibrium, the rate of excitations must equal the rate of de-excitations, i.e.,

Ne(n — n2)qi2 = NaNeqa1 + N2 Aay. (5.47)
Isolatingns,
NeNgi2
ne(ga1 + q12) + A1
The luminosity in emission-line photons per unit volume is just

ny = (5.48)

Lo1 = noAsihy = nengiz Az hv _ nengi2hv
ne(ga1 + q12) + Aa1 - (14 qi2/go1)negar /A + 1

h
- D2 : (5.49)
(1 + q12/q21)ne/ncrit +1
where we have definedaitical density, n.it = A21/g21. The ratio between
the collisional excitation and de-excitation coefficients is related by the statistical

weights,g; andgs,, of the levels and by the Boltzmann factor

N2 _ 92 —hu/iT (5.50)

g21 g1
and therefore for any temperature, this ratio is of order 1 or less. Looking at the
right-hand term in Eq. 5.49 we see thatpif < n.s, the first term in the denomi-
nator can be neglected, and the luminosity depends on electron density as

Lo1 ~ nen o n? (5.51)

Z.
However, whem, > n., the second term in the denominator can be neglected
and then

L21 ~ N X Ne, (5.52)

i.e., the luminosity grows only linearly with density. Since cooling by hydrogen
recombination and by Bremsstrahlung is proportionaitat all densities, cooling

by heavy-element-ion line emission becomes inefficient compared to cooling by
hydrogen when the density is above the critical density of the major cooling lines.

A good example of a collisional-excitation line coolant is thel{lPA) 4959,

5007 doublet, emitted by doubly ionized oxygen, which is one of the main coolants
of H Il regions. (The square brackets indicate that these are “forbidden” quantum
transitions, that have low probability, and hence a long lifetime for radiative decay.)
It is emitted by the transition of an?® ion from an excited level to the fine-split
ground level (see Fig. 5.6). At densities lower than its critical density for colli-
sional de-excitationp ~ 10° cm~3, a collisionally excited " ion has enough

5This is a consequence of the fact that, if collisions dominate the level populations, then in equilib-
rium we haveniqi2 = n2ge1. However, under such conditions Eq. 5.42 holds (by definition), and the
stated result then follows.
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Figure 5.6 Part of the energy-level structure of th"Gon, an important cooling agent of
interstellar gas. Radiative decay from the. state to two of the sub-levels of
the triply split ground state produces the emission-line doublet [O\\}959,
5007. (Decay to the third sub-levélPy, is strongly forbidden.) For clarity, the
spacing between the split levels has been greatly exaggerated. The }@363
emission line, resulting from radiative decay frédy to ' D, can become strong
in gas with a temperature high enough to excite a significant fraction of the ions
to the'S, state.

time between collisions to release its energy in photons of these two wavelengths.
These photons give H regions (e.g., the Orion nebula), when viewed through the
eyepieces of small telescopes, their greenish hue. When these emission lines were
first discovered in the 19th century, they could not be identified with any known
atomic transition, and it was thought that they came from a new, unknown element,
dubbed “nebulium”. The [QIITAX 4959, 5007 doublet is difficult to observe in
the laboratory because, even in the best achievable laboratory vacua, the density is
higher than the criticab ~ 10 cm~3. At the low gas densities of H regions, the
[O ]AX 4959, 5007 doublet is one of the primary avenues by which the gas gets
rid of the energy being deposited into it by the central star via photoionization.
Remarkably, not only are the rare “metals” the main coolants ¢f tégions,
but they also serve as natural thermostats that kekgés always at aboud* K,
regardless of the effective temperature of the ionizing star. If the star is hot and
deposits a lot of energy into the gas, this raises the collisional excitation rate of the
metals, and hence the rate at which they radiate away the energy in emission lines,
preventing a rise in the temperature. If the star is relatively cool, there will be less
collisional excitation of the metal ions, and hence less loss of energy via emission
lines. The gas temperature will then rise up to ad@dtK, at which point heating
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Figure 5.7 Typical optical spectrum of an H Il region, with the main emission lines marked
— the Balmer series from hydrogen recombination, and the collisionally excited
“metal” lines.

and cooling will balance out. This equilibrium temperature is set mainly by the
atomic properties of the metal coolants.

Figure 5.7 shows a typical optical spectrum of anl Hegion. A qualitatively
similar spectrum is also emitted by a planetary nebula, where the ionizing source
is a newly-forming white dwarf, instead of a massive young star, and the ionized
gas is the ejected stellar envelope from the red-giant phase, rather than the star-
forming cloud. A detailed analysis of the relative and absolute strengths of the
emission lines in such spectra can reveal a wealth of information about the physical
conditions — the temperature, the density, and the chemical abundances of the gas,
as well as the form of the ionizing spectrum of the source. For example,%the O
ion emits not only the [AI1]A\ 4959, 5007 doublet, by transition from levé), to
the fine-split ground level, but also the singletiJ@\ 4363 by decaying from level
1S, to level 1D, (see Fig. 5.6). The flux ratio of(4363) to £(4959) + f(5007)
provides a direct probe of the excitation level of this ion, which depends mainly on
the gas temperature. Measurement of this ratio is therefore a useful thermometer.

Note that, although we have considered only heating by stellar radiation, the in-
terstellar gas can be heated by other processes, including shock waves from stellar
winds and supernovae, energetic charged particles called “cosmic rays”, and vari-
ous “background” radiation fields that are not associated with a particular source.
Some of these will be discussed in later chapters.
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Figure 5.8 The hyperfine-split ground state of hydrogen. The lower level has angular mo-
mentumF = 0, corresponding to antiparallel electron and proton spins, and the
upper level hag” = 1, with the two spins parallel. In a radiative decay between
the levels, the spin of the electron flips, andha= 21 cm (v = 1421 MHz,
hv = 5.9 x 10~° eV) photon is emitted.

5.3 COMPONENTS OF THE INTERSTELLAR MEDIUM

Beyond the Stimgren sphere of H gas, photons from the ionizing source with
energiesl1.l1 < hv < 13.6 eV canphoto-dissociatemolecular hydrogéhinto

neutral hydrogen atoms, i.e., IHAt some larger radius, all of these photons will

also be used up (or absorbed by interstellar dust — see below), and the molecular gas
will therefore be fully shielded from the stellar radiation. In reality, star-forming
regions do not have perfect spherical geometries because the clouds have irregular
shapes, inhomogeneous densities, and unevenly distributed ionizing stars and star
clusters within them.

An observationally important emission line from the neutral ¢ths is the “hy-
perfine splitting” 21 cm radio emission line, at a frequency of 1.421 GHz. The
ground state of hydrogen is split in energy due to the spin-spin interaction between
the electron and the proton (see Fig. 5.8). The upper level corresponds to parallel
spins (total angular momentui = 1) and the lower level to antiparallel spins
(F = 0). The upper level can be populated by collisions with other atoms, by
absorption of photons of this wavelength from “background radiation” (the cosmic

6Although the binding energy of molecular hydrogen is only 4.5 eV, the cross section for direct
photo-dissociation from the ground state (e.g., by absorptionfaf & 4.5 eV photon) is very low.
Instead, molecular hydrogen photo-dissociates in a two-step process, first by radiative absorption of a
hv > 11.1 eV photon to an excited electronic energy level. Part of the excited electron state’s energy
then unbinds the molecule, and the rest of the energy goes to continuum radiation and kinetic energy of
the atomic fragments.
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microwave background, to be discussed in Chapter 9, is one such background), and
by previous decays of the atom to the ground level via one of the Lyman transi-
tions, which populate both hyperfine levels according to their statistical weights (3
to 1). Radiative decay from thE = 1 to the ' = 0 level is “highly forbidden”.

The timescale is therefod®” yr for the electron to do such a “splin-flip”, with the
accompanying spontaneous emission of a 21 cm photon. The long timescale means
that the 21 cm line does not play a significant role in gas cobliNgvertheless, the

large amounts of atomic hydrogen in many astronomical settings, and the relative
ease of sensitive radio observations, make the 21 cm emission a bright and useful
tracer of this phase of the interstellar medium.

The molecular-gas phase of the interstellar medium radiates primarily in tran-
sitions at IR through radio wavelengths. The main constituent of this gas, the
H, molecule, is an inefficient radiator and its emission is therefore quite weak. In
its place, the molecular phase can be traced in emission (or absorption of a back-
ground source) by the next most common molecules: CO (carbon monoxide), OH
(hydroxyl), NH; (ammonia), and others. Although CO is oalyl0~° as abundant
as H, in many cases it is the dominant coolant of the molecular gas, and thus de-
termines the temperature of the molecular gas phase. As was the case for atomic
lines, analysis of the fluxes in different lines and their ratios provides a diagnos-
tic of physical conditions in the gas (temperature, density, abundances) and of the
embedded stars. Apart from the molecules already mentioned, hundreds of differ-
ent types of molecules have been identified in the ISM by their spectra. Some of
these molecules are fairly complex, for example;CH,OH (ethanol — drinking
alcohol), which consists of nine atoms.

The complex energy-level structures of molecules allow, in some molecules, the
creation of a “population inversion”, in which a meta-stable level (i.e., one having
a long lifetime for spontaneous radiative decay) is populated in many molecules.
Given the appropriate gas geometry, radiative decastipyulated emissionfrom
this level to a lower energy level can produce amplification of the radiation cor-
responding to the transition. The amplification grows exponentially with the path
length. Many such astronomicalasers(“microwave amplification of stimulated
emission radiation”) have been discovered for transitions in O ,kand CHOH
(methanol — “wood alcohol”). Observationally, one sees a compact region in a
molecular cloud radiating in the masing transition with a huge intensity. Astro-
nomical masers achieve the large path lengths required for amplification by means
of the large distances available in astronomical settings. This is in contrast to lasers
and masers in the laboratory, which generally achieve large path lengths by means
of multiple reflections between mirrors.

The last important component of the ISM, to which we have already alluded
several times, imterstellar dust. Dust consists of solid grains containing mainly
Fe, Si, C, HO ice, and CQ ice, with a range of grain sizes, but typicalty~
0.001 — 0.1um. Given these grain sizes, a more appropriate name would be “inter-
stellar smoke”- the particles of familiar tabletop dust are much larger. The process

"The main coolant of H gas is usually a far-infrared line of singly ionized carbony &158um,
that is collisionally excited by impacts with neutral atoms. Warmer1(0*K) neutral gas is cooled
primarily by Lymane emission from collisionally excited hydrogen atoms.
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Figure 5.9 Images of the “dark cloud” Barnard 68 in optical light (left) and in the near
infrared (right). The dust in a molecular cloud on the line of sight obscures the
optical light from the gas and the stars behind it, while the IR light suffers less
extinction by the dust. The cloud is at a distance of 120 pc, and is about 0.1 pc
across. Photo credits: J.F. Alves et al., and the European Southern Observatory.

of formation and detailed composition of interstellar dust are not fully known yet.
Dust is produced in the photospheres of evolved stars and in supernovae, and is
expelled by stellar winds and by supernova explosions. Its presence is detected in
astronomical observations either by the attenuation it causes in background light
sources via scattering and absorption, or by the re-emission of the absorbed energy
as thermal infrared radiation Attenuation of background light by dust is called in-
terstellarextinction. In images of star-forming regions, dust extinction produces
dark patches that obscure stars and fluorescing gas (see Fig. 5.9). As seen in
Fig. 5.10, extinction increases steeply with decreasing wavelength in the IR through
UV range. As a result, the short-wavelength emission from a source will be atten-
uated more than the long-wavelength emission, and dust will also cause the so-
calledreddening of background sources of light. Over most of the wavelength
range shown, the extinction behaves roughly with an exponential dependence on
wavelength, aflog E(\)] ~ [log E(Xo)]Ao/A. The “bump” at~ 2200 A is likely

due to absorption by a graphite-like component in the dust particles. Compari-
son of the observed color and brightness of a light source to its intrinsic color and
brightness (as deduced, e.g., if the source is a star, from its absorption line spec-
trum) allows deducing the amount and properties of the dust along the line of sight.
Apart from their observational effects, dust grains play an important physical role
as sites to which atoms, ions, and simple molecules can temporarily attach, interact
with other attached particles to form more complex molecules, and then return to
the ISM. Furthermore, electrons released from dust grains by UV photons via the
photoelectric effect are the main heating source of atomic gas.
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Figure 5.10 A typical curve of extinction — the attenuation factor produced by interstellar
dust — as a function of wavelength, from the UV (13%)0to the near-IR (3 mi-
crons). The case shown is set to have a factor of 10 extinction atA5Rote
the large extinctions in the UV, compared to the moderate values at IR wave-
lengths. Data credit: J. Cardelli et al. 1988, Astrophys. J., 329, L33.

5.4 DYNAMICS OF STAR-FORMING REGIONS

In the preceding discussion of the ISM andi ifegions, we have repeatedly invoked
steady-state conditions. However, in some situations, dynamical evolution needs to
be taken into account. When a new massive star “turns on”, the ionization front it
produces in the surrounding gas advances (relatively slowly; see Problem 4), from
zero radius until equilibrium is reached at thed®tigren radius. Stars, both in
their pre-main-sequence stage, and after they evolve off the main-sequence, when
they are giants or supergiants, shed their outer envelopes and drive winds and
dust into the surrounding ISM. These winds drive shocks into the ISM, affecting
its temperature and density structure, as well as enriching the ISM with newly
synthesized heavy elements.

The massive stars that end their evolution as core-collapse supernovae release
in the explosion of ordet M or more of highly enriched “ejecta” which plow
through the previously shed stellar envelopes and through the ISM, at supersonic
velocities of orderl0? — 10* km s~!. The ejecta drive strong shocks which heat
the ejecta and the surrounding material to keV temperatures, making supernova
remnants bright X-ray sources (even when the remnant is no longer powered by
the rotational energy of the neutron star, as in the case of the very-young Crab
nebula). At the shocks, electrons are accelerated to relativistic energies and spiral
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around magnetic field lines, emitting synchrotron radiation from radio to optical
bands. Finally, the shocks from supernovae may initiate compression of the gas in
neighboring molecular clouds, and thus set off new generations of star formation.

In any interstellar environment, many of the numerous processes we have dis-
cussed in this Chapter, both in and out of equilibrium, play a role and are interde-
pendent. As a result, the prediction of observables that can be compared to actual
measurements, such as emission-line luminosities and ratios, generally requires nu-
merical calculations that take into account all the relevant processes. The physical
conditions in the ISM — temperature, density, chemical abundances, and heating
sources — can then be deduced by comparing the measurements to the results of
model calculations using grids of these physical input parameters. Knowledge of
the physical conditions in different environments and at different stages can, in turn,
lead to further understanding of star formation.

PROBLEMS

1. The oceans on Earth have a mean depth of 3.7 km and cover 71% of the
Earth’s surface. It has been suggested that this water was brought to Earth by
comets (which are composed mainly of frozen water and)CO
a. Calculate the kinetic energy of a spherical comet of radius 4 km, com-
posed of water ice, which arrives from far away to the region of the Earth’s
orbit around the Sun.

b. Estimate the radius of the cylindrically shaped crater that such a comet
creates when it strikes the Moon. Assume that the crater, of depth 10 km,
is formed by heating t8500 K, and thus vaporizing, a cylindrical volume

of moon rocks. Moon rocks are made of silicates, which have molecular
weights around 30 (i.e., a typical molecule has 30 times the mass of a hydro-
gen atom), and mean solid densitigs- 2 g cm 3. Ignore the latent heat
required to melt and vaporize the rocks, and the energy involved in vaporiz-
ing the comet itself.

Hint: Equate the kinetic energy of the comet with the thermal energy of the
vaporized rocks.

Answer:51 km.

c. The number of craters per unit area in the relatively smooth “mare” regions
of the Moon, which trace the impact history over the past Gyr, indicate

a total of about 10 impacts, leaving 50-km-radius craters, during this period.
Based on the assumptions in (b), these would be impacts of objects with radii
> 4 km. From geometrical considerations alone (i.e., the relative target sizes
posed by the Earth and by the Moon, and ignoring gravity) estimate how
many such objects have struck the Earth, and what is the mean time interval
between impacts. How does the interval you found compare &9 Myr,

the typical interval between large extinctions of species on Earth? (The most
recent large extinction, 65 Myr ago, eliminated the dinosaurs, and marked the
rise of the mammals.)

Answer: 140 Earth impacts, 21 Myr mean interval. The impact rate was
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higher in the past, and declined as the comet reservoir was depleted, mainly
by captures on Jupiter and the Sun.

d. Assume that comets have a mass distribufidildm oc m =3, with radii
ranging from 0.2 to 4 km. Based on the number of 4 km comet impacts, show
that the total comet mass, if composed mainly of frozen water, is sufficient
to make Earth’s oceans.

2. Consider a newly formed globular cluster, with a total mid¥si, and an
initial mass functiordN/dm = am~23% in the mass range.1 — 20 M,
wherem = M /M.

a. Find the constant.

Answer:1.9 x 10°.

b. Find the total luminosity of the cluster, assuming that all its stars are on
the main sequence, and a mass-luminosity relatien A/*. What fraction

of the luminosity is contributed by stars more massive thaf, ?

Answers:2.0 x 108 Lq; 0.98.

c. Find the mean mass of a star in the cluster.

Answer:0.33M.

d. Assume that the main sequence lifetime dfMd. star is 10 Gyr, and
main sequence lifetime scales with massias?. What is the mass of the
most massive main-sequence stars in the cluster after 1 Gyr? What is the
total luminosity of the cluster at that time?

Answers:3.2Mq; 1.5 x 10° L.

3. Assume that the Milky Way, the galaxy in which we live, is composed of
5 x 10'°M, of gas, and~ 10! stars, which were formed with an initial
mass function/N/dM oc M~2-35 in the range).4 — 100 M.
a. What fraction of the stars formed with a mass at®\g,, the lower limit
for eventual core collapse? How many neutron stars and black holes are there
in the galaxy, and roughly how much mass is there in these remnants?
Answers0.018; 1.8 x 10? remnants; aneb 3 x 10° M, assuming a typical
remnant mass of.4 M.
b. Assume that every stellar core collapse, and the supernova explosion that
follows it, distribute0.05M, of iron into the interstellar medium. What is the
mean interstellar mass abundance of iron in the Galaxy? Compare your an-
swer to the measured mass abundance of iron in the &, = 0.00177,
and explain how this shows that the Sun is a “second generation” star, that
was formed from pre-enriched interstellar material.

c. Several systems of “binary pulsars” are known, consisting of two neu-
tron stars in close orbits. If half of all stars are in binaries, and members
of binaries are formed by a “random draw” from the initial mass function
(i.e., P(m) oc m=2:3%), then how many pairs of stars in the Milky Way were
formed in whichboth companions were more massive tt&avi;?

Answer:7.7 x 10°.

d. Due to asymmetries in the supernova explosion, neutron stars are born
with a “kick” that gives them a typical velocity of 500 knt 5. What is the
maximal initial separation that will allow a binary to remain bound?
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Hint: Equate the binding energy between t8&/, stars at separationto

the kinetic energy of twad.4 M, neutron stars, each having typical kick ve-
locity.

e. If binaries form with an initial separation distributed uniformly between

0 and 0.01 pc, how many neutron stars binaries have survived the formation
kick? Answer:600.

. A new star lights up inside a cloud of atomic hydrogen with a constant num-

ber density of» atoms per unit volume. The star emits ionizing photons at a
rate of@. photons per unit time. The ionizing photons begin carving out a
growing “Stidbmgren sphere” of ionized gas inside the neutral gas .

a. At a distance from the star, what is the timescatge, over which an
individual atom gets ionized, if the ionization cross sectiom;ig?

b. If the recombination coefficient is = (ov), what is the timescalg,.. for

an individual proton to recombine with an electron?

c. At a position close to the star, where the ionizing flux is high, and therefore
Tion < Trec, ShOW that the velocity at which the ionization front that bounds
the Stomgren sphere advancesis = Q../(4wr?n).

Hint: Assume, as usual, that the gas is completely ionized within the front,
and completely neutral beyond it. Consider a slab of neutral gas behind the
ionization front, with areaA A and thickness\r, and find the volume of
neutral gas that is ionized during an interval.

d. Evaluatev;; for Q. = 3 x 10*° s71, n = 10* cm ™3, and forr = 0.01 pc,

0.05 pc , and 0.1 pc, respectively. Frama(r), obtain and solve a simple
differential equation fors.om (t), and find roughly how long it takes the
ionization front to reach the final Stmgren radius (0.2 pc for these parame-
ters; see EqQ. 5.27).

Answers: At » = 0.01 pc, vy = ¢; at 0.05 pc,v;r = 0.3c and at 0.1 pc,

2.5 x 10* km s~!; about 10 years to react om.



Chapter Six

The Milky Way and Other Galaxies

Galaxies are concentrationsdf” to 10! stars, and are essentially the only places
where stars exist.The Sun is a star in the Milky Way, a larggiral galaxy. Stars

are, however, just one of several components that make up a galaxy. In this chapter,
we will examine the properties of the Milky Way, of other galaxies, and of systems
of galaxies.

6.1 STRUCTURE OF THE MILKY WAY

Fig. 6.1 shows optical-band images of spiral galaxies from different perspectives.
Fig. 6.2 shows schematically the various components of the Milky Way and of other
spiral galaxies. The components, which we will describe in more detail below, are:
a flattened circulastellar disk, which has spiral-shaped density enhancements in
it; a thinner,gas-and-dust disk within the stellar disk; a stelldulge or spheroid;
an extended, spheroiddialo of gas, stars, and globular clusters; a cerdtgder-
massive black holecosmic rays— energetic protons, nuclei, and electrons that are
trapped by the magnetic fields in the disk; andisak halo of unknown composi-
tion, which extends far beyond the visible components.
The Sun is in the disk of the Milky Way (often referred to as “the Galaxy”, with

a capital G). The diffuse band of light known by this name, and visible in the night
sky, is composed of individual stars. Its appearance is the result of our vantage
point inside the plane of the disk (see Fig. 6.3). The Sun’s distance to the Galactic
center is

Ro =8.0+0.5 kpe. (6.1)
The distance can be found, e.g., by measuring distances to globular clusters and de-
termining the centroid of their distribution. (A more recent determination utilizes
the observed angular sizes of orbits of stars of known velocity near the Galactic
center). From the differential motion of stars in the Solar neighborhood (as deter-
mined by proper motions and Doppler line-of-sight velocities), the orbital velocity
of the Sun around the Galactic center is

vo =220 km st (6.2)
The orbital period is therefore
S 27TR®

Vo

~ 2% 10% yr. (6.3)

1An exception is a recently discovered population of intergalactic stars in galaxy clusters, comprising
of order 10% of the stellar population in that environment. Also, the first stars formed in the Universe
probably preceded the first galaxies.
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Figure 6.1 Three examples of spiral galaxies, each with its disk at a different angle to our
line of sight, from face-on (M51, top left), through inclined (NGC 3370, top
right), to nearly edge-on (NGC 4594, bottom). Note the spiral pattern traced
by star-forming regions and, in the edge-on case, the thin gas-and-dust disk that
is discernible by its extinction of the starlight behind it. Note also the varying
domination of the disk and bulge components among the three galaxies, and the
spheroidal population of globular clusters, evident as numerous compact sources,
in the edge-on case. Image scales are of order 20 kpc in each picture. Photo
credits: S. Beckwith, A. Riess, NASA, ESA, and the Hubble Heritage Team.
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Figure 6.2 Schematic edge-on view of the main components of a spiral galaxy. The location
of the Sun in the Milky Way is indicated.

For a spherical mass distribution, the magéR, ) internal to a radiugz;, obeys

GM(R 2
GM(Ro) _ vo (6.4)
R2 Ro
or
Rov?  8kpe x 3.1 x 102! em kpe ™t x (2.2 x 107 cm s~ 1)2
M(Ro) % —=2 = ( )

G 6.7 x 10~8 cgs
(6.5)

= 1.8 x 10 g ~ 10" M.

Although the mass distribution in the Milky Way is highly non-spherical, Eq. 6.4
is a good approximation also for a circular flattened mass distribution, in which
v(r) =constant, which is roughly true for the Milky Way. About half the mass
interior to R, is in stars, and the typical stellar mass is abdai/, so there are
about10!! stars interior to the Solar orbit.

6.1.1 Galactic Components

6.1.1.1 The disk

The Galactic disk has a mass distribution that falls exponentially with both distance
r from the center and heightabove or below the plane of the disk:

A e Y
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Figure 6.3 Top An optical-light image in the direction of the Milky Way'’s center. Although
the Galactic disk is visible as a broad swath of light, the center of the Galaxy
is obscured by the dust in the dislBottom left: A half-sky image (i.e. 27
steradians) with the Milky Way overhead. The disk+bulge structure can be seen.
The region shown in the top panel is indicat&bttom right: Optical image of
the nearby edge-on spiral galaxy NGC 891. Note how similar the Milky Way
and NGC 891 appear. Photo credits: Wei-Hao Wang; and C.Howk, B.Savage,
N.A.Sharp, WIYN/NOAO/NSF, copyright WIYN Consortium, Inc., all rights
reserved.
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The scale length of the disky = 3.5 + 0.5 kpc, and hence at= 8 kpc the Sun is

in the outer regions of the Galaxy. The characteristic scale height is 330 pc

for the lower-mass (older) stars in the disk and= 160 pc for the gas-and-dust
disk. The Sun is located at= 30 pc above the midplane of the disk. The mass of
the disk within one scale radius is

Mg ~ 10" Mo, (6.7)
most of it in stars (and about 10% in gas). This implies al2out10'° stars, and a
mean density
_ 2 x 1010
Ngtars ™~
’ 7(3500 pe)? x 2 x 330 pe
The mean distance between stars is then
d=n"3~1pc (6.9)

Ignoring gravity for a moment, the mean free path for a star to physically collide
with another star (i.e., for the centers of the stars to pass within two stellar radii of
each other) is

~1pc?~3x107¢em™3.  (6.8)

1

I = (6.10)

77Lagcom ’
where the geometric cross sectionoig.m = 7(2rg)?, for a star of Solar ra-
dius. The random, non-circular, velocity of stars in the disk is typically, ~
20 km s~1. For a given star, the time between collisions is then

1
Teoll = ! =— (6.11)

vran ﬁa—gcomvran

1
T 3X107% cm 3 x 7 x (2 x 7 x 1010 cm)? x 2 x 106 cm s

=2x10%s=7x 10" yr.

This is~ 5 x 108 times the age of the Universe, and thus, accounting only for the
geometric cross section, most stars never collide (in a galaxyl@ithstars, there

will be of order 100 collisions in the course p9'° yr). In reality, gravitational
focusing— the fact that nearby stars attract each other — increases the effective cross
section for a physical collision as

U2
Oeff = Ogeom (1 + v?an) y (612)
wherew, is the escape velocity from the surface of the star (see Problem 2 for a
derivation). The escape velocity is defined as the velocity of a particle that has
equal kinetic and potential energies, and is therefore not bound. For a Sun-like star,
ve = 620 km s~1, and hence the effective collision cross sectior i$000 times

larger than the geometrical one. This factor, however, does not change the fact that
stellar collisions in the disk are extremely rare. In the innermost regions of the
galaxy, where the density and random velocities are the highest, the probability for
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a stellar collision is significant. Also, if we consider the cross section to be that of
a planetary system of radius 20 AU, the collision time goes down by a faetor?

to about10'? yr (gravitational focusing becomes unimportant in this case, because
the escape velocity from 20 AU in only, ~ 10 km s™!). Thus, about 1% of all
disk stars undergo, during their lifetimes, a disruption of their planetary systems (if
they have such systems) by the close passage of another star.

The gas-and-dust disk has a smaller scale height than the stellar disk. From our
vantage point near the midplane of the Galactic disk, extinction by dust makes it
extremely difficult to see most of the Galaxy at optical wavelengths (and to a lesser
degree, also at IR wavelengths). The extinction to the Galactic center at visible
wavelengths amounts to a factor of abddt'. The view perpendicular to the disk,
looking at the halo of the Galaxy and beyond our galaxy, is essentially unattenuated.

The spiral arms in the disk are the sites of slightly increased gas density. The
conspicuous appearance of spiral arms is due to the fact that star formation is sig-
nificantly enhanced along the arms, and the luminosity of young, massive stars is
high. It is often remarked that O and B stars and lfegions trace out the spiral
arms in the Milky Way and other spiral galaxies like “beads on a wire”. The fact
that there is ongoing star formation in the disk means that the stellar population in
the disk has a large range of ages, including old steF<5yr), intermediate age
stars like the Suns(Gyr), and recently formed stars.

It is important to realize that the spiral arms are almost stationary features,
through which stars move in and out as they orbit a galactic center, or transient fea-
tures that appear and disappear at different locations in the disk. Recall the Sun’s
orbital period around the Galactic center,20k 108 yr. Stars at half the galacto-
centric distance orbit the center with about the same velocity of 200 kesid so
have a period that is half as long. If the spiral pattern were moving with the stars,
the pattern would have wound about 50 times aM@F yr, and would have been
washed out. Instead, the spiral patterns are observed to wind just a few times, at
most. One of the mechanisms proposed to explain spiral arms invaleesity
waves regions of higher stellar and gas density. A common example of a density
wave is a traffic jam through which cars pass at lower speed, leading to a density
enhancement along the road. The traffic jam can be stationary, or move backward
or forward at some speed, which is unrelated to the speed of the cars going through
it. A traffic jam can also disappear at some location along a road and appear at
another. In a spiral galaxy disk, density waves can result from particular shapes of
the orbits of the individual stars and the gas, which spend longer times during their
orbits at the locations of the peaks of the density waves. Other mechanisms have
also been suggested to produce spiral arms, such as interactions between galaxies.
It is possible that several effects are at play.

6.1.1.2 The spheroid

The spheroid of the Galaxy consists of a spheroidal stellar bulge of typical size
1 kpc, with a density proportional to radius as

pr~TT3, (6.13)
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and a stellar and gas halo with a similar profile out to about 50 kpc. About 200
globular clusters are also members of this halo population and they follow the same
spatial distribution. The instrinsic three-dimensional shape of the spheroid, which
at the arbitrary projection of any particular galaxy appears circular or elliptical, is
probably that of a body of revolution obtained by rotating an ellipse about its minor
axis (this is called aoblate spheroid

The stars in the bulge and in the halo are old (10-14 Gyr). The age of the stellar
population in a globular cluster, which is a system of stars that formed together
at about the same time, can be deduced from its H-R diagram, by the location of
the turnoff from the main sequence to the giant branch (see Fig. 4.1). Stellar mod-
els are used to predict at what age the spectral types at the observed turnoff point
complete their main-sequence lifetimes. The spectra of the stellar atmospheres
also reveal the element abundances that the stars had when they formed. The old
stars comprising the halo population formed from material that underwent rela-
tively little heavy-element enrichment by the winds from giants and the ejecta from
supernovae, following previous stellar generations. For example, in halo stars the
iron-to-hydrogen mass fraction, relative to Solar, is

[Fe/H]

-1 —4.5 1 —0.5. .
7[F6/H]@ 0 to 10 (6.14)

6.1.1.3 The Galactic center

The Galactic center has been studied intensively in recent years at IR, radio, X-
ray, andy-ray wavelengths, which are less affected than optical light by the large
amounts of dust on our line of sight. The Galactic center region has a large den-
sity of stars, and includes several young star clusters, supernova remnants, and a
complex assortment of atomic and molecular gas (see Fig. 6.4). Radio and X-ray
observations reveal a compact, stationary source named Sagittarius A* at the lo-
cation of the kinematic center (i.e., the center as determined from stellar orbits).
The high angular resolution possible with radio-telescope interferometers reveals
a size of~ 1 AU for this object. Observations over the past decade of the actual
orbits of stars around the center (see Fig. 6.5) have allowed a fairly accurate mea-
surement of the central mas¥, ~ 4 x 10°M, with < 45 AU. The concentration

of such a large mass within such a small region, with little luminosity to show for

it, is strong evidence for the presence afuppermassive black hol@he radio and

X-ray emission are the result (in a manner that is not yet fully understood) of the
release of gravitational energy of matter being accreted by the black hole. Such
objects appear to be present in the centers of all large galaxies, based on the ob-
served motions of stars and gas in the central regions. The black-hole masses are
roughly proportional to the stellar masses of the bulges, and have a range of about
105—10° M. Itis currently not known whether central black holes are byproducts

of galactic formation and evolution, or perhaps play an important role in regulating
galaxy growth. We will return to supermassive black holes in Section 6.3.
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Figure 6.4 Left A radio-wavelength (90 cm) image of 1 kpc around the Galactic Cen-
ter. The Galactic plane goes from top-left to bottom-right (compare to Fig 6.3).
The central source radio source, Sagittarius A, is marked. The unresolved radio
source at the kinematic center of the Galaxy, Sagittarius A*, is within it. A num-
ber of other structures are also identified, mainly supernova remnants emitting
synchrotron radiation and H Il regions that emit free-free radiatRight: Ra-
dio image at a wavelength of 1.3 cm of the central parsec around Sagittarius A*,
which is at the center of the image, surrounded by diffuse emission from ionized
gas. Photo credits: NRAO/AUI and N.E. Kassim, Naval Research Laboratory;
NRAO/AUI, Jun-Hui Zhao, and W. M. Goss

6.1.1.4 Cosmic rays

“Cosmic rays” is a term for energetic matter particles that arrive at Earth from
space. They can be detected directly using high-altitude balloon experiments, or by
tracking the showers of secondary particles (mainly muons) that they produce when
they hit Earth’s atmosphere. Cosmic rays consist of electrons, protons, and heavier
nuclei, with all of the elements present. Some cosmic rays are of Solar origin, from
particles carried out with the Solar wind. Other cosmic ray particles are Galactic,
and are thought to be produced and accelerated mainly in supernova explosions.
They are then trapped by the magnetic field of the Milky Way’s disk. Finally, some
cosmic rays are probably of extragalactic origin, and come from active galactic
nuclei (see Section 6.3) and from gamma-ray bursts .

6.1.1.5 The dark halo

The last galactic component we will discuss, and in some detail, is the dark halo.
The evidence for dark halos in galaxies is kinematic, based on the measurement
of rotation curves, i.e., the circular velocityy(r), of test particles in orbit around

the center of a galaxy, as a function of radiusThe circular velocity is found by
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Figure 6.5 Left: Near-infrared (2.2sm wavelength) diffraction-limited image of the central
arcsecond (0.04 pc) around the Galactic Center, obtained in June RO§I%:
Positions of the seven stars marked in the left panel, as traced with such images
between 1995 and 2005, and the best-fitting elliptical orbits. The orbits indicate
an enclosed mass af 4 x 10°Mg within a radius of< 45 AU (the closest
approach achieved by star S0-16), presumably a supermassive black hole at the
position of Sagittarius A*. Figure credit: A. Ghez and J. R. Lu, see Astrophys.
J. (2005), 620, 744.
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Figure 6.6 Schematic example of a spiral galaxy’s rotation curve — its circular velocity as a
function of radius. Outside the inner few kiloparsecs, rotation curves invariably
become “flat”, i.e., approach a constant velocity, suggesting the presence of a
halo of dark matter. The dashed curve showsthe !/ Keplerian falloff that
would be expected, in the absence of dark matter, beyond a radius that includes
most of the visible luminous matter.

observing material (e.g., gas) that is orbiting in the gravitational potential of the
galaxy and measuring the line-of-sight velocity from the Doppler shift of a known
transition, seen in the spectrum in emission or absorption. The measurement then
needs to be corrected for various observational effects, such as inclination, motion
of the observer, and projection (since the observer sees only the velocity component
along the line of sight), to obtain the intrinsic circular velocity. Rotation curves are
often measured using the 21 cm emission line of tHe Balmer K emission line

from H Il regions, the absorption lines in the integrated light from stars, and the
molecular emission lines from CO. Fig. 6.6 shows a typical galactic rotation curve.

A remarkable finding that has few or no exceptions is that, at large enough radii,
galaxy rotation curves are “flat”, i.ev(r) =constant. This holds even in the very
outer parts of galaxies, far beyond the regions where most of the emission from
stars and from gas is concentrated, and where only trace amounts of luminous mat-
ter exist (some luminous matter is generally needed, in the role of test particles,
in order to make the kinematic measurements). If the mass distribution followed
the light, one would expect that, at some radius, most of a galaxy’s mass would
be within, and hence the rotation curve would fall in an approximately Keplerian
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fashion,u ~ r—1/2, as for a point mass. Since
M) = 2T (6.15)
G
v(r) = constant implies
M(r) ~r. (6.16)

Thus, the flat rotation curves mean that, far beyond the exponentially dimming disk
and the spheroid with its steeply falling light distribution, the mass enclosed within

a radiusr continues to grow linearly withr, out to the largest radii that can be
measured. This dark halo constitutes much of the galaxy’s total mass, the exact
fraction depending on where the dark halo ends. For example, in the Milky Way,
the flat rotation curve is seen to extend out~t030 kpc, of order 10 disk scale
lengths. Thus, the total mass is about 10 times the mass inside a scale length, and
80-90% of the Galaxy’s mass, of ord&b'? M, is dark. The luminous parts of
galaxies are just the “tip of the iceberg”, while the majority of the mass is dark and
extended. Combining Eqg. 6.16 and the scaling relation between mass, density, and
radius,

7~ M(r) ~ pre, (6.17)

and hence in the outer regions of a galaxy, where the dark matter is dominant, the
mass density profile of the dark matter must be

p(r) ~ — (6.18)

r2’

6.1.2 The Nature of the Dark Matter

Let us consider the possible nature and forms of this ubiquitous dark matter.

Gas: If the dark matter were a gas of normal baryonic matter, it could be one of the
following:

atomic gas- but it would then radiate strongly at 21 cm;

molecular gas- possible, in principle, but the gas would have to be un-enriched
in heavy elements (to avoid emission from CQO), and very cold (to aveidrhis-

sion). It could still be detected by the effects of EHbsorption and scattering of
background UV sources, and some first attempts to see such an effect have not suc-
ceeded, making this option questionable. However, this dark matter candidate has
not been fully ruled out yet; or

ionized gas- a hot ionized gas is a strong emitter in X-rays of thermal free-free
radiatiorf, which is not observed.

Dust: Dust would emit IR radiation, and would produce visible extinction of
background objects by the halos surrounding other galaxies. Furthermore, dust is
composed of “metals” (i.e., elements heavier than helium), and on average only
about 2% of baryonic matter is composed of metals. One would have to somehow

2“Thermal Bremsstrahlung” is emitted by the electrons in an ionized gas that has a Maxwell-
Boltzmann velocity distribution, even if the gas is tenuous enough for the radiation to escape freely
with few scatterings, and hence the radiation is not in thermal equilibrium with the gas.
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drive away from the galaxy a mass of hydrogen and helium gas that is 50 times
greater than the mass of the dust making up the halo.

Massive Compact Halo Objects (MACHOSs): This category includes all gravita-
tionally bound, star-like, objects, including planets and black holes. The various
possibilities are as follows:

main sequence starscannot comprise the dark halos of galaxies since they would
be visible, not dark;

giant stars— are even more luminous than main sequence stars, so are certainly not
an option;

neutron stars- their formation is accompanied by supernova explosions which
produce large amounts of heavy elements. If much of the dark halo were composed
of neutron stars, the metal abundances in the halo gas would be very high, but they
are measured to be low. Furthermore only a fraction (about 1/10) of the initial mass
of a massive star ends up in a neutron star, and the rest would have to be blown
away from the galaxy.

black holes- the same argument as for neutron stars can be made. However, sp
little is known about the supernova explosions (if any) that accompany black hole
formation, that the argument does not carry so much weight. The distribution of
binary separations observed in the halo can also be used to argue indirectly against
a dark halo composed of black holes, since encounters with the black holes would
disrupt the binaries.

white dwarfs— if dark halos are composed of white dwarfs, the winds from the
giants that preceded their formation would have produced a large enrichment in
intermediate-mass elements (He, N, Ne, C, O) of the halo gas, which is again not
seen. Furthermore, one would expect to see luminous red halos, composed of the
red-giant precursors of the white dwarfs, when looking at distant galaxies (corre-
sponding to largéookback timesbefore the white dwarfs formed), and these are
probably not seen. Due to the incomplete theoretical understanding of element en-
richment by stellar winds, and the difficulty of observing very distant galaxies, this
option is not completely ruled out.

brown dwarfs and “planets™ Such objects, with masses in the range between the
planet Jupiter{/; = 0.001M,) and the stellar ignition limit /i, ~ 0.07Mg =
70M ), emit little radiation and cause no enrichment of the interstellar medium.
They were therefore leading contenders for MACHO-type dark matter, until they
were ruled out by the gravitational lensing experiments we will describe below.
Elementary Particles This category includes any type(s) of elementary particles,
known or unknown. The follwoing are some options:

electrons and protons this is just ionized hydrogen, which we already excluded
based on the low observed level of X-ray emission from galactic halos;

neutrons— free neutrons decay in about 15 min into electrons and protons (plus
neutrinos), which are excluded.

massive neutrinos although it now seems likely that neutrinos have mass, it is not
clear if they are massive enough to be a significant component of the dark matter.
Their relativistic speeds also pose a problem in models of galaxy formation if the
neutrinos constitute the main dark-mass component. However, this option has not
been fully excluded.
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Figure 6.7 Gravitational deflection of a light ray from a distant source passing a point mass
M to within a distancé, and continuing in the direction of a distant observer. In
the weak-field limit (i.e., if, at the closest point of approach the gravitational po-
tential¢ < ¢, or equivalentlyp > ), the deflection angle is = 4G M /c?b.

“cold dark matter” — this sub-category refers to a broad class of currently undiscov-
ered, but theoretically proposed, particles. These particles come from extensions to
the “standard model” of particle physics but are not present in the standard model it-
self. They all share the property that they are “weakly interacting” (like neutrinos),
i.e., they are affected only by the weak and gravitational interactions, and hence do
not emit electromagnetic radiation. Furthermore, they have a high mass per par-
ticle, and since they are bound in a galaxy potential, they move at non-relativistic
speeds and are thus “cold” (as opposed to the “hot” neutrinos). Some candidate
particles are “axions” and particles that are predicted to exist in the framework of
a theory called Supersymmetry. The whole zoo of plausible particle dark matter
candidates is sometimes called WIMPS, for weakly interacting massive particles.

Reviewing the above list of dark matter candidates, two categories are neither
excluded nor arguably unlikely: cold dark matter and sub-stellar-mass MACHOs.
The MACHO option has been recently tested experimentally via the phenomenon
of gravitational lensing. To understand how this was done, let us digress and
develop the theory of gravitational lenses.

6.1.3 Gravitational Lensing Basics

General Relativity predicts that space is curved by the presence of mass. As we
have seen in the example of the Schwarzschild metric, in a gravitational field, as
seen by a distant observer, light can be thought of as moving at a speed less than
¢, and the field thus acts effectively as an index of refraction. Therefore, a light
ray traversing a region where the gravitational field has a gradient (e.g., near a
point mass) willbend toward the mass, in accordance with the Fermat Principle
(of which Snell’s Law in optics is an example).
Consider, then, a light ray from a distant source approaching a pointmasel

being bent as a result of this effect (see Fig. 6.7). Denote the distance of closest
approach of the ray to the mass (the “impact parameter?), asd the bending
angle of the ray a&. Let us assume that the following two conditions apply: the
gravitational field is weak, even at the location of the ray’s closest approach to the
mass — this means théats much larger than the Schwarzschild radius, or

GTM <1 (6.19)

c?b
and the radius over which the mass has significant bending influence on the the ray,
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namely~ b, is much less than the other relevant distances in the problem, namely
the distances between the observer, the source, and the point mass. This is called
the “thin lens approximation” , again in analogy to optics. Similarly, we shall
refer to the point mass as the “lens” due to the same analogy. A calculation (which
we will not pursue) of a photon trajectory in the Schwarzschild metric under these
limiting conditions gives a simple formula for the bending angle,

_AGM 27
Ty
Note thatx is proportional taM and inversely proportional t

For example, for a light ray coming from a distant star projected near the limb of
the Sun,

. (6.20)

brre =7x 10 cm. (6.21)
The weak-field and thin lens approximations certainly apphg (-, ~ 105r, and
de ~ 200b), and therefore Eg. 6.20 gives

o= 2;;5 = % = glO_5 rad = 1.8 arcsec, (6.22)
where we have converted radians into arcseconds, by multiplyiB§dtyx 180/x

(recall that an arcsecond is 1/3600 of a degree). Thus, light rays from stars projected
near the Solar limb will bend by this angle, and will appear to an observer on Earth
to be arriving from a direction further from the limb. In other words, when the Sun

is near the line of sight to these stars their positions on the sky will appear to shift
away from the limb, relative to their positions when the Sun is elsewhetéis
phenomenon is an examplelefisingof stars by the Sun’s gravitational potential.

The first attempts to measure the lensing effect were carried out in 1919, dur-
ing a total Solar eclipse, when the Moon covers the Sun and thus reduces its glare,
allowing stars to be seen projected near the limb in daytime. These were the first ex-
perimental tests of General Relativity. Although the results were not conclusive due
to the difficulty of measuring such a small angular shift under transient and diffi-
cult conditions, the results were widely publicized by the popular press, and turned
Einstein overnight into a celebrity. Since then, this and many other predictions of
the weak-field limit of General Relativity have been confirmed experimentally to
great accuracy.

To proceed, consider now the following three elements: a point light source, a
point mass (i.e., a “lens”), and an observer, with all three on a straight line (see
Fig. 6.8). In optical terms, the source is on the “optical axis” of the lens. Clearly,
only rays with a particular impact parametewill reach the observer — rays with
largerd will not be deflected enough, and rays with smablevill be deflected too
much. Thus, all rays emitted at a certain angle to the optical axis will reach the

3Atmospheric refraction produces a similar effect on the setting Sun, giving it a flattened shape, and
making it visible above the horizon when in reality it has already set. Note, however, that contrary to
atmospheric refraction, gravitational light deflection does not depend on the wavelength of the photons,
i.e., it is “achromatic”; the Equivalence Principle of General Relativity, which states that a reference
frame in a gravitational field cannot be distinguished from an accelerated reference frame, dictates that
photons of all energies will be deflected by the same angle given by Eq. 6.20.
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Figure 6.8 Geometrical configuration in which a point source of light (S), a lensing point
mass, and an observer (on the right-hand side) are on a straight line, with dis-
tances as marked. For a particular lensing m&gsonly rays passing by the lens
at a specific impact parametewill reach the observer. By symmetry, the image
of the source will be deformed into a ring, of angular radigs(see Eq. 6.25),
called an Einstein ring. The large angles drawn are only for the sake of clarity,
and in practice all angles are extremely small. Light rays are shown to bend at
one point along their path, in keeping with the “thin lens” approximation.

observer, and by symmetry, the source will appear deformed into a ring, called an
Einstein ring, with an angular radiuég, and physical radiuR g in the plane of the
lens. Let us label the observer-source distabige the observer-lens distanég;,

and the lens-source distanBg;. Since we assumed the weak-field approximation,
GM/c*b < 1, thena = 4GM/c*b < 1, i.e.,« is a small angle. Similarly, the
thin-lens approximatiorh < D,,, impliesfr < 1. Looking at the line segment

Sl, we can therefore write

SI = oD =0rDgs. (6.23)
Substituting Eq. 6.20 fow, withb = Rg = D0k,
4GM
les - gEDosa (624)
or
_[(4GM Dy, \'?
= < =2 DolDos) . (6.25)

TheEinstein anglesets the angular scale of the problem. For example, if we take a
lens approximately halfway between the observer and source[hgh,,s ~ 1/2,

and
MN\Y2 [ D, \“V?
—0.64 x 1072 — . - :
0 = 0.64 x 10~ arcsec (M@> (10 kpc) (6.26)

Thus, a stellar-mass object halfway on our line of sight to a star at a distance of
20 kpc will gravitationally lens and deform the light from the star into an approxi-
mately 1-milliarcsecond Einstein ring. If the lens is a stellar-mass object in a galaxy
at a “cosmological” distance of 1 Gpt(® pc), then theEinstein radius becomes

of order a micro-arcsecond. This is the reason why lensing by stellar-mass objects
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Figure 6.9 Geometry in which the point source of light (B), is off the “optical axis” (A)
defined by the lens and the observer. In this case, two lensed images are seen by
the observer. One image is at position C in the source plane, at andanfylem
the lens. The second lensed image is on the opposite side of the lens, at position
D in the source plane, separated from the lens by an @hgle

is often calledmicrolensing (a name that is retained also when the lens is closer,
and the angular scale is actually larger).

Consider now a more general case, where the light source is not on the optical
axis of the lens, but rather at some angleo it (Fig. 6.9). As beforeq <« 1, and
the thin lens approximatior, < D), implies§ < 1. Sinceg < 6, g is also a
small angle. From Fig. 6.9, we can see that AB+BC=AC. Considering the small
angles projected on these line segments, we can write

Disa + Dosf8 = Do (6.27)
Isolating 3,
_ Dy Dy AGM 6%
6’9*Doso"(’*DOSCZDde’Q*?’ (6.28)
or,
6% — B — 0% = 0. (6.29)

Solving this quadratic equation fér the angle of théensed imagerelative to the
lens, we find two solutions,

0 = 518 (8 +403)"°). (6:30)

Thus there will always béwo lensed imagedor a point-mass lens (except when
the source is on the optical axi$,= 0, in which case we recover the single-image,
Einstein-ring solution). The two images ha¥with opposite signs, and hence they
will straddle the lens on both sides.

Next, let us calculate the appearance of the lensed source on the sky. The source,
were it not lensed, would subtend a tangential angtelative to the origin at the
position of the lens, and a radial anglé (see Fig. 6.10). The lensing effect shifts
the images of the source on the sky radially, relative to the lens, and therefore
produces tangential stretching of the images, by facéterss. These ratios can be
calculated directly from Eqg. 6.30. At the same time, the radial angular width of the
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Figure 6.10 Schematic illustration showing the actual location on the sky of an unlensed
source, at an anglé from the lens, and its two apparent lensed images, at po-
sitions @+ andf_, demonstrating the calculation of the magnification of the
lensed images. The source has an extighin the radial angular direction and
(B~ in the tangential direction. The lensed image at posifipris tangentially
stretched by the rati6 /3. The lensed image can also be either stretched or
shrunk in the radial angular direction, by the ratth. /d3. The magnifications,

i.e., the ratios of solid angles subtended by the images and by the source, are
thereforefdf. /3d3. Since surface brightness is conserved, the magnifica-
tion of each image is also its amplification.

source can be stretched or shrunk in the lensed images relative to the original size,
by a factordf. /d3. These derivatives are, again, easily obtained from Eq. 6.30.
The relative increase in the angular size,noagnification, of each image will
therefore be

L PR — (6.31)

pdg 28 (8% +40%)"/2

Surface brightness (i.e., flux per solid angle of sky) is conserved by gravitational
lensing, and therefore the magnification implasplification, i.e., a magnified
image will appear brighter. Microlensing occurs on angular scales such that the
individual images cannot be resolved (i.e., discerned individually) by optical tele-
scopes. However, one can measure the total magnification (or amplification), rela-
tive to the unlensed solid angle (or flux), as a result of the lensing:

a+

u? +2

u(u? + 4)1/2° (6.32)

Qtot = Gy +Q_ =
where
s (6.33)
Ok

i.e., the angular separation between source and lens in units of the Einstein angle.
Whenu is large (i.e., the source is far, in projection, from the lens), we can see that
a0t tends to 1, as expected. When= 1 (i.e., the source is at a position on the sky
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source

Figure 6.11 Relative motion on the sky of a lens (center, with its Einstein ahgladi-
cated) and a source that is projected behind it. Projected to the plane of the
lens, the source moves at a constant transverse velotits straight line, with
an angle of closest approadh at timety. From the Pythagorean theorem, the
time dependence of the lens-source separafi¢f), is given by Eq. 6.36.

through which the Einstein ring would run, if the source were on the optical axis),

3
V5
i.e., the source will be magnified (amplified) by 34%. We can also see from Eq.
6.32 that for small,

atot(u = 1) = = 134, (634)

ot ~ (6.35)
u

and formally becomes infinite when= 0. This simply reflects the fact that a point
source is being stretched into a circle, and there is an infinite number of points on a
circle. In reality, there are no true “point sources”; every source of light has a finite
physical (and hence angular) extent, and only one point in the source, which has
zero area and hence emits zero flux, will be exactly at 0. The magnified flux
in the observed Einstein ring will therefore be finite.

Now, let us add to the problem a relative transverse motion between the source
and the lens, as viewed by an observer (such motion can be due mainly to the
motion of the observer), with a velocitymeasured in the plane of the lens. The
simplest case is apparent motion along a straight line on the sky. From Fig. 6.11,
we see that the source angle will now be a function of time,

’U2 1/2
8= |38 + gl —w02] (6.36
ol
whereg, is the angle of closest approach agds the time of closest approach, or
/2
_BM) [ (t—t)?]
u(t) = By | t—— | (6.37)
where
ug = Bo T= GEDOI. (6.38)
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Figure 6.12 Theoretical microlensing curves, obtained by combining Eqns. 6.32 and 6.37,
and showing the total magnification of a microlensing event as a function of
time. Curves are shown for three different Einstein-angle-normalized impact
anglesuo. The time of maximal approachis = 100 and the Einstein-crossing
timescale isr = 20 (both in arbitrary time units). Note how the peak magni-
fication rises with decreasing,, and equals approximately; ', as expected
from Eq. 6.35.

Thus the total magnification as a function of tinag,:(¢), is obtained by putting
u(t) from Eq. 6.37 in place ofi in Eq. 6.32. Since: is an even function of
(t — to), aot(t) describes a curve that is symmetric in time with respedtto
starting and ending at;:(t) = 1 for ¢t = o0, and rising on an “Einstein-ring
crossing timescale? to the maximum at = ¢, (see Fig. 6.12).

If such a microlensing magnification curve is observed in a source undergoing
transient lensing, one can deduce the parameters describing the egirvg: and
7. The parameter is a function ofv, 8¢, and D, and therefore of), M, and
D, (assuming the source distand®,g, is known). Thus, given and D,,, one
can deduce the mass of the lens by measuring the characteristie tiofi¢he total
magnification curve.

6.1.4 The Magellanic Cloud Microlensing Experiments

The discussion above shows that it is possible, in principle, to detect the presence of
dark moving compact masses, and to deduce their properties, by virtue of their tran-
sient gravitational magnification effect on background sources. This led Peézy

in 1986 to propose an elegant experiment, which would test if the dark halo of the
Milky Way is composed of MACHOs, as follows. Consider the Large Magellanic
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Figure 6.13 Optical image of the Large Magellanic Cloud (LMC), a “dwarf irregular”
galaxy that is a satellite galaxy of the Milky Way. At a distance of 50 kpc,
the LMC is close enough that the individual stars in it can be resolved from
each other in ground-based telescope images, despite the limited resolution due
to blurring in the Earth’s atmosphere. Image width is about 5 kpc. Photo Credit:
NOAO/AURA/NSF

Cloud (LMC), which is a small satellite galaxy of the Milky Way, at a distance
of [ = 50 kpc. A virtue of the LMC is that it is near enough that many of its
constituent stars can be discerned individually in telescope images (see Fig. 6.13).
Assume that the Milky Way’s dark halo, with a total mddg,, extends out to the
LMC and is composed of MACHOSs, each of mass The mean MACHO number
density is then
Mpwm
= —. 6.39

" m%ﬂl?’ ( )
At a given moment, a star in the LMC will be amplified by 1.34 if it happens
to be projected within the Einstein anglg of an intervening MACHO. We can
therefore define a “lensing cross section”, for amplification by a factor of 1.34 or
more, of

4G'm D]S 2

o =m(0pDy)? = WchDol y

(6.40)
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The number of such “targets” that will be crossed by any line of sight to a star in
the LMC is

N = nol. (6.41)

(In reality, bothn ando change with distance, so the accurate expression is

N = /Oln(r)a(?“)alr7 (6.42)

but the approximate expression is sufficient for our purposes.) Inserting the expres-
sions forn ando into Eq. 6.41,

-Z\/[DM 4Gm D]S
Y
m§7r13 ¢z 1Dy

After cancelling and taking the typical MACHO to be about halfway between us
and the LMC, so thab,s ~ D, ~ /2, we find

GMDM (%0) 2
le2 ( c ) '

In the last equality we have used the fact thdt/ (r) /r equalsfv(r)]?, and, since

the rotation curve is flaty(r) is justvg. We thus get the elegant result that, if

the dark halo of the Galaxy (which constitutes most of the Galaxy’s mass) is com-

posed of MACHOs, the number of MACHOSs along the sightline to an outside light

source, and that are passed to within an Einstein radius, i§&jygt)?. Since this

number is obviously much smaller than one, it is actually the fraction of stars that

are lensed, or the probability that a particular star is lensed. Noté\ttipends

on the total masd/py, (or alternatively, on the circular velocitys), but not on

the individual MACHO masses:. Takingue, = 220 km s™*, we find

220 x 10° cms~1\* .
N ~ ( B[00 e T ) ~ 1076, (6.45)

In other words, at any given moment, one in a million stars in the LMC should be
significantly lensed (i.e., amplified by more than 1.34) by a MACHO in our dark
halo.

The Einstein angle of a Solar-mass MACHO located at half the distance to the
LMC (Eq. 6.26) isfr ~ 2 x 1079, and the apparent motion on the sky between
the MACHO and the LMC star is due mainly to the Sun'’s orbit around the Galaxy
center,y = 220 km s~!. The Einsteindiametercrossing timescale of nsing
eventdue to such a MACHO is then

205Dg 4 x 1079 x 25 x 3.1 x 10%! ¢cm

1M~ = — =1.4x10"s ~ ths.
T(1Mo) v 220 x 105 cm s 1 x107s &~ 6 months
(6.46)

Alternatively, if the halo is composed of Jupiter-mass MACHOs of mass M,
thenf g, and hence will be about 30 times smaller:
T(1My) = 6 days. (6.47)

The proposed experiment is then the following. Monitor regularly the bright-
nesses of abouit0” LMC stars for about 5 years. If the Milky Way dark halo is

N =~ D21 (6.43)

N ~

(6.44)
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Figure 6.14 Example of a microlensing event observed in the direction of the Galactic bulge,
involving a foreground star that temporarily magnifies the light from a back-
ground star projected behind it. Note the excellent fit (solid curve) to the data
provided by Egns. 6.32 and 6.37 during most of the event. However, the small,
day-long, perturbation in the curve of magnification vs. time on its falling side
(enlarged in the inset) reveals the presence of a planet around the lens star. A
detailed model (solid curve in the inset) indicates an approximately 5-Earth-
mass planet at an orbital radius of several AU from the main lens star. The
single-lens model (short-dashed curve) and a model assuming a binary source
star (long-dashed curve) are both ruled out by the data. Figure credit: PLANET,
OGLE, and MOA collaborations, see J.-P. Beaulieu et al. 2006, Nature, 439,
437.

made of MACHOs, regardless of their masses, at any given moment about 10 of
the monitored stars will be undergoing a lensing event. If, for example, the MA-
CHOs are of about Solar mass, abdQtx 5 yrs x 2 yr—! = 100 lensing events

with 6-month timescales will be discovered in the course of the 5-year survey. If
the MACHOs are Jupiters, abol x 5 yrs x 52 yr—! = 2600 week-long lensing
events will be found. If the dark halo is not made of MACHOs, few lensing events
will be found.

In 1991, several observational groups began carrying out just such experiments
on dedicated~ 1-meter-diameter telescopes. The experiments had just become
feasible thanks to two technological developments. Large-area electronic CCD
cameras allowed recording simultaneously the images of many LMC stars in a
single frame. Computing power made it possible to automatically measure the
light from millions of individual stars in these images and to search for the handful
undergoing amplification by lensing, with the time dependence given by Eqns. 6.32
and 6.37. After the first year, two of the experiments reported the discovery of the
first lensing events, having the expected time dependence. The Einstein-crossing
timescales were = 35 — 230 days, corresponding to MACHO massesnof~
(0.1 — 1) Mg, assuming typical Galactic velocities and lenses about halfway along
the line of sight to the sources. However, after 6 years of monitoring about 10
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million stars, only 15, or so, lensing events had been found by each experiment, as
opposed to the- 100 that would have been expected, given these timescales.

MACHOSs can therefore constitute no more than a small fraction of the Milky
Way dark halo. A more thorough calculation, accounting also for the detection
efficiencies of each survey, indicated that about 20%, or less, of the dark halo is
composed of MACHOs. If true, a 20% fraction in compact, about-solar-mass, ob-
jects poses a new and additional problem. It is much more than expected from the
known stellar halo population of the Galaxy, and putting even this fraction in any
of the known types of objects that have such masses (main-sequence stars, white
dwarfs, neutron stars, black holes) raises similar problems to those already pointed
out for the case that the entire halo were made of such objects. However, it is also
possible, within the experimental and theoretical uncertainties, that the small num-
ber of observed microlensing events were all due to lensing by the known stellar
populations in the Milky Way’s disk and bulge and by stars in the LMC itself. The
bulk of the dark matter must be made of something other than MACHOs, with cold
dark matter now being the prime contender.

We note in passing that, although few microlensing events in the direction of
the LMC have been seen, thousands of events toward the Galactic bulge have been
recorded, due to lensing of a star by another star along the line of sight. Because
of the large density of stars in this direction, the probability of star-star lensing is
relatively high (see Problem 5). Figure 6.14 shows an example of data for such
a microlensing event. A major motivation for discovering and closely following
these events is a search faxtrasolar planetsaround the lensing stars. Under
some conditions, such a planet, even one with a small mass, can reveal its presence
by means of the perturbation it causes in the magnification curve of the event. To
date, a number extrasolar planets have been discovered via microlensing, one of
them in the event shown in Fig. 6.14.

6.1.5 Modified Physics Instead of Dark Matter

A perhaps more radical solution of the dark matter problem is that there is no dark
matter, and it is the physics (which we are using to deduce kinematically that dark
matter exists) that needs to be modified. Several such modifications to Newtonian
mechanics have been proposed. Most notable among them has been Milgrom’s
and Bekenstein’s “Modified Newtonian Dynamics” (MoND), which proposes that
Newton’s second lawf” = ma, may not be applicable in the regime of the weak
accelerations existing in galaxy halos. Newton's laws have been tested only in the
Solar system, where, e.g., the Earth’s centripetal acceleration is
2 5 —1\2
vg (30 x10° cms™) 9
=9 _ ; =0.6 . 6.48
do 1.5 x 1013 cm ams (6-48)
By comparison, the acceleration of the Sun around the Galactic center is
0 = 03 _ (220 x10° cms™')?
Rg 8 x 3.1 x 102! ¢cm

more than seven orders of magnitude smaller than Solar system accelerations. In
MoND, F' = ma is replaced by a modified acceleration law. The modified form

ag

=2x10"% cms™2, (6.49)
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Figure 6.15 Several examples of elliptical galaxies (M49, M60, and M86), all at distances
of ~ 15 Mpc. Photo credits: NOAO/AURA/NSF.

includes a characteristic acceleratian, ~ 1 x 10~8 cm s—2, which is deter-
mined empirically by observations of galaxy rotation curves. At accelerations much
smaller tharug, the MoND version of the second law approaches the form

F = ma?/ay, (6.50)
which leads to flat rotation curves (see Problem 7). MoND succeeds remarkably
well in phenomenologically reproducing the rotation curves of galaxies. Relativis-
tic versions of the theory (required, e.g., for making predictions of gravitational
lensing phenomena) have been devised, but their observational implications are
still being worked out. It is also debated whether or not the theory works well in all
observed astronomical environments.

6.2 GALAXY DEMOGRAPHICS

Three types of galaxies are observed to be common in the Universe. The dominant
mass components apiral galaxies which we have discussed at length, are a
bulge, a disk, and a dark halo. Different spiral galaxies have varying degrees of
prominence of their bulges and disks, from those with a dominant bulge (often
called “early type” spiral galaxies) to those with little or no bulge component (called
“late-type” spirals}. Many spiral galaxies, perhaps including the Milky Way, also
have a central stelldrar.

Elliptical galaxies resemble in many ways the bulges of spiral galaxies, but are
devoid of a disk (see Fig. 6.15). The stars in elliptical galaxies are therefore pre-
dominantly old, as is the case in spiral bulges. As opposed to the stars in the disks of
spiral galaxies, which move in approximately circular orbits in a well-defined plane
around a galaxy’s center, the stars in ellipticals move in “random” orbits, having
a large range of inclinations and eccentricifieZhe instrinsic shape of elliptical

4This nomenclature has a historical, rather than a physical, origin, and is quite unfortunate since
“early-type” galaxies consist of mostly “late-type” stars (i.e., low-mass stars), and “early-type” stars
(i.e., massive stars) are found preferentially is “late-type” galaxies that have disks with ongoing star
formation.

51t is important to point out here that closed Keplerian orbits are a rule only around spherically sym-
metric mass distributions. Galaxy potentials are, in general, not spherically symmetric, and therefore
stars follow unclosed orbits that trace out a “rosette” that never repeats itself exactly.
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galaxies is not clear yet, and could be either a spheroid (i.e., the body of revolution
obtained by rotating an ellipse around one if its axes) tiaxial ellipsoid of the

form 22 /a% + y?/b* + 22 /c® = 1. Being devoid of disks, ellipticals also have a
low gas and dust content. The most massive known galaxies are ellipticals.

The most common galaxies aieegular galaxies which constitute the third
main type. The prototypical irregular galaxy is the LMC. Irregulars have ongo-
ing star formation, and therefore young stellar populations. Both ellipticals and
irregulars do not have well formed disks, and it is therefore more difficult to de-
termine whether or not they possess dark halos. It is not yet clear why these three
main galaxy types exist, or how galaxy properties are established or evolve during
galaxy formation, but various possible scenarios have been proposed.

Galaxies of all types come in a range of luminosities, masses, and sizes. Among
these parameters, the total stellar luminosity of a galaxy can be measured most di-
rectly. The distribution of galaxy luminosities, liminosity function, is described
approximately by a “Schechter function”, giving the numl#d, ), of galaxies per
unit volume with luminosity in an interval L aboutL:

$(L)dL ~ ¢(L,) (LL> - exp (—LL> dL. (6.51)

Thus, there are fewer galaxies as one goes to higher luminosities, up to some char-
acteristic luminosityL, ~ 2 x 10'°L.. The exponential cutoff above, means
that galaxies with more than a few timés are very rare.

The Milky Way, as well as the nearest large galaxy, M31 in Andromeda, both
have luminosities of roughly... The mean density of galaxies with luminosities
in the rangel., + L, /2 is about

$(L.) ~ 1072 Mpc 3. (6.52)

Thus, there is, on average, about onel, galaxy perl00 Mpc?, or an average
distance of about 5 Mpc between large galaxies. We can use Eq. 6.11, which we
derived to estimate the time between collisions of stars in a galaxy, to find roughly
a typical time for physical collisions between galaxies. Taking a galactic radius of
50 kpc, a relative velocity between nearby galaxies of 500 kf and¢(L.) for

the density of galaxies,

Teoll = — (653)
nov

1
© 1072 x (3.1 x 1024 em) =3 x 7(2 x 50 x 3.1 x 102! ¢cm)2 x 500 x 10° cm s~ 1

~ 5 x 102 yr.

Thus, over the age of the Universe (aba0t® yr, which is also a typical age for
most galaxies), about one B0 large galaxies would undergo a collision with
another large galaxy. In reality, the fraction is higher because galaxies are clustered
in space (see below), and because of gravitational focusing. Furthermore, as we
will see in Chapter 8, in the past the density of galaxigsyas higher than today.
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Figure 6.16 Two examples of pairs of galaxies in the process of collision, with “tails” of
stars and gas that are drawn out of each galaxy by the tidal forces exerted by
the other galaxy.Top left: The galaxy pair NGC 4038/9 in a montage of an
optical image, tracing the stars, and a radio image in 21 cm, showing emission
from neutral hydrogenTop right: Zoom on the central region of NGC 4038/9,
where the optical light output is dominated by H Il regions and massive young
stars formed as a result of the collisio®ottom: The colliding galaxy pair
NGC 4676. Photo credits: NRAO/AUI and J. Hibbard; the European Southern
Observatory; and NASA, H. Ford, G. lllingworth, M. Clampin, G. Hartig, the
ACS Science Team, and ESA.
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Several examples of such collisions are shown in Fig. 6.16. During a galaxy-galaxy
collision, the constituent stars never physically collide with each other, for the same
reason that the stars inside a given galaxy rarely collide — the cross sections are
too small and the densities too low. Thus, in effect, colliding galaxies can “pass”
through each other.

Note that, if a galaxy is in free fall toward a second galaxy, so are all of its
constituent stars, gas, and dark matter, and therefore these components would not
“feel” the pull of the second galaxy, were they all at similar distances from it. (For
the same reason, a person on Earth does not feel the mean attraction of the Sun or
the Moon, and an astronaut in orbit is weightless). However, the stars and the gas
in one galaxy will feel the spatially varying gravitational field of the other galaxy,
and will therefore experience tidal forces that can disrupt the stellar orbits, or tear
away the stars completely from their parent galaxy. Examples of such tidal streams
of stars and gas are seen in many colliding galaxies. This tidal work can take up
enough of the kinetic energy of the relative motion between the galaxies that a
collision can sometimes end asveerger of two galaxies. In fact, one idea for
explaining the existence of different galaxy types it that ellipticals have resulted
from the mergers of pairs of spirals. Furthermore, galaxy collisions apparently set
off the collapse of gas clouds inside the galaxies, leading to vigorous bursts of star
formation that are often observed in such interacting systems.

6.3 ACTIVE GALACTIC NUCLEI AND QUASARS

We have seen that massive black holeg06f-10° M, are common in the centers

of large galaxies. There is no shortage of gas in these regions — abundant material
is shed by normal stars during their evolution, and likely also by stars that have
passed close to the black hole and have been tidally disrupted by it (see Chapter 4,
Problem 7). We therefore expect these black holes to be accreting matter. Al-
though the sources of accreted matter are different from those in interacting binary
systems, which we studied in Chapter 4.6, the physical arguments concerning the
accretion process are the same. We can therefore expect the centers (or “nuclei”)
of galaxies to also display phenomena similar to those in interacting binaries, but
scaled according to the larger accretor masses. For example, recalling the Edding-
ton luminosity (Eq. 4.142),

_ 4dmeGMm,,

M
Lp = =1.3x10¥ ergs ' —, (6.54)
Mg

or

for M ~ 106—10° M, we can expect nuclear luminosities of uptd 047 erg s 1,
outshining an entire large galaxy by many orders of magnitude.

Indeed, some 1-10% of large galaxies can be classified as hasfiivg galactic
nuclei (AGN), which can be defined as nuclei with a significant amount of luminos-
ity that is of nonstellar origin. The range in the above fraction is, to some degree,
semantic — it depends on what is defined as a large galaxy, what kind of galaxies
one examines, and what is considered a significant amount of nonstellar activity.

There is much evidence for nuclear activity that is not produced by stars. Some
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Figure 6.17 Images of several AGRNop left: UV-optical image of the center of M87, an
elliptical galaxy in the nearby Virgo cluster of galaxies. M87 contains a rela-
tively low-luminosity active nucleus, evidenced here by the bright unresolved
central source, and the jet of material emerging from the nucleus at relativistic
speeds. The numerous point sources are globular clustepsright: Optical
image of the quasar 3C273. The light from the nucleus overwhelms the light
from the host galaxy, which is barely visible, surrounding the nucleus. A jet
can be seen in the lower right quadrant. (The spikes energing from the quasar
are artifacts due to diffraction.Bottom: Radio image at 6 cm wavelength of
the galaxy Cygnus-A, which has a double-sided jet extending 100 kpc in each
direction. Photo credits: NASA and the Hubble Heritage Team; NASA and J.
Bahcall; NRAO/AUI, R. Perley, C. Carilli, and J. Dreher.
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Figure 6.18 Typical UV-through-optical spectrum of an active galactic nucleus. Note the
blue continuum, topped by broad emission lines, with the main ones indicated.
The emission lines are most probably Doppler broadened by the bulk velocities,
10°—10* km s~1, of the emitting gas clouds in the potential of the supermassive
central black hole. Data credit: D. Vanden Berk et al. 2001, Astron. J., 122,
549.

or all of the following phenomena are seen in different AGN: large luminosities
emerging from compact regions that are unresolved by telescopes, implying sizes
less then a few pc; this luminous energy has a spectral distribution that is distinct
from that produced by stellar populations, namely, large luminosities at radio, X-
ray, and sometimes gamma-ray frequencies; jets of material emerging from the
nucleus, often at relativistic speeds, and emitting synchrotron radiation (these jets
are thought to be one possible source of the highest energy cosmic rays detected
on Earth); emission lines in the IR to X-ray range. with a spectrum indicating
excitation of surrounding gas by a powerful source with a nonstellar spectrum;
the emission lines are Doppler-broadened to velocities of up to tens of thousands
of km s~!, suggesting motion in a deep gravitational well; and large-amplitude
variability in luminosity at all wavelengths, and on all timescales, from minutes to
decades. Figs. 6.17-6.20 show examples of some of these phenomena.

Each of the above phenomena is difficult to explain by processes other than ac-
cretion onto a central supermassive black hole. For example, we could invoke a
large population of X-ray binaries to explain the nonstellar spectra, but we would
then be hard pressed to understand how all these individual systems could vary in
phase in order to produce the large amplitudes of variability. To be more quanti-
tative, from considerations of causality, a significant change in luminosity (say, a
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Figure 6.19 Typical spectral energy distribution of an active galactic nucleus, from radio

to X-ray frequencies. The vertical axis shows, (v), which has units of lu-

minosity, and which is convenient for visualizing the relative luminosities in
different frequency bands. The much-narrower spectral energy distribution of
stars in a typical galaxy is shown for comparison. The indicated “bump” in the
optical-to-UV range in the AGN spectral distribution may be due to thermal ra-
diation from an accretion disk around the central black hole. The dashed section
of the curve is an interpolation in the extreme-UV band, where observations are
difficult, because of strong absorption of light from extragalactic sources by
neutral hydrogen in the interstellar medium of the Milky Way. Data credit: M.

Elvis et al. 1994, Astrophys. J. Supp., 95, 1.

doubling) on a timescale @kt ~ 1 hrimplies a size less than 1 light hour:

R<cAt=3x10" ems™ x 3600s = 1.1 x 10 cm = 7 AU.
Thus, a huge luminosity, comparable to, or outshining, that of an entire galaxy, is

(6.55)

produced in a region smaller than the Solar System.

As another example, some AGN display long and spatially continuous radio jets

of material moving at relativistic speeds (0.1¢ — ¢), with lengths sometimes

reaching~ 1 Mpc = 3 x 10° L.y. This requires that the nucleus has been contin-

uously active forr ~ 3 x 107 yr, and therefore has produced a total enekgy

This energy must equal the radiative efficiency times the rest energy of thelthass

involved in the process:

Fiot ~ LT = nMc?. (6.56)
Therefore,
o LT 107 erg sl x 3 107 x 815 x 107s 5 x 107Mo, 657
ne? 7 (3 x 1010 ¢m s~ 1)2
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Figure 6.20 Flux variations in th2 — 10 keV X-ray band of the active galactic nucleus
NGC 3516, over several days. Note the large variation amplitudes on timescales
of hours, and the nonperiodic, random nature of the variability. Data credit: A.
Markowitz and R. Edelson 2005, Astrophys. J., 617, 939.

If AGN were somehow powered through stellar processes by a continuous supply
of material undergoing nuclear reactions, which have 0.007 or less, the mass
required would be at least/ ~ 10'°M, comparable to the stellar mass of an
entire galaxy. On the other hand, if the energy source is accretion onto a black
hole, withn = 0.057, the required mass &/ ~ 10° M. This is just the mass of

the compact central objects (presumably black holes) found in the nuclei of some
massive nearby galaxies.

AGN have been classified into a large zoo of different types, according to the
combinations and the details of the properties, listed above, that they display. A
few of the common types are Seyfert galaxies, radio galaxies, BL-Lacertae ob-
jects, and quasars, and these types are further separated into subcategories (e.g.,
Seyfert 1 and 2, radio-loud and radio-quiet quasars). The physical distinctions be-
tween the different classes and subclasses are still being debated, i.e., what causes
the different appearance and properties of different types of AGN. Some of the
differences are likely due to orientation effects. The accretion disk, and probably
other surrounding AGN components as well, are not spherically symmetric. Their
contribution to the total light output and their ability to obscure other components
therefore depend on the inclination of the system to the observer’s line of sight. It
is also yet unclear why the majority of central black holes in galaxies (including
the4 x 10° M, black hole at the center of the Milky Way) are not active, and dis-
play only feeble signs of nonstellar activity. One possibility is that the gas in the
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central regions of a galaxy, perhaps by virtue of its high angular momentum or low
viscosity, avoids falling into the black hole. Alternatively, perhaps it falls, but in
a radiatively inefficient way, and carries most of its kinetic energy with it into the
black hole.

The most luminous AGN amguasars roughly defined as AGN with luminosities
of 10%* erg s~! or more. Among quasars, the most energetic objects reach lumi-
nosities of orden 0% erg s~—*, similar to the Eddington limit estimated above for
the largest black-hole masses. Assuming quasars are powered by accretion disks
around black holes with inner radii at the last stable orbjt,= 3r, = 6GM/c?,
we saw (Eq. 4.133) that the luminosity is

1GMM _ Mc?

L~= = —, (6.58)
2 rip 12
and, after accounting for General Relativistic effects,
L =0.057Mc?. (6.59)

For a quasar to shine at the Eddington luminosity, its accretionaraust be
large enough that
. M
L=Lg=13x10%%erg sflM—, (6.60)

©
and therefore

- 1.3x10%ergs™ ! x3.15x 107 syr ! M M
M= — =4 x 1078 My yrt—.
0.057¢2 M, CRENN VA
(6.61)

Thus, al0°M,, black hole radiating at the Eddington luminosity must accrete
40M¢, per year.
The temperature at the inner radiug, = 6GM/c?, is (EQ. 4.135)

L\ 1/4
T(mn):<GMM> o34 (6.62)

8no m

c3/2 /4 M 1/4 12
— =3x10°K [ — — :
63/4(8mo )Y/ 4(GM)L/2 Mg yr—1 Mg
For the above black hole mass and accretion rate, the inner temperature will thus
be

T =3 x10° K x 40"* x (10°)7Y/2 = 2.4 x 10°K, (6.63)
producing thermal radiation that peaks in the extreme UV, between the UV and
the X-ray ranges. Quasars in fact have such a UV “bump” in their spectral energy
distributions (see Fig. 6.19), which is thought to be the signature of the accretion
disk.
Since quasars ai@' — 10* times brighter than af., galaxy with~ 1010 stars,
the host galaxies of quasars are often difficult to detect under the glare of the nu-
cleus, especially since the most luminous quasars are generally §isdavihg to

6The name “quasars” evolved from the acronym QSRS, for “quasi-stellar radio source” — the first
quasars were discovered in the 1960's as radio sources that, at visual wavelengths, have a spatially
unresolved, “stellar” appearance. Quasars are often also called QSOs, for Quasi Stellar Objects. It is
more recently, using high-resolution observations in the IR and from space, that the host galaxies of
quasars are routinely detected.
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the finite speed of light, a large distance means a large lookback time. The large dis-
tances of luminous quasars therefore imply that quasars are rare objects at present.
Apparently, most central black holes in present-day galaxies are accreting at low
or moderate rates, compared to the rates that would produce a luminogity. of
Quasars were much more common in the past, and their space density reached a
peak about 10 Gyr ago. The reasons for this “rise and fall” of the quasar population
are unclear. However, there likely is a connection between the growth and devel-
opment of galaxies and of their central black holes. We will briefly return to these
questions in Chapter 9.

6.4 GROUPS AND CLUSTERS OF GALAXIES

Rather than being distributed uniformly in space, galaxies are “spatially correlated”
— near a location where there is a galaxy, one is likely to find another galaxy. In
other words, galaxies are often foundjioups consisting of a few to ten members,
and sometimes in ricblusters containing up to about 100 luminous (of ordey)
galaxies. We are part of a group of galaxies called the “Local Group”, consisting
of the Milky Way, M31 (the Andromeda galaxy), M33, and some smaller “dwarf”
galaxies. The nearest rich cluster is the Virgo cluster, at a distance of about 15 Mpc.
The typical radius of a galaxy cluster is abeut ~ 1 Mpc. Galaxy clusters have

a high proportion of elliptical galaxies, compared to regions with a lower space
density of galaxies. In fact, most of the stars in rich clusters are in ellipticals.
Figure 6.21 shows optical and X-ray views of a massive galaxy cluster.

Based on the Doppler line-of-sight velocities measured for the individual galax-
ies in clusters, it is seen that the galaxies in clusters move on orbits with random
inclinations and eccentricities, reminiscent of the stars in elliptical galaxies and in
spiral bulges. The typicalelocity dispersion i.e., the root-mean-square velocity
of the cluster galaxies about the mean velocity is albott 1000 km s~1. A typi-
cal “cluster crossing timescale” — the time it takes for a galaxy to cross the cluster
—is therefore

Tel 3.1 x 10** cm
Tee ™ T T 108 em s 1
Several lines of evidence indicate that clusters are old systems, with ages com-
parable to the age of the Universe, 10'° yr. One example of this evidence is
the fact that most of the stars are in elliptical galaxies, which consist of old stellar
populations.

With a cluster crossing time of a billion years, most galaxies in a cluster have
had time to perform a few orbits in the cluster potential, and a cluster is therefore
a gravitationally bound system. Note that, with 100 galaxies within a radius of
1 Mpc, the mean galaxy space density in cluster$0is times higher than the
average for galaxies in general, and relative velocities between galaxies are a few
times higher than between unbound “field” galaxies. The time between collisions
(Eg. 6.53) is therefore reduced to a few billion years, and most galaxies in the
central regions of clusters have undergone collisions with other galaxies. This may
be the reason for the preponderance of ellipticals in clusters.

=3x10%s =10 yr. (6.64)
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Figure 6.21 Optical image of the central region of the massive galaxy cluster Abell 2218.
Note the preponderance of elliptical galaxies. The conspicuous arcs are gravi-
tationally lensed images of distant background galaxies projected near the cen-
ter of the cluster. The arcs are effectively partial Einstein rings which allow
a measurement on the total mass projected internal to them. Image width is
about 0.6 Mpc.Inset: Contours showing the X-ray intensity from the cluster,
superimposed on an optical image. The area within the inner three contours
corresponds approximately to the area shown in the main high-resolution im-
age. The X-ray emission is Bremsstrahlung from hot intracluster gas bound by
the gravitational potential of the cluster. The gas mass is an order of magni-
tude greater than the stellar mass of the cluster. The gas temperature provides
an independent measure of the total cluster mass. Photo Credits: NASA, A.
Fruchter, and the ERO Team; and F. Govoni et al. 2004, Astrophys. J., 605,
695, reproduced by permission of the AAS.

We can estimate a clustergial mass, assuming the galaxy velocities trace the
cluster potential, as
o%rq (108 cms™1)? x 3.1 x 10?4 cm

M ~ = =4x107 ¢=2x 10" M,
G 6.7 x 1078 cgs % & % ©
(6.65)

where we have used the typical velocity dispersion and radius given above. Galaxy
clusters are the most massive bound systems known. An independent estimate of
cluster mass can be obtained for many clusters via gravitational lensing. Some
rich clusters display large gravitationally lensed arcs (see Fig. 6.21). These are the
tangentially stretched images of distant galaxies projected almost directly behind
the clusters. When the arcs subtend a substantial angle, they are effectively partial
Einstein rings, and their angular radius is approximately the Einstein angle. A
typical lensed arc can have a radius of about 0.5 arcmin. Clusters with such arcs
are usually at distances of ordBr ~ 1 Gpc, so the Einstein angle corresponds to

an Einstein radius of

Rp =0gD ~

0.5

b =15x10"* = 0.15 Mpc. 6.66
60 x 130/ Gpc 5x 107% Gpc = 0.15 Mpc ( )
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Eqg. 6.25, which we developed for the Einstein angle of a point mass, also holds
for any spherical mass distribution, in which case it gives the total mass projected
inside the Einstein ring. Let us tall; ~ 0.5 arcmin, and assume again the
“halfway” location of the lens (i.e., the cluster) relative to the source (the lensed
galaxy), soD,; = Djs = D.s/2. Then Eq. 6.25 gives for the cluster mass pro-
jected within 0.15 Mpc

2
2200, (adis) x (3100 ems™)? < 10° x 3.1 x 10 em

M
4G 2 x6.7x 1078 cgs

(6.67)
=4 %107 g=2x 10" M.

This is of the same order of magnitude as the virial mass estimate we obtained
using the galaxies as kinematic trace particles. (Note, however, that the two mass
estimates are measuring somewhat different things; the virial estimate gives the
mass within a spherical region of radius 1 Mpc, while the lensing estimate gives
the mass enclosed in a long cylindrical volume of radius 0.15 Mpc, with the long
axis of the cylinder pointed at the observer.)

Recall now, that a rich cluster consists of about IQ0gyalaxies, i.e., a mass of
about10'3 My, in stars. Thus, stars constitute at most a few percent of the mass of
a cluster. X-ray observations have revealed that a mass that is about ten times the
mass in stars resides in a hot ionized gas of temper&ture (2 — 10) x 107K
(i.e., kT ~ 2 — 10 keV) which constitutes théntracluster medium. The gas
is approximately in hydrostatic equilibrium in the cluster potential and radiates
thermal Bremsstrahlung at X-ray photon energies (see Fig. 6.21, inset). The gas
temperature can be derived from the form of the Bremsstrahlung spectrum. The
intracluster gas provides yet a third estimate of the total mass of a cluster. To see
this, assume that the gas has a roughly spherical distribution with ragdius-

0.5 Mpc, and recall the equation of hydrostatic equilibrium (Eq. 3.19) from stellar
structure, now expressed as an approximate scaling relation:

M
p~ GMp. (6.68)

Tgas
Note thatP is the pressure of the gas, buf is the mass contributing to the po-
tential, i.e., it is the total mass due to all the cluster constituents. Equating to the
classical ideal-gas equation of state,

p="Lur, (6.69)
m
we obtain
Toashk 1
M~ 88 .
e (6.70)

0.5 x3.1x10* cm x 10" eV x 1.6 x 107 erg/eV
N 6.7 x 10~8 cgs x 0.5 x 1.7 x 1024 g B

as found via galaxy kinematics and lensing. Here we have assumed the gas has
a spatially constant temperature (this is indicated by the X-ray observations) of

2 x 10" Mg,
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10 keV and a fully ionized (appropriate at these temperatures), pure hydrogen,
composition.

The total mass in “visible” baryons, including the hot gas and the relatively small
amount in stars, still accounts for only about 15% of the total mass of a typical
cluster, as determined from galaxy kinematics, lensing, or gas temperature. As in
galaxies, the majority of the mass in clusters is therefore also in dark matter of
unknown composition.

At scales of 10-100 Mpc, galaxies are still not uniformly distributed in space.
Attempts to map the distribution of galaxies indicate that galaxies are preferen-
tially distributed along large structures with a variety of morphological descrip-
tions: “walls”, “sheets”, “filaments”, and “bubbles”, which surround regions of
lower-than-average galaxy density called “voids” (see Fig. 6.22). The emerging
picture is of a “cosmic web” or “foam-like” galaxy distribution, with clusters, and
aggregates of clusters (called “superclusters”) concentrated at the junctions of sev-
eral bubble walls. Numerical models that attempt to reproduce the formation of
these structures via the action of gravity alone have had a fair amount of success
(see Fig. 6.22, for an example).

The hierarchy of progressively larger and larger structures endslat Mpc.
Beyond these scales, the Universe appears “homogeneous”. This means, e.g., that
the total mass included within spheres having a 100 Mpc radius is nearly the same
at all locations in space. This fact will form one of the foundations for the next
chapters.
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Figure 6.22Top: The space distribution of galaxies, as observed in two thin slices that
are centered on our location in the Universe (every dot represents a galaxy).
The figure was produced by measuring the two-dimensional positions of the
galaxies in two narrow, diametrically opposed, strips on the sky, and the dis-
tance to each galaxy. Note the large aggregations of galaxies which surround
relatively empty “void” regions. Every tick mark in the radial direction cor-
responds to~ 150 Mpc. The “thinning out” of points beyone- 400 Mpc
is an observational effect — at these distances, only the rare, more luminous,
galaxies are bright enough to have their distances measured accuiogly.
tom: A slice through the volume of a numerical “N-body simulation” in which
10'° particles move under the influence of their mutual gravitational attrac-
tions. Each particle in the calculation represents a mass a0’ M, and
the image width is about 500 Mpc. Note the web-like distribution of particles,
which is reminiscent of the observed galaxy distribution in the top figure. Fig-
ure credits: The 2dF Galaxy Redshift Survey team, see M. Colless et al. 2001
& 2003, http://arXive.edu/abs/astro-ph/0306581; and V. Springel and the Mil-
lenium Simulation team, see Nature, 435 (2005), 629.
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CHAPTER 6

PROBLEMS

1. Even when distances to individual stars are not known, much can be learned

simply by counting stars as a function of limiting flux. Suppose that, in our
region of the galaxy, the number density of stars with a particular luminosity
L, n(L), is independent of position. Show that the number of such stars

observed to have a flux greater than some figbeysN (f > fo) o f; /2.
Explain why the same behavior will occur even if the stars have a distribution
of luminosities, as long as that distribution is the same everywhere. If you
observed that the numbers do not grow with decreagiraccording to this
relation, what could be the reason?

Hint: N(f > fo) is proportional to the volume of the sphere centered on
us, with a radius at which the flux from a star with luminositys f,. The
relation between luminosity, flux, and distance then gives the stated result.

Derive the expression for gravitational focusing — the increase in the effective
cross section for a physical collision between two objects due to their gravi-
tational attraction (Eq. 6.12), as follows. Consider a point mass approaching
an object of masd/ and radiusy. When the distance between the two is
still large, their relative velocity i%.,,, and the impact parameter (i.e., the
distance of closest passage if they were to continue in relative rectilinear mo-
tion) isb. Due to gravitational attraction, the point mass is deflected toward
the object and, at closest approach, grazes the object’s surface at velocity

Umax-

a. Invoke energy conservation to show thdt, = v2, . — v2., where

vese = (2GM /14)"/? is the escape velocity from the surface of the star.

b. Show that angular momentum conservation meansthat = rovmax-

c. Combine the results of (a) and (b) to prove that gravitational focusing re-
sults in an effective cross section for a collision that equals the geometrical
cross section of the object times a factbr+ v2/v2 ).

In the Solar neighborhood, the Milky Way has a flat rotation curve, with
v(r) = v, wherev, is a constant, implying a mass density profiler) ~

r~2 (Eq. 6.18).

a. Assume there is a cutoff radilis beyond which the mass density is zero.
Prove that the velocity of escape from the galaxy from any radiusR is

v? = 202 (1+1nR>.
T

b. The largest velocity measured for any star in the Solar neighborhood, at
r = 8Kkpc, is 440 km 5. Assuming that this star is still bound to the galaxy,
find a lower limit, in kiloparsecs, to the cutoff radidg and a lower limit,

in units of My, to the mass of the galaxy. The Solar rotation velocity is
ve =220 km s

Answers:R > e x 8 kpc = 22 kpc, M > 2.4 x 10 M.



THE MILKY WAY AND OTHER GALAXIES 177

4. A gravitational lens of masa/ is halfway along the line between a source
and an observer, at a distanédrom each, and produces an Einstein ring.
Find the angular radius of the ring, in terms/af andd. For a one-Solar-
mass lens, at what distan@aevill the Eintein ring’s radius appear larger than
a Solar radius? (i.e., the ring will not be hidden behind a Sun-like star acting
as the lens).

Answer:1.6 x 10'6 cm = 0.0052 pc.

5. We calculated (Eq. 6.41, and below it) the probability that a star in the LMC
is gravitationally lensed by MACHOs composing the Galaxy’s dark halo.
Repeat this calculation, but for star-star lensing in the direction of the Galaxy
center, i.e., estimate, to an order of magnitude, the probability that a star in
the bulge of our Galaxy will be gravitationally lensed by another star in the
Galactic disk, close to our line of sight to the bulge star. Assume that we are
at a distance: = 8 kpc to the bulge, a typical stellar massOi$ M, the
stellar mass in the disk interior to the Solar radiu$ is 10'°M,, and the
thickness of the disk i& = 1 kpc.

Hint: To simplify the calculation, find the mean number density of stars in
the disk, and use this as your “target” density. For the lensing cross section,
use the area of a circle formed by the Einstein radius of.an/;, star at

half the distance to the bulge. The distance covered by the line of sight is
our distance to the bulge. The product of the three numbers gives the number
of disk stars that are passed to within an Einstein radius by a random line of
sight to the bulge. If this number i 1, it gives the probability of such an
encounter.

Answer:2.4 x 1076,

6. A point source directly behind a galaxy, at double the observer-galaxy dis-
tanced, is gravitationally lensed by the galaxy’s potential into an Einstein
ring. The galaxy is spherically symmetric, and has a flat rotation curve,
v(r) = v.. The bending angle of a light ray passing through a spherical
mass distribution with impact parametefrom the distribution’s center is

A4GM (< r)
o=
c2r
whereM (< r) is the mass enclosed within
a. Find the angular radiuty of the Einstein ring, in terms af,., assuming
small angles. Calculatgs, in arcseconds, far, = 300 kms™'. Atd = 0.5
Gpc, to what physical radiugl g, will this 8 correspond?
Answersfz = 2(v./c)?; Rg = 1 kpc.
b. Distant light sources (e.g., quasars, see also Chapter 9), are distributed at
random on the sky. It turns out that those of them that are projected behind
a galaxy withindg of that galaxy will be noticeably lensed. Assume a Eu-
clidean space with a constant number density of galaxies,10~2 Mpc >,
Rg from item (a), and a typical distance to the sourcezdof 1 Gpc. Write
an expression for the fraction of the distant sources that is lensed by inter-
vening galaxies, and evaluate it numerically. Actual surveys that measure the

)
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fraction of distant sources that are lensed can probe the properties of the lens-
ing galaxy population, even when those galaxies are not directly observed by
means of their light.

Hint: Find the number of “targets” with density, and with cross-sectional
arear R%, that are “hit” by a random line of sight going out to the source
distance. Alternatively, consider the fraction of the sky that is covered by the
total solid angle within the galaxies’ Einstein rings.

Answer:3 x 1074

7. Modified Newtonian Dynamics (MoND) proposes that, for small accelera-
tions, Newton's second Law; = ma, approaches the forfd = ma?/ay,
wherea is a constant (see Eq. 6.50).

a. Show how such an acceleration law can lead to flat rotation curves, with-
out the need for dark matter.

b. Alternatively, propose a new law of gravitation to repldte- GMm /r?

at distances greater than some characteristic radiuso as to produce flat
rotation curves without dark matter. Make sure your modified law has the
right dimensions.

¢. Modify further the gravitation law you proposed in (b) with some math-
ematical formulation (many different formulations are possible), so that the
law is Newtonian on scales much smaller thgnwith a continuous transi-
tion to the required behavior at> r.



Chapter Seven

Cosmology — Basic Observations

In previous chapters, we have dealt with progressively larger structures. In this
chapter, we will review the basic observational facts that need to be accounted for
by any theory of cosmology — an attempt to describe the nature, history, and future
of the Universe as a whole. In Chapter 8 such a theory will be developed.

7.1 THE OLBERS PARADOX

As we consider more and more distant objects and structures in the Universe, a
natural question that emerges is, “Does the Universe have an end?” Due to the
finite speed of light, distant objects are seen at ldog&back timesleading to
another question: “Does the Universe have a finite age, so that light from objects
beyond some distance has yet to reach us?” These questions are closely related to
the so-calledlbers paradox. Olbers’s paradox poses the more practical question:
“Why is the night sky dark?” The reasoning behind this question is as follows.

Let us assume, naively, that space is Euclidean and that its constituents are static
(we will see later that at least the latter assumption is incorrect). Assume further-
more that the Universe is infinite and eternal (i.e., has existed forever). Then every
line of sight in the sky must, at some point, reach the photosphere of a sfais|f
the flux emerging at the star’s photosphere, then the flux reaching us from that star
will be

4mr? Q2
fobs:f*m :.f*77 (71)

wherer, is the stellar radiusD, is the star’s distance, anff} is the solid angle
subtended on the sky by the star. Now, since all sightlines eventually hit some
stellar surface, the total flux reaching us from4atlsteradians should be

Jrot = 4fx. (7.2)

In other words, the whole sky should radiate like a blackbody at a temperature of
a few thousand degrees — not only should the night sky be bright, but we would be
grilled night and day! Dust along the way does not solve the problem, as every dust
particle would also be inside this blackbody radiator and would quickly be heated
to the same temperature.

The solution to the Olbers paradox is that at least one of the assumptions must be
wrong — the Universe must be finite in extent or in age. To quantify this statement,
let us calculate how far we need to look along some random sightline until we
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encounter a stellar disk. With a mean density.ofgalaxies of about0=2 Mpc—3,
and aboutl0'° stars per., galaxy, the mean density of stars in the Universe is

f 108 f
8 -3 _ . 10—66 . —3
ny ~ 10° Mpc™° = (3.1 X 102 cm)? 107> em™". (7.3)

The cross section of a stellar disk is
o~ mrd =7(7 x 10" em)? ~ 10?? cm?. (7.4)

The mean free path until we “hit” a stellar surface is therefore

l= ~10* cm = 10% Ly. (7.5)

N0

The fact that the sky is dark means that either the size of the Universe
1 < 10% Ly, (7.6)

or the age of the Universe
l
to = — < 10% yr, (7.7)
C

and therefore the light from those stellar surfaces has yet to reach us. The distance
beyond which light has yet to reach us is called particle horizon. Actually, the

limit is weaker than what we found above, since stars live for a limited time on the
main sequence, and then collapse to neutron stars or white dwarfs. However, this
does not solve the paradox, as every line of sight would eventually still reach the
surface of such a remnant, if not that of a star that is still on the main sequence.
Thus, the conclusion that the Universe must be finite in age, extent, or both, still
holds.

7.2 EXTRAGALACTIC DISTANCES

In previous chapters, the distances to, and the sizes of, Galactic and extragalac-
tic objects were assumed to be known. In practice, measurements of distance are
among the most difficult in astronomy. Broadly speaking, distances are found by
many different methods, which compriseliastance ladder, going from nearby to
distant objects. An overlap in the range of applicability of two different methods
allows calibrating the more “distant” method with the more “nearby” method. An
obvious shortcoming of such a procedure is that errors in the calibrations of the
nearby methods will propagate, and may accumulate to become very large errors
in the distant methods. Fortunately, there are a few “direct” methods that skip over
several, or all, rungs in the distance ladder, and which serve as a check on the
procedure.

Some of the main methods, listed according to the objects and the distance ranges
over which they are applicable, are as follows.
a. Nearby stars, within < 1 kpc, can have their distances measured by trigono-
metric parallax, as described in Chapter 2. Fairly accurate parallax distances can
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Figure 7.1 lllustration of Cepheid propertiekeft: Schematic time series for Cepheids of
different luminosities. Right: Schematic Cepheid period-luminosity relation.
Once the relation is calibrated for nearby Cepheids, it can be used to determine
the luminosity of Cepheids with measured periods in another galaxy. Compari-
son of the derived luminosity to the observed Cepheid flux then yields the dis-
tance to the galaxy.

be obtained currently out te 100 pc. The luminosities of nearby main-sequence
stars with parallax-based distandes,, and observed fluxeg can be found from

Ly = f x 4wD? (7.8)

par-
One can then observe young open star clusters and identify the main sequence in
their H-R diagrams. The observed fluxes of the open-cluster main-sequence stars
are compared to the known, parallax-based, luminosities of nearby stars of the same
spectral type to determine the distances to the clusters:

Dcl =V Lrns/(477f)' (79)

This technique is callethain-sequence fitting

Among the stars in the open clusters there are sometimes pulsating stars called
Cepheids Cepheids are a short-lived phase of some intermediate-mass stars during
part of the helium-core-burning giant stage. The luminosifies, of Cepheids
with observed fluxeg that are in clusters with main-sequence-fitting distariegs
can again be found from

Leep = [ x 4nD3. (7.10)

The radial pulsations of a Cepheid lead to periodic variations in the luminosity,
with a period in the range from about 1 to 100 days, that is a fuction of the mean
luminosity of the star (see Fig. 7.1). One can then calibrate the Cepkeéinol-
luminosity relation. Cepheids are our first example aftandard candle a source
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Figure 7.2 The rings around Supernova 1987A. The rings arise in gas that was expelled by
the star prior to the supernova explosion. The gas in the bright “equatorial” ring
was excited by the flash of UV radiation from the explosion. A delay of 240
days between the explosion and the “lighting up” of the ring was due to the light
travel time from the supernova to the ring, indicating a ring radius of 240 light
days. Comparison of this physical scale to the angular scale of the ring provides
a direct distance measurement to the supernova, and hence to the LMC. Photo
Credit: C. Burrows, ESA, and NASA.

of known luminosity that can serve as a distance indicator, by comparison of its flux

to its intrinsic luminosity.

b. The Large Magellanic Cloud (LMC), Local Group galaxies, and Virgo

Cluster galaxies, at< 20 Mpc, are near enough that individual luminous Cepheids
can be detected, and their periods measured. The deduced Cepheid luminosities can
then be compared to their observed fluxes to determine the distances to the galaxies:

Dgal = 1/ Leep/ (47 f). (7.11)

Inthe LMC and in the Local Group one can also find, and measure the parameters
of, detached, double-linedpectroscopic eclipsing binariesMeasurement of the
orbital velocities of the two components around the center of mass from the “radial
velocity curve”, and of the durations of the eclipses from the “light curve”, gives
the physical radiusy, of each of the two stars (see Chapter 2, Problem 5). The
observed spectral energy distribution yields the effective tempera&tyregf each
star. The luminosity of each star is then just= 47r?0T4, and the combined
luminosity of the system can be compared to the observed flux, to derive directly
the distance to the system.

Another direct method to obtain the distance to the LMC utilizesijgernova
light echo that was observed around Supernova 1987A in this galaxy. About
240 days after the explosion, a ring of circumstellar material, ejected by the super-
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Figure 7.3 Masers in the sub-parsec-scale molecular-gas disk in the center of the galaxy
NGC 4258, as observed by radio interferometry using th® B2 GHz emission
line. The positions of the masing clumps are shown as they appear on the sky, and
superimposed on a model of a nearly edge-on warped disk. The radio (contin-
uum) emission from the active nucleus of the galaxy and from the inner parts of
its jet are also indicated. Based on their measured emission-line Doppler shifts,
the velocities of the clumps on the right (approaching) and on the left (receding)
follow precisely a Kepleriam /2 curve, indicating a mass 6t8 x 107 M, for
the central black hole. The proper motions of the clumps near the line of sight
to the center can be tracked over time as they move from right to left on their
circular orbits. At the same time, their centripetal accelerations can be measured
through their changing Doppler shifts. Comparison of their angular velocities to
their physical velocities gives a direct measurement of the distance to the galaxy.
Figure credit: adapted from J.R. Herrnstein, et al. 2005, Astrophys. J., 629, 719,
by permission of the AAS.

nova progenitor star during previous stages in its evolution, became photoionized
by the flash of UV radiation from the explosion (see Fig. 7.2). The ring began
to shine in emission lines typical of photoionized gas, and is slowly fading as the
atoms recombine. The ring is observed to have an angular rédiug.85 arcsec-
ond. The 240-day delay\t, was due to the light-travel time from the supernova to
the ring, which has a physical radils

Ar— B _ 0Dime

C C

(Actually, the ring is inclined to our line of sight, and therefore the front side of
the ring was seen to light up earlier than 240 days, and the rear side later, but this
geometric effect can be accounted for.) The distance to the LMC is therefore

@ _3x 1010 cm s—! x 240 x 24 x 3600 s
6 0.85/3600 x /180

(7.12)

= 1.5%10%3 cm = 50 kpc,
(7.13)

Dlrnc =

in good agreement with Cepheid-based measurements.

One Virgo galaxy, NGC 4258, has a direct distance measurement based on the
observegroper motions of water masersthat are moving in circular orbits, with
known velocity, around the galaxy’s central black hole. See Fig. 7.3 and its caption
for details.

c. Galaxies within about 100 Mpccan have their distances estimated by means
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Figure 7.4 Schematic illustration of distance measurement by means of surface brightness
fluctuations. On the left, the light output from a small region in a galaxy, e.g.,
one pixel in the array shown, is contributed Bystars that are not individually
resolved as such. The fluctuations in intensity from pixel to pixel will trace the
Poisson fluctuations in the number of stars per pixel. On the right, the same
galaxy is at a larger distance. As a result, more stars are included in every pixel,
and the relative fluctuations, in flux from pixel to pixel will be smaller. Since
the amplitude of the relative fluctuations is proportional to distandgq. 7.17),
the fluctuation ratio gives the distance ratio of the galaxies.

of several techniques that are calibrated in nearby galaxies (Virgo and closer). The
Tully-Fisher relation is an empirical correlation between a spiral galaxy’s lumi-
nosity L and the asymptotic circular velocity,, reached at large radii by its (flat)
rotation curve:

L x v, (7.14)
where the indexx depends on the bandpass through whide measured. Thus, by
measuring the rotation velocity of a distant galaxy, one can deduce its luminosity,
compare with the observed flux, and derive a distance. Similar relations, called
the Faber-Jackson relation, thg, o relation, and the Fundamental Plane, exist for
elliptical galaxies. However, these relations involve the stellar velocity dispersion,
rather tharv. — the circular velocity,. is difficult orimpossible to measure directly
in most ellipticals, in the absence of a disk of trace partid&sbular clusters and
planetary nebulaein nearby galaxies are observed to have luminosity distributions
with a well-defined peak. By measuring the flux distribution of such objects in a
distant galaxy, determining the flux corresponding to the peak of the distribution,
and comparing to the luminosity of the peak of the distribution in local galaxies,
one can deduce the distance.

Another method in this distance regime is the measuremesuirédice bright-
ness fluctuations Suppose the light from a small solid angle covering part of a
galaxy is produced bw stars (see Fig 7.4). The galaxy is distant, and therefore
the angular separation between the stars is below the resolution limit of the tele-
scope, and the individual stars cannot be discerned as such. An adjacent small area
in the galaxy will include a number of stars that is similar, up to Poisson fluctua-
tions of v/N. The relative fluctuations in surface brightness (flux per solid angle)



COSMOLOGY — BASIC OBSERVATIONS 185

measured over a sample of many small regions in a galaxy will therefore be

1
v (7.15)

The number of stars included per unit solid angle obviously depends on distance —
if a galaxy were moved further away, more stars would be included within the same
solid angle, or

N x DZ,. (7.16)
Therefore,
1
o X . 7.17
D (7.17)

The proportionality constant can be calibrated in nearby galaxies, and the relation
then allows deducing the distance to other galaxies for which surface brightness
fluctuations are measured.

d. Galaxies out to~ 1 Gpc — Observations afype-la supernovaethat have ex-
ploded in galaxies that already have distance measurements show that the luminosi-
ties of such supernovae at the time of their maximum brightness are approximately
the same. A correction to the luminosity based on the rate at which the supernova
brightness declines with time makes these supernovae even more reliable standard
candles. Measurement of the flux at peak brightness of such a supernova in a dis-
tant galaxy then yields the distance to the host galaxy of the event. Owing to the
large luminosity of supernovae, this method can be applied to very large distances.
e. Galaxy clusterdistances out tev 1 Gpc can be estimated directly via the
Sunyaev-Zeldovich effect The hot electrons in the intracluster medium cause “in-
verse Comptort scattering, and therefore a boost in energy, to background pho-
tons passing through the cluster (see Fig. 7.5). A prodigious and well characterized
source of such background photons is the cosmic microwave background, which
we will discuss in Chapter 9. The energy boost is proportional to the physical path
length of the photons through the cluster, and thus the cluster size along the line
of sight can be deduced. From the thermal Bremsstrahlung X-ray emission of the
same hot electron gas, one can also measure an angular size on the sky for the clus-
ter. Comparing the line-of-sight size to the angular size of the cluster, and assuming
that the cluster is spherical (i.e., not flattened or elongated along our sight line), the
distance can be derived (see Problem 3). In reality, clusters are not spherical, but
are spherical on average (i.e., they are not all showing us their flat sides or their
elongated sides). Therefore, this method can be used to derive the distances to a
sample of clusters that are known to be all at about the same distance. The ap-
plicability of this will become evident when we learn the concept of cosmological
redshift.

1Ccompton scattering, like Thomson scattering, is scattering of photons on electrons, but for the case
that the electrons are relativistic, or the photons have enetgies c2, or both. With typical intracluster
medium temperatures &f" ~ 10 keV, the electron velocities are ~ (10~ 8erg/m.)*/2 ~ 0.1c,
i.e., mildly relativistic. When the electrons are more energetic than the photons, the scattered photons
receive an energy boost, and the process is sometimes called inverse Compton scattering.
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X

Figure 7.5 Schematic illustration of the principle of galaxy-cluster distance measurement
via the Sunyaev-Zeldovich effect. On the left, a photon from the cosmic mi-
crowave background passes through the hot gas of the intracluster medium, is
slightly boosted in energy through inverse Compton scattering on the electrons
in the gas, and continues in its path to the observer. The distortion in the spec-
tral energy distribution of the background photons is proportional, among other
things, to the path length through the cluster. On the right, the emission from
the same hot gas, as viewed in X-rays by the observer, subtends arfamgle
the sky. Assuming the cluster is spherical (and hence its transverse and radial
diameters are the same), the distance to the clusferisz /6.

7.3 HUBBLE’S LAW

The methods outlined above can be used to measure distances to galaxies. The line-
of-sight velocity of each galaxy can be measured from the Doppler shift of emission
or absorption features in the galaxy spectrum. Since the 1920s, it is clear that, if
one looks at galaxies beyond the nearest ones (e.g., beyond Virgo), all galaxies are
receding from us. Furthermore, the recession velocity is linearly proportional to
the distance, and followdubble’s Law,

(.19

The proportionality coefficient is theubble parameter, Hy = 70+10km s~! Mpc—!
(often called the "Hubble constant”, though we will see that it is not truly a con-
stant). Hy has dimensions of [velocity]/[distance]=[time]. Figure 7.6 shows an
example of a “Hubble diagram” displaying this behavior.

Note that the particular type of relative motion embodied by Hubble's Law is
of a form such that observers living any galaxy see the exact same pattern of
recession of the other galaxies surrounding them, with the same proportionality
coefficient that we measure. To see this, consider us, at a point O, observing galaxy
1 at vector positionr; and galaxy 2 at, (see Fig. 7.7). According to Hubble’s
Law, galaxies 1 and 2 have recession velocities

V1 = H()I'l (719)
and

Vo = ]{01‘27 (720)
respectively. Observers on galaxy 2 will, of course, see our galaxy receding from
them at velocityvs, but they will also see galaxy 1 receding from them at velocity

Viz = V1 — Vg = Hy(ry —r2) = Horya, (7.21)
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Figure 7.6 A Hubble diagram, showing the recession velocities of galaxies vs. their dis-
tances. The distances are deduced from the observed fluxes at maximum light of
type-la supernovae that exploded in the galaxies. The straight line is Hubble’s
Law, v = HoD, with Hy = 70 km s™! Mpc~!. Data credit: S. Nobili et al.
2005, Astron. & Astrophys., 437, 789.

which is just Hubble’s Law from their point of view. (For the vector subtraction of
velocities, we have assumed a Euclidean space and non-relativistic velocities, but
the result obtained is general.)

There are several immediate consequences to the observation of Hubble’s Law.
First, all galaxies are moving away from each other, thee,Universe is expand-
ing. Secondthere is no centerto this expansion since, as we have seen, observers
in all galaxies see the same expansion. Third, in the past, the Universe must have
been denser. Finally, if the expansion has been going on for long enough, there was
a particular time when the distances between all galaxies was zero — this follows
from the linear dependence of velocity on distance. Thus, the Universe (at least as
we know it) has a finite age. If galaxies do not accelerate or decelerate, then that
age, the time since all galaxies were “here” , is just

1 1 3.1 x 1024 cm
= — = = —=4.4 1017 — 14 Gvr.
Hy 70 km s_ll\/[pc_1 70 x 10° cm s—1 X S yr

(7.22)
As we will see in Chapter 9, it turns out that thisltbble time” is close to the
current best estimates of the age of the Universe.

to
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Figure 7.7 An observer at O sees galaxies at vector positiprsdrz receding accord-
ing to Hubble’s law. Observers in each of those galaxies will see the other two
galaxies receding from them according to the same Hubble law.

7.4 AGE OF THE UNIVERSE FROM COSMIC CLOCKS

An independent confirmation of the finite age of the Universe comes from several
“natural clocks”. As we have seen, all elements heavier than oxygen are produced
almost solely in stars that undergo supernova explosions. Many of the isotopes
produced are radioactive, with known mean lifetimes. Measurement of present-
day abundance ratios of various isotopes can reveal when they were produced. For
example, from modeling the nuclear reactions that take place during a supernova
explosion, it is found that the nuclei of the two isotopes of uranitiit) and?32U,

are produced in similar initial numberdy,,;;, with a number ratio in the range

Ninit(235U)
K=|—r7—+= =1.16 — 1.34. 7.23
<Ninit(238U) SN 613 (7:23)

The 235 isotope has a shorter decay lifetime than the 238 isotope, and therefore
the ratio becomes smaller with time. As measured on Earth today, the ratio of the
isotopes is
N(235U)
Ko=|—x=x=—= ] =0.00723 7.24
o= (Feme) O 7 (7.24)

where the zero subscript indicates the present value. The number of nuclei of each
isotope decreases from the initial value with time according to

N(*°U) = N;(*%U)e /725 (7.25)
and
N(*3U) = Ni(**¥U)e /725, (7.26)

whererys; andryzg are the characteristic lifetimes of the two isotopes, which can
be measured in the laboratory. Dividing the two equations,

K = Ky exp N t. (7.27)
T23g  T235

From the measured values &f, 235, andrg, the uranium on Earth was pro-
duced about 6.2 Gyr ago, if one assumes it was produced all at once from pristine
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material (that did not contain previously synthesized uranium that had already been
decaying). The age resulting from this assumption is, in effect, a lower limit on the
age of the Universe; if the Universe had existed for less time, there is ndsyay
could have reached a value as low as observed. A more sophisticated calculation,
that takes into account continuous metal enrichment by several generations of star
formation and the ensuing supernovae, raises the lower limit to about 10 Gyr.

White dwarf cooling is another cosmic clock. As we saw in Chapter 4.2.3.3,
white dwarf temperature is a slow, monotonically decreasing function of time,
which detailed models can predict. Thus, the coolest known white dwarfs can
provide a lower limit on the age of the Universe. If we assume that stars formed
soon after the formation of the Universe, and the first white dwarfs formed shortly
thereaftet, this is also an estimate (rather than just a lower limit) for the age of the
Universe. The coolest white dwarfs give a lower limit of about 10 Gyr for the age
of the Universe.

Finally, age dating of globular clusters is possible by identifying the mass cor-
responding to the main sequence turnoff currently observed in their H-R diagrams
(see Fig. 4.1). Stellar structure and evolution models then give the main sequence
lifetime of stars of such mass, and this is the age of the cluster. Again, assuming an
early formation of globular clusters, this is a lower limit to, or approximately the
value of, the age of the Universe. For most globular clusters, ages in the range of
10-15 Gyr are found.

7.5 ISOTROPY OF THE UNIVERSE

A final, fundamental observation that will guide our development of a cosmological
theory is that, at large enough scales, the Universe appears isotropic (meaning “the
same in all directions”), i.e., there is no preferred direction in space. This is seen

in the distribution on the sky of distant galaxies, as well as of other extragalactic
sources, such as gamma-ray bursts and quasars. Isotropy is also demonstrated to
the extreme by the phenomenon, which we will discuss in Chapter 9, called the
cosmic microwave background.

PROBLEMS

1. Assume that there is a constant ratio between stellar mass and light in the
disks of spiral galaxies, and that disks have a constant surface brightness.
Use the scaling with radius of the stellar mass within such a radius, and the
scaling of circular velocityy.., with enclosed mass (ignoring dark matter), to
“explain” the Tully-Fisher relation « vZ. The fourth-power dependence is
indeed what is observed at infrared wavelengths, at which light traces stellar
mass relatively well. In reality, however, dark matter cannot be ignored, and

2Stars of initial massv 8 M, at the border between the initial masses leading to either eventual
core-collapse or to white dwarf formation, have lifetimesofl0 Myr.
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spiral disks do not have a constant surface brightness.

Measurements of the radial recession velocities of five galaxies in a cluster
give velocities of 9700, 8600, 8200, 8500, and 10,000 krh Vhat is the
distance to the cluster if the Hubble parameteHis= 70 km s~ 'Mpc~*?
Estimate, to an order of magnitude, the mass of the cluster if every galaxy is
projected roughly half a degree from the cluster center.

Answers:130 Mpc; 10 M.

In the Sunyaev-Zeldovich effect, photons from the cosmic microwave back-
ground radiation are Compton scattered by hot electrons in a cluster along
the line of sight. Assume 0.001 of the photons are scattered, and the mass
of the cluster i x 10'* M, of which 15% is in the hot gas (fully ionized
hydrogen).

a. Use the Thomson cross section to represent the cross section for Compton
scattering, and assume the cluster is spherical and of constant density, to find
the diameter of the cluster (assume the photons pass through one diameter).
b. If the angular diameter of the clusterliy what is its distance?

c. If the cluster velocity of recession is 8400 km's what is the Hubble
parameter, in units of knms Mpc—'?

Answers:diameter 2.1 Mpc; distance 120 MpH; = 70 km s~ Mpc ™ *.



Chapter Eight

Big-Bang Cosmology

A successful cosmological theory should reproduce the basic observations outlined
in the previous chapter, as well as make testable predictions. In this chapter, we
will develop such a theory.

8.1 THE FRIEDMANN-ROBERTSON-WALKER METRIC

We will start with theCosmological Principle as formulated by Einstein, which
postulates that the Universeisotropic andhomogeneousThe observed isotropy

has just been discussed in the previous chapter. Homogeneity is evidenced by the
form of Hubble's Law, which is such that every observer sees the same expan-
sion. Furthermore, homogeneity takes to the extreme the Copernican Principle,
that we do not hold a special place in the Universe — no one, anywhere in the Uni-
verse, holds a special place, and there is full equality of all observers. Note that
homogeneity does not necessarily imply isotropy, or vice versa. For example, a
spherically symmetric Universe with a radially varying density is not homogenous,
but will appear isotropic to an observer at the center. A rotating Universe may be
homogeneous, but is not isotropic since it has a preferred direction, along the ro-
tation axis. The requirements that the Universe be isotrapithomogeneous is
equivalent to the requirement that it appear isotropic from all locations.

The linear form of Hubble’s Lawy = HyD, leads (naively, at least) at large
enough distances to velocities> ¢. This suggests that, to describe the dynamics
of the Universe, we require a relativistic theory of gravity, namely General Rela-
tivity. As already discussed in Chapter 4.5, in the context of black holes, General
Relativity relates the density of mass and energy, which are the sources of gravity,
to the curvature of spacetime. The curvature is described by a metric tensor, which
specifies the line element of the curved spacetime. Our first task is therefore to
find the metric of the Universe that corresponds to the Cosmological Principle of
isotropy and homogeneity.

If space is homogeneous, it must have the same curvature everywhere. There are
only three possible geometries that have constant curvature: flat, positively curved,
and negatively curved. In two dimensions, these three geometries correspond, re-
spectively, to a plane, the surface of a 3-d sphere, and a surface that at every point
has the geometry of a saddle (the latter surface cannot be visualized). All points
on the 2-d surface of a 3-d sphere with radiigwhich obviously has constant
curvature everywhere, as required) obey

22 +1y% 4+ 2% = R?, (8.1)
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and taking the derivative,
xdx 4+ ydy + zdz = 0. (8.2)
The line element, giving the distance between two close points, is

(zdz + ydy)®
RQ _ 1’2 _ y2 :
Note that the> coordinate is not needed in order to describe this curved 2-d space
embedded in a 3-d space. In spherical coordinates, the constraint that we must
remain on the surface of a sphere simply means that, in the usual 3-d line element
in spherical coordinates, we set R anddr = 0, and thus

di? = R*d0? + R*sin® 0d¢*. (8.4)
Note also that no point on this curved 2-d surface is preferred, and it has no bound-
ary. It could therefore correspond to a 2-d homogeneous and isotropic Universe
that is unbounded but finite.

Since we live in a world with three space dimensions, we must extend these
concepts to a “hypersphere”, i.e., a positively curved 3-d surface, or “3-sphere”
of radius R, embedded in a Euclidean 4-space having coordinatgs z, andw.

The fourth space dimension along theaxis is fictitious and will not be needed to
describe the properties of this curved space. In analogy to the 2-sphere,

22 +y? + 2% + w? = R?, (8.5)

di? = da? + dy?® + d2? = da® + dy® + (8.3)

and the line element is
(vdx + ydy + zdz)?
R2—1‘2—y2—2’2 :
Recalling thatz? + 32 + 22 = r'2, wherer’ is the usual 3-d radial coordinate, we
can writed!? in spherical coordinates as

’/‘/Qd’l"/Q RQd,r/Q
R2_,2  RZ_ .2

di? = dz® 4 dy? + d2* + (8.6)

di? = dr’?+r"2do%+r'"? sin? 0dg> + +7"2d0%+1"? sin? Od >

8.7)
/2 /2 2 /2 /2
= rdg s 0dg? = B (TR T g T in? 0dg? )
— 11—k R R

In the last equality we have introduced a “curvature” paramgtdfor the case we
have considered, of a hypersphéres +1. Takingk = 0, we recover the usual 3-

d Euclidean relation, and this corresponds to “flat” 3-d space. Takiag-1 gives

the line element for a negatively curved 3-d space of constant curvature, called a
3-hyperboloid. Finally, if we define a new dimensionless coordinate,

r’ dr’

L dr = 7 (8.8)

and add the time dimension to the line element, we get the spacetime interval be-
tween two adjacent events:

r=

dr?
1— kr?

+ r2dh* 4 r? sin® 9d¢2> .| (8.9)

ds® = A2dt? — dI? = Adt® — R? <
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The coefficients of this interval constitute theedmann Robertson Walker (FRW)
metric. The meaning of the time coordinate we have introduced here (i.e., time as
measured by whom?) will be elucidated soon.

Note that the factoR that multiplies the dimensionless spatial part of the FRW
metric is a scale factor. For example, Rf{(t) grows with time, every observer
sees other points in the Universe receding radially, just as in the observed Hubble
expansion of galaxies. Thus, a galaxy at coordinatg® §) remains at those co-
ordinates, and it is the coordinate system, which is “locked” onto the galaxies, that
expands according t8(¢). The coordinates+(4, ¢) are therefore calledomoving
coordinates

The instantaneous distance from us to a galaxy at coordinés would be
measured, e.g., by an imaginary taut running tape measure, with one end held at
the galaxy and the other end held by us — this is calleghtbper distance) is

r " ar Rsin™'r if k=+1
1:/ dl:R(t)/ —=__ ! R ifk=0 . (810)
=0 o VI=k® | Reinh Ty if k=1

Fork = +1, r = sin(I/R). The coordinate reaches a maximum of 1 at a proper
distancel = 7R/2, and galaxies beyond this point have smallereaching r =

0 at [ = wR, which is ourantipode. If we travel continuously in one direction,
we will pass the antipode, and after traversing a dist@ade, we will come back

to the point of origin, facing the same direction. Similarly, the area of a sphere
centered on us and passing through a galaxy at coordinateich corresponds to

a physical radial coordinaté = Rr, is

A = 4nr'? = 47 R*r? = 4w R? sin® % (8.11)

Beyond! = wR/2, the area of the sphere decreases, and at the antipbdeaR,

the sphere centered on us and enclosing all the previous spheres has zero area.
This geometrical behavior is the 3-d analog of traveling in a certain direction on

a 2-sphere, or of drawing concentric circles on a 2-sphere — once a circle passes
through a point at a distance (as measured on the surface of the sphiere)réf,

its circumference is zero, even though it encloses all the previous circles.

Since
" " dr
= dl = R(t _ 8.12
| a=re [ (8.12)

andr is a comoving coordinate and therefore is independent of time, the velocity
of a galaxy at- is
. " dr R
R(t — ==L

( )/0 Vi—kr2 R

If we identify the ratioR/R = H(t) with the Hubble parameter, we recover
Hubble’s Law. Indeed, Hubble’s parameter must depend on time, since we saw it
is roughly just the reciprocal of the age of the Universe, and the age increases with
time. Stated differently, if, e.g., the galaxies used to measure Hubble’s Law do not
accelerate or decelerate, their distances grow linearly with time, and therefore the
Hubble parameteH = v/D becomes smaller with time.

(8.13)

U:i:
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8.2 THE FRIEDMANN EQUATIONS

We have seen that the FRW metric can describe the three possible constant-curvature
geometries of an isotropic and homogeneous Universe, and allows for a Hubble-like
expansion described by a scale fad®it). To proceed and obtain the equations of
motion that describe the behavior of this scale factor, we need to specify the mass-
energy distribution and relate it to the FRW metric through the Einstein equations
of General Relativity,

&G

G =~ T (8.14)

Let us see, even if only schematically, how this is done.
As we saw in Chapter 4 (Eq. 4.109), the spacetime intetvad determined by
the metric tensoy,,,, as

(d8)2 = Zguudxudxu- (8.15)
8%
The Einstein Tenso€,,,, is a combination of first and second derivatives of, in
this case, the FRW metric tensgy,,. Note that the matrix representing the FRW

metric tensor is diagonal (there are no cross terms in Eq. 8.9), greatly simplifying
G- The nonzero terms gf,, are
R2
goo =1, g1 = 1 927 —R*r?, g33=—R*’sin’0.  (8.16)
— RT

To find the Eintein tenso€,,, starting fromg,,, (readers unfamiliar with tensor
calculus can skip down to Eq. 8.22), one needs to calculate the “affine connections”,

1 99op , 9vp _ O9ov
re, = —g"* £ £ — ; 8.17
ov = 39 (83@” 0w T o ) 8.17)

the Riemann tensor,

arg,  arg,

RG.s = 9 B + F;‘WFg(S — F%FZW; (8.18)

the Ricci tensor,
Rpy = g*° RY.s; (8.19)

the Ricci scalar,
R=¢""Rg,, (8.20)

and finally the Einstein tensor,
1

Guu - RNJ/ - 7gp,VR' (821)

2
In all these relations, the index summation convention is implied, in which sum-
mation over all four coordinates is carried out whenever the same index appears
jointly as a subscript and a superscript. The first two diagonal components of the
Einstein tensor are
2RR+R? +k

3 2RR+ R"+ k
(1 —kr?)

2R? (R* + k), Gn=-—

Goo = (8.22)
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In general, the components of the energy-momentum téfsomhich is always

symmetric (or can be symmetrized), are:
Too=energy density;
To;=momentum flux;
T;;=isotropic pressure;
T;;=anisotropic pressure (stress and strain),

where the 0 index refers to the time coordinate and the indiceo the three
spatial coordinates. For an isotropic and homogeneous UnivEgses diagonal

and

v LU L
Tup = (P + pc®) =55 = Pgpp, (8.23)

wherev,, is the 4-velocity,P is the pressure, anet? is the mass-energy density.

Furthermore, for a comoving observer= (c, 0, 0,0), and therefore
PR?

Substituting the (0,0) and (1,1) component&f, and7),, into the Einstein equa-

tions gives the two equations:

52 2
M = 8lgp7 (8.25)

Too = pc®, Ty = (8.24)

and

2R R?+ ke? 8T

R + m - a2 GP. (8.26)
(The equations resulting from the two other non-zero componerds,otind7),,
are redundant with these equations. This is a consequence of the isotropy inherent
to the FRW metric.) Subtracting the two equations from each other, and slightly
rearranging the first equation, gives the first and se¢eretimann Equations®,
that relate the first and second time derivatives of the scale factorthe energy
density, pressure, and curvature of the Universe:

N 2
R 8 kc?
<R> R (®.27)
and
R 47 G

The Friedmann equations are two coupled differential equations for the three
unknown functionsk(t), p(t), and P(t). Given an equation of staté}(p), and
suitable boundary conditions, they can be solved. However, even before we solve
them, some immediate consequences are apparent. The first consequence of the
Friedmann equations is that the Universe must be expanding or contracting. We
know that the Universe has some nonzero mass depsénd therefore Eq. 8.27

1The second equation is often called “the acceleration equation.”
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tells us thatR is nonzero. (Even if the right hand side of Eq. 8.27 is momen-
tarily zero, Eq. 8.28 guarantees that this is only momentary). Eq. 8.28 says the
acceleration is always negative, i.e., the Universe is decelerating, and always has
been. Since the Hubble Law shows us that the Universe is currently expanding, the
Universe was expanding in the past too, and even faster thaf ribhus, if the
assumptions of homogeneity and isotropy are valid, and the formulation of General
Relativity that we have presented is correct, it is unavoidable that the Universe be-
gan in an infinitely dense state not more than 14 Gyr agd'BlgeBang” , and has
been expanding since.

The two Friedmann equations imply a third useful relation, obtained as follows.
Equation 8.27, slightly rearranged, is,

R? = %”GpRQ — k. (8.29)
Taking the time derivative of both sides gives
2RR = %”G,)QRR + %”GpR?. (8.30)
Substituting Eq. 8.28 fok,
[ 4 .
2R |— TGR (pc®* +3P)| = 8—7TG,02RR + SiGpR? (8.31)
3c? 3 3
This simplifies to
—R(pc? + 3P) = 2pc®R + pc*R. (8.32)
Collecting like terms gives
—3R(pc? + P) = pc*R, (8.33)
or
- 2 R 2
pet = —SE(pc + P), (8.34)

which, as we will see, expresses the conservation of energy, and which is often
called the “third Friedmann equation”, the “fluid equation”, or the “energy conser-
vation equation”. Note that, in the three equatignis,a mass density ang? is an
energy density. Thus, if the dominant source of energy density is not the rest mass
density (e.g., if it is mainly a radiation densi.q), then we will replace with
prad/c? in each equation.

8.3 HISTORY AND FUTURE OF THE UNIVERSE

Solving the Friedmann equations fB(t) can give a description of the history and
future of the Universe. First, however, an equation of st&t&), needs to be

2|n Section 8.5, we will find a more general formulation of the Friedmann equations, that actually
does allow for positive acceleration &. In Chapter 9, we will see that such an acceleration, under
the influence of a yet-unexplained form of “dark energy”, is likely taking place now, and probably also
occurred in the very early Universe.
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specified. There are two important cases. In‘thatter-dominated” case, the
pressure from all sources is much less than the matter density,

P < pc?. (8.35)
SettingP = 0 in Eq. 8.34, we find

p R

F_ _q2t 8.36

=3 (8.36)
which has the solution

po< R73. (8.37)

A second important case is when the dominant energy density comes from ultra-
relativistic particles (e.g., photons), which have a pressure that is 1/3 of their energy
density (see Eqg. 3.74),

1 1

P= U= gpcz. (8.38)
In this “radiation dominated” case, Eq. 8.34 becomes
p R
—=—4= 8.39
=i (8:39)
with the solution
pox R4, (8.40)

Let us consider now the history of the scale fadigt). Sincep behaves ag =3
to R~4, in Eq. 8.27 one can always find an early enough time, whevas small
enough, such that the second term, which goeig &scan be neglected,

2
8ng > % . (8.41)
In the matter-dominated era, when~ R~3, Eq. 8.27 then becomes approxi-
mately
B\ 1
(1) - o
or
RY2dR ~ dt. (8.43)
Integration gives
R¥? x t, (8.44)
and
R(t) o t2/3. (8.45)

Since the energy density of radiation falls faster withthan that of matter, at an
early enough time there must have been a radiation dominated era, during which

p ~ R~%. Atthat time
. 2
R 1
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or
RdR o dt, (8.47)
R? x t, (8.48)
and
R(t) o t/2. (8.49)

Note that the reason why the expansion is slower during the radiation-dominated
phase, compared to the matter dominated phRse (/2 vs. R « t%/3, respec-
tively) is because the gravitating effect of the radiation pressure, in the former case,
contributes to slowing down the expansion.

As we look back to the earliest times, as expected, we find that

lir% R(t) =0, (8.50)
and
. T —4
tlgr(l) p(t) = }%R = 00. (8.51)

This singularity in density as — 0 is the Big Bang® By now we can also see
what is the meaning of the time coordinatdt is simply a universal, or “cosmic”,
time that can be measured by all comoving observers since the Big Bang. Since the
Universe is homogeneous and isotropic, all comoving clocks advance at the same
rate. All observers could, in principle, synchronize their clocks by, e.g., agreeing
thatt = t, will occur when the local mean density measured by an observer reaches
a particular valuegpy.

Looking to the future, at some point we can no longer ignore the curvature term
in Eq. 8.27. We then need to consider separately the three possibilities, +1.
If space is flatk = 0), Eq. 8.27 becomes

. 2
R 8w
=1 =—Gp. 8.562
< R) 53 Gp (8.52)
Recalling the definition of the time-dependent Hubble parameter as
R
H=— 8.53
= (8.53)
this can be rewritten as
3H?
= ) 8.54
P=3G (8.54)

In other words, a flat Universe implies a particutaitical density for every mo-
ment, including now. We previously saw (Eq. 7.22) that, for a current value of the

3|t is a common misconception that, &s— 0, all the matter in the Universe “was concentrated in
a single point”. This would imply that the Big Bang occurred at a particular location in space, contrary
to the Cosmological Principle. In fact, the singularity is in the density, and it occurs everywhere in the
Universe at once. Even if the Universe is infinite{ 0 andk = —1 cases), and hence has infinite
volume and mass, then no matter how highly compressed is the matter within some volume, there is
infinitely more matter outside the volume, and an equally high density is achievable everywhere else.
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Figure 8.1 Examples of the time dependence of the relative scale fattdty, for var-

ious cosmologies. At early, radiation-dominated tim&sgrows ast'/2, and
during early matter dominationR ~ ¢/ for all models. Thet?/® behav-

ior continues forever in the flat(= 0), critical-density model. In the open,
curvature-dominatedk(= —1) model, the Universe reaches a final “coasting”
phase, withR ~ ¢t. In the supercriticalk = 41, case,R attains a maximum and

the Universe then recollapses to a singularity, retracing its past evolution sym-
metrically in reverse. The asymmetric appearance oktke+1 curve is due to

the logarithmic scale of the plot (the logarithmic scale is useful for visualizing
the early-time behavior and the various power-law dependences).

Hubble paramete, = 70 km s~ Mpc ™!, 1/Hy = 4.4 x 10'7 s, and therefore
in cgs unitsHy = 2.3 x 10718 s~1. At present, the critical density is

87 x 6.7 x 10~8 cgs

3(2.3 x 10718 571)2

e
Pc,0 = G

(8.55)

=92x107% gem™3 = 1.4 x 10" M, Mpc 2.

Recall that the typical density df, galaxies (see Chapter 6.2) 872 Mpc—3,

and that such galaxies, including their dark halos, have massed©f M. The
matter density due to galaxies is therefore of order 10 times less than the critical
density. Itis convenient to express the actual matter density of the Universe in units
of the critical density, by means of the parameter

Q, =L (8.56)
Pe

If Q,, = 1, thenk = 0. If, furthermore, we are now in a matter-dominated era
(as we will see below that we are), then the approximate solution of Eq. 8.27 that
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we found before is exacl?  t2/3, and thereforek « t~1/3. The scale factor
(and hence the distance between any two galaxies) continues to grow forever while
gradually slowing down, stopping only at= co.

Proceeding to the fate of the Universe in the second case, of a positively curved
space witht = +1, asR continues to grow and the densjiygoes down, there will
come a time when the two terms on the right-hand side of Eq. 8.27 are equal,

8 kc?
This will happen when the scale radius
302 1/2
R= <87er> , (8.58)

at which time

. 2
R
<R> =0, (8.59)

i.e., the expansion will halt. However, the deceleration in Eq. 8.28 does not change
its negative sign, and therefore this is the beginning of a collapse, in which the
Universe traces in reverse its past expansion, up to a “Big Crunch”. Recall that,
since such a recollapsing Universe has positive curvature, its volume is finite but
unbounded. It is called @dosedUniverse.

Finally, if & = —1, after sufficient time the curvature term will dominate over
the density term in Eq. 8.27, so that
. 2
R c?
= ~= 8.60
(- o
or
R=c (8.61)
In other words, the expansion continues forever at a constant, “coasting”, rate. The
k = —1 universe is an @per’ universe that is infinite and forever expanding (as

is thek = 0 case). Figure 8.1 shows examples of the time dependengé pfor
each of the three curvature possibilities.

When is the transition from a radiation dominated Universe, with R—4,to a
matter dominated Universe, with~ R—3? The energy density in radiation at any
time, pyaq, is related to its value today,q,0, by

Prad = prad,oié- (8.62)
Similarly for the mass energy density,
2 2 RS’
PmC” = PmoC o (8.63)
The two energy densities were equal when
By _ pmoc” (8.64)

R prad,() '
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As we will see, the Universe is filled today with a radiation field, the cosmic
microwave background, that has the spectrum of a blackbody at a températdre
2.73 K. The radiation energy density today is therefore

Prad,0 = aTy =7.6x107 P ergem P K *x (2.73K)* = 4.2x 1073 erg cm 2.
(8.65)
We saw that the present-day matter density is not far (within an order of magnitude)
from the critical closure density.. We will see later on that it is actually about 0.3
of the critical density. Thus

Pm.0C 2 0.3pcoc® =0.3x9.2x 107 gem ™ x (3 x 10" ems™1)? (8.66)

=25x 107 erg cm 3.

Therefore, today we are clearly in a matter-dominated era. The transition from
domination by relativistic particles to the present, matter-dominated, era occurred
when the scale factad® was smaller than its present valilg by

Ro Prn.0C> 2.5 x 107 ergcm ™3

= = d = - = 3500. 8.67

R 1.7prad0 1.7x4.2x 10713 ergcm=3 ( )
(The factor 1.7 accounts for the energy density due tatsenic neutrino back-
ground, another component of the Universe that must exist, although it has not yet
been detected — see Chapter 9, Problem 9. At early times these neutrinos, even
though they have a non-zero mass, were relativistic, and therefore behaved just
like the radiation, with a density proportional f6~4. It can be shown that their
energy density then was 0.68 times the photon energy density.) Recall that under
matter-dominated condition? grows as?/? (Eq. 8.45), and therefore

Ry [t 2/3
7= (t) . (8.68)
Thus, the time of transition to matter domination was
po 0t (8.69)

(3500)3/2 ~ 2 x 105

In other words, the Universal expansion has been matter-dominated for all but a
small fraction of the age of the Universe.

To calculate the age of the Universe, we can therefore safely make the approxi-
mation that we have haad ~ R~3 throughout the history of the Universe. Let us
examine the various possibilities. Firstpif = p. o, so thatk = 0, we saw that Eq.

8.27 gives
L\ 2
2 — R -3
H*(t) = (R) =—px R (8.70)

Then

. 2
R R}
(R) = HSR—27 (8.71)
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which after separating the variables and integrating becomes

1 Ro /24 to
jﬁ/ Rwﬁz/‘@ (8.72)
0Jo Ry 0
or
2.1
tongO . (8.73)

If we consider an empty Universe withh = 0, which is the extreme case of
k = —1, Eq. 8.28 becomes

R=0, (8.74)
and
R = const. (8.75)
But
H= %, (8.76)
o)
R = HR = HyRy, (8.77)
k[ 070
and
to=Hy". (8.79)
Thus, for
1> Qo >0, (8.80)

the age of the Universe is in the range

2 _
31 <ty < Hy'. (8.81)

We already saw that, fdil, = 70 km s~ '!Mpc—!, H(jl = 14 Gyr. The age of the
Universe is therefore between 9 and 14 Gyr, for this range of values of the density
parametef?,, o. The transition from a radiation-dominated to a matter-dominated
expansion occurred at a time

to t

t= =

0
~ 65,000 8.82
(3500372 ~ 2% 105 ~ OV (8.82)

after the Big Bang, assuming the larger age.
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&

Figure 8.2 A galaxy at the edge of a spherical mass distribution of constant derzsity
radiusR, as viewed by an observer at the center. Energy conservation and New-
tonian kinematics lead to approximate versions of the Friedmann equations.

8.4 ANEWTONIAN DERIVATION OF THE FRIEDMANN EQUATIONS

A more intuitive understanding of the Friedmann equations can be obtained from an
approximate derivation based on local Newtonian arguments. Consider a spherical
region of radiusk, total mass\/, and constant densify (see Fig. 8.2). A galaxy

of massm is at the edge of the region, at a radid$rom an observer at the center.
Energy conservation means that

1

— 52 —_— =
2mR 7 , (8.83)
where the total energy;, is a constant. Replaciny with
4
M:%W@ (8.84)
we obtain
. 2
R 8rG 2F
= =— ) 8.85
<R> 3 Pt R (8.85)

By identifying 2E /m with —kc?, we recover the first Friedmann equation, Eq.
8.27. We thus see that this equation basically says that the sum of the kinetic and
potential energies of the Universe is locally conserved.

The equation of motion for the galaxy, again using Eq. 8.84, is

. GMm 4
or
R 4
= _21 @Gy, 8.87
7 3 Gp (8.87)

This is the second Friedmann equation (Eq. 8.28), except for a migBifg term
— this is missing since Newtonian gravity does not account for the gravitating effect
of pressure. The second Friedmann equation is thus just the equation of motion
under the influence of gravity.

The third Friedmann equation (Eq. 8.34) can be obtained from a thermodynamic
argument involving only Special, rather than General, Relativity. Conservation of
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energy implies that, in a system undergoing adiabatic compression or expansion
(i.e., with no net heat flow into or out of the system), the enéfgpressure?, and
volumeV obey

dU = —PdV. (8.88)

The adiabatic condition is consistent with the Cosmological Principle, since in a
homogeneous and isotropic Universe there can be no net energy flow from one
region to another. Substituting

U = pc*V (8.89)
and taking the time derivative on both sides,
2
d(pc*V) _PdV

e e (8.90)
we obtain
av av
rc? 2 = _P— .91
pcV + pc 7 prE (8.91)
which simplifies to
pc? = —%(pg + P). (8.92)
SinceV o« R3,
av dR
— =3—. 8.93
v 7 (8.93)
Substitution in Eq. 8.92 then gives the required result,
-2 R 2
pct = —=3—=(pc® + P). (8.94)

R
The third Friedmann equation, which we previously derived by combining the first
two equations, is thus basically a restatement of energy conservation. We can also
see now that the above derivation holds separately for each of several co-spatial
systems of particles with no net exchange of energy between the systems (so that
the adiabatic condition holds for each system). This can occur if there is no inter-
action between the systems, or if they are in full thermodynamic equilibrium. For
example, in a gas composed of matter and radiation in thermodynamic equilibrium,
Eq. 8.94 will hold separately for the matter density and its associated pressure, and
for the radiation density and its pressure.

8.5 DARK ENERGY AND THE ACCELERATING UNIVERSE

We have derived above the dynamics of a universe that is controlled solely by the
gravity due to matter and radiation. However, it is possible, in principle, to add a
termAg,, to the Einstein equations which, we will see, can act as a repulsive force
that counteracts the conventional attractive gravity. Such a term, catledmo-
logical constant was first introduced by Einstein to his equations in order to allow



BIG-BANG COSMOLOGY 205

the existence of a static Universe (which, as we saw, is not possible in the for-
mulation we have developed so far). After the Hubble expansion was discovered,
Einstein discarded the cosmological constant, but it has resurfaced several times
over the years, by way of attempts to explain a number of different observations.
In recent years, evidence is mounting that-ike term may, in fact, be required to
describe the dynamics of our Universe. The cosmological constant is one possibil-
ity among a class of such terms that can be added to the Einstein equations, which
are generally referred to aark energy or vacuum energy

With the addition ofA, the Friedmann equations that result by writing the Ein-
stein equations for the FRW metric are modified, and become

. 2
R 8 k2 A
and
R 4G A
=32 (pc® +3P) + 3 (8.96)
The third Friedmann equation,
-2 R 2
pc” = —SE(pc + P), (8.97)

remains unchanged (see Problem 4).

From Eq. 8.96, it is clear that a large enough positive valug ofin cause?
to become positive, i.e., to make the Universe accelerate, as opposed to the de-
celeration that always exists without such a term. Note Ahhtas dimensions of
[time]~2. From Eq. 8.95, we can see that the cosmological constant acts effectively
as an additional energy density,

2

N 87TGA'
However, ifA is constante, is an energy density that remains constant, rather than
falling, whenR grows with time? Thus, afterR has grown enough, it is guaranteed

that theA term will dominate the right-hand side of Eq. 8.95. We can then write

€A (8.98)

Eqg. 8.95 as
L\ 2
R A
H=|=| ~= 8.99
(2) - osn
or
) 1/2
R~ (g) R, (8.100)

4This counter-intuitive behavior results from the strange equation of state associated with the cosmo-
logical constant, which relatesnegative pressurgo ep: P = —ep (Ssee Problem 5). When a volume
element in the Universe grows due to the expansion, the work done by the negative pressure maintains
the energy density constant.
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which has the solution
A 1/2
R(t) o exp [(3) t] = exp(Ht), (8.101)

where the Hubble parametéf has actually become a constant. In other words,
once the cosmological constant term comes to dominate, the Universe enters an
accelerating, exponentially expanding, phaseA Ifemains constant, this phase
lasts forever. During the exponential expansion phase, the particle horizon — the
most distant point an observer can, in principle, see — tends to a constant comoving
coordinater;, (see Problems 1 and 2). Thus, as opposed to a Universe without a
cosmological constant, in which more and more of the volume becomes visible as
time progresses, there is a fixed limit beyond which light will never reach us (since,
at the time of emission, galaxies beyond that distance are receding from us faster
than the speed of light). Galaxies within the particle horizon will get more and
more redshifted with time, and therefore an observer in such a universe will see
more and more of the light sources around him “blinking out” (actually, getting
redshifted to infinity). Finally, observers in an exponentially expanding Universe
are surrounded also by &went horizon, similar to that around a black hole, that
bounds the region of space with which they can communicate or interact causally.
The comoving radial coordinate of the event horizeg,, shrinks exponentially
with time, and therefore all observers eventually lose contact with each other (see
Problem 3).

It turns out observationally that a model that is particularly relevant to the real
Universe is one with a non-zero cosmological constart a flat space. In this
case, setting = 0 in Eq. 8.95 and dividing both sides Y3, we obtain

H? 8 A
— =—Gp+ —. 8.102
w2~ 3m P T 3wz (8.102)
Recalling our definition of the present critical density for closure,
3H?
e, 0 = 5 8.103
Pc,0 Rye ( )
this can be written as
o2 P A
= . 8.104
M oo 3 (6109
If we recall also the definition of the density parameter,
Q, =2 (8.105)
Pec
and define an analogous dimensionless parameté, for
A
Qp = —— 8.106
A SHg ) ( )

then Eq. 8.104t the presentbecomes
1=Qmo+ Qo (8.107)
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However, the same argument can be made at any time, and therefore (f

@.10)

always Thus, as opposed to the flat, zexpuniverse, in which the mass density
always equals exactly the critical closure density (I%,, = 1), in a flat, non-zero-

A, universe, it is only thesum of Q2,,, and2, that is constant and equal to 1. In

a closed, positive-curvature Univerde,, + Q24 > 1, and in an open, negative-
curvature Universef,, + 2, < 1. In the next chapter, we will review recent
measurements indicating th&%,, + Q4 is very close to 1 (i.e., space is nearly
flat/Euclidean). As: = 0 marks the border between a closed and an open Universe,
it may be difficult to find out whether space has a finite or infinite volume.

PROBLEMS

1. Show that the current proper distance to our particle horizon, defined as the
most distant place we can see (in principle), for a matter-domirfated0
universe with no cosmological constantrisk, = 3ctg, wherery, is the co-
moving radial coordinate of the particle horizay, is the scale factor today,
andt is the present age of the Universe. Thus, more and more distant regions
of the Universe “enter the horizon” and become visible as time progresses.
Why is the answer different from the naively expected resti
Hint: Light moves along “null geodesics”, defined as paths along wikch
0, and therefore in the FRW metric, light reaching us from a comoving
coordinater will obey

dr?
1—kr2’
ReplaceR(t) with Ry(t/to)?/? appropriate for this cosmology, separate the

variables, and integrate from= 0 to r,, and from¢ = 0 (the Big Bang) to
to (today).

0 =cdt?* — R(t)?

2. For ak = 0 universe withQ2, = 1, that att = 0 already has a scalg,, find
the comoving radial coordinate,,, of galaxies that will be on the particle
horizon (see Problem 1) at a timén the future. Show that in this cass,
approaches a constanf,( Hy Ry ), and therefore galaxies beyond thjswill
never become visible.
Hint: Proceed as in Problem 1, but now wilt(t) = Roexp(Hot). (Show
why this R(t) is an exact solution of the Friedmann equations for the cosmo-
logical parameters above).

3. a. For the same cosmology as in Problenk2= 0, Q, = 1), find the
comoving radiug;, of galaxies that will be on owsvent horizonat a timet
in the future, i.e., galaxies with which we will be unable to communicate. In
other words, light signals sent by us at timeill never reach those galaxies,
light signals sent out by those galaxies at titneill never reach us, and
therefore we will never see those galaxies as they appeared at tme
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thereafter. Show that, in this case;, shrinks exponentially, and we thus
lose the possibility of communication with more and more of our neighbors.
b. Assume thatf, = 70 km s~ 'Mpc~! and find, for such a universe (which
approximates the actual world we live in), within how many years will the
galaxies in the the nearby Virgo cluster (distancé5 Mpc) reach the event
horizon.

Hint: Proceed as in Problem 2, but integrate frera- 0 to r.,, and from¢
(future emission time) to = oo (the photons never reach us). Then equate
ren 10 the comoving radius of Virgd,5 Mpc/ Ry.

Answer:79 Gyr.

. Repeat the derivation of the third Friedmann equation, from the first and

second Friedmann equations, but in the presence of a cosmological constant
(Egns. 8.95 and 8.96), and show that this equation is unchanged. Note that,
in this derivation,p and P still refer to the density and pressure associated
with normal matter and radiation, rather than with the cosmological constant
term, which cancels out.

. Show that the equation of state associated with the energy density of the

cosmological constant iB = —e¢,, with a negative pressure. Two different
ways to do this are as follows.

a. Invoke energy conservation and follow the derivation of Egns. 8.88-8.94
to argue that Eq. 8.94 holds also for the “dark energy” density component,
e, alone, i.e.,

, R
EA = _3E(€A + PA).

The required result follows from noting thatis a constant.

b. Rewrite the Friedmann equations plus cosmological constant (Egns. 8.95,
8.96), but absorb th& /3 term, i.e., in Eqg. 8.95, define an energy densjity

(Eq. 8.98) such thatis replaced by +e¢, /c?. In Eq. 8.96, replacgc® + 3P

with pc?+e5 +3(P+ Py). Then eliminate\ from the two defining equations

of 4 and P, to obtain the required dark energy equation of state.



Chapter Nine

Tests and Probes of Big Bang Cosmology

In this final chapter, we will review three experimental predictions of the cosmo-
logical model that we developed in Chapter 8, and their observational verification.
These tests — cosmological redshift, the cosmic microwave background, and nu-
cleosynthesis of the light elements — also provide information on the particular
parameters that describe our Universe. We will conclude with a brief discussion on
the use quasars and other distant objects as cosmological probes.

9.1 COSMOLOGICAL REDSHIFT AND HUBBLE'S LAW

Consider light from a galaxy at a comoving radial coordinateTwo wavefronts,
emitted at timeg. andt. + At., arrive at Earth at timeg, andty + Atg, respec-
tively. As already noted in Chapter 4.5 in the context of black holes, the metric of
spacetime dictates the trajectories of particles and radiation. Light, in particular,
follows a null geodesic witlls = 0. Thus, for a photon propagating in the FRW
metric (see also Chapter 8, Problems 1-3), we can write

2 7,2 2 dr?
The first wavefront therefore obeys
; / _1 Wik (9.2)
and the second wavefront
to+Atp
—_— == —_— 9.3
/Mte 1) e ©-3

Sincer. is comoving, the right-hand sides of both equalities are independent of
time, and therefore equal. Equating the two left-hand sides,
e o gt
/tﬁme R(t) )i R(t)
Expressing the first integral as the sum and difference of three integrals, we can

write
to te+At, to+Ato to
/ / / _ / o, 9.5)
te te te

e

and the first and fourth terms cancel out. Since the time interval between emission
of consecutive wavefronts, as well as the interval between their reception, is very

= 0. (9.4)
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short compared to the dynamical timescale of the Universé((~'® s for visual

light, vs.~ 107 s for a Hubble time), we can assume ti4t) is constant between

the two emission events and between the two reception events. We can then safely
approximate the integrals with products,

At, Aty

= . 9.6
Rite) ~ Rito) 56
Recalling that
At, = 1 = ﬁ 9.7)
Ve c
and
Aty = ! = ﬁ, (9.8)
o C
we find that
Ato _ )\0 _ Ve o R(to) o
Ate A w  R(t) 7 ©-9

where we have defined tle®smological redshift z. Thus, the further in the past

that the light we receive was emitted (i.e., the more distant a source), the more the
light is redshifted, in proportion to the ratio of the scale factors today and then.
This, therefore, is the origin of Hubble’s Law.

Just like Doppler shift, the cosmological redshift of a distant object can be
found easily by obtaining its spectrum and measuring the wavelengths of individ-
ual spectral features, either in absorption or in emission, relative to their laboratory
wavelengths. Note, however, that cosmological redshift is distinct from Doppler,
transverse-Doppler, and gravitational redshifts. The cosmological redshift of ob-
jects that are comoving with the Hubble flow is the result of the expansion of the
scale of the Universe that takes place between emission and reception of a signal.
In an expanding Universe (such as oui®)t,) > R(t.) always, and thereforeis
always a redshift (rather than a blueshift). Indeed, it is found observationally that,
beyond a distance of about 20 Mpc, all sources of light, without exception, are red-
shifted?! In addition to the cosmological redshift, the spectra of distant objects can
be affected by (generally smaller) redshifts or blueshifts due to the other effects.
Figure 9.1 shows the spectra of several distant quasars (objects that were discussed
in Chapter 6.3). Note the various redshifts by which the emission lines of each
guasar (hydrogen Balmerd-and H3, and the doublet [@1]A\ 4959, 5007 are the
most prominent) have been shifted from their rest wavelengths by the cosmological
expansion.

INearby objects, such as Local Group galaxies and the stars in the Milky Way, are not receding with
the Hubble flow (nor will they in the future) because they are bound to each other and to us. Similarly,
the stars themselves, the Solar System, the Earth, and our bodies do not expand as the Universe grows.
It is a common misconception that the “driving force” of the cosmological recession is the “expansion
of space itself”. In fact, galaxies are receding from us simply because they were doing so in the past,
i.e., they have initial recession velocities and inertia (although now they are aided by dark energy — see
below). A massless test particle placed at rest at any distance from us would not join the Hubble flow.



TESTS AND PROBES OF BIG BANG COSMOLOGY 211

150

100 HB A4861 [0 III] AN4959,5007 Ha 16563 A

| z=0.165

£ [107" erg s em™ 47

P U RS B
5000 6000 7000
Observed Wavelength [A]

Figure 9.1 Optical spectra of four quasars, with cosmological redshifts increasing from top
to bottom, as marked. Note the progression to the red of the main emission lines,
which are indicated. The width of the Balmer lines is the result of Doppler
blueshifts and redshifts about the line centers, due to internal motions of the
emitting gas, under the influence of the central black holes powering the quasars.
The [O Ill] lines are narrower because they are emitted by gas with smaller in-
ternal velocities. Data credit: S. Kaspi et al. 2000, Astrophys. J., 533, 631.

We have seen that the evolution of the scale fadk{r,), depends on the pa-
rameters that describe the Universé, &, ©2,,, andQ2,. This suggests that, if
we could measur(t) at different times in the history of the Universe, we could
deduce what kind of a universe we live in. In practice, it is impossible to mea-
sure R(t) directly. However, the cosmological redshiftof an object gives the
ratio between the scale factors today and at the time the light was emitted. We can
therefore deduce the cosmological parameters by measuring properties of distant
objects that depend oR(t) through the redshift. Two such properties that have
been particularly useful are the flux from an object and its angular size. Models
with different cosmological parameters make different predictions as to how these
observables change as a function of redshift. Measuring the flux from a “standard
candle” to derive a “distance”, and plotting the distance vs. the “velocity”, is of
course the whole idea behind the Hubble diagram. Now, however, we realize that
cosmological redshift is distinct from Doppler velocity. Furthermore, in a curved
and expanding space, “distance” can be defined in a number of different ways, and
will depend on the properties and history of that space. Nevertheless, observables
(e.g., the flux from an object of a given luminosity, or the angular size of an object
of a given physical size, at some redshift) can be calculated straightforwardly from
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Figure 9.2 A Hubble diagram extending out to redshifts 1.7, based on type-la super-
novae. Note that redshift now replaces velocity (compare to Fig. 7.6) and the
“luminosity distances” to these standard candles are now plotted on the vertical
axis. The top and bottom curves give the expected relations for cosmologies with
Qm = 0.3, Q4 = 0.7, andQ,,, = 1, Qa = 0, respectively. The data favor the
top curve, indicating a cosmology currently dominated by dark energy. The cal-
culation of the curves is outlined in Problems 4 — 7. Data credits: A. Riess et al.
2004, Astrophys. J., 607, 665, and P. Astier et al., 2006, Astron. & Astrophys.,
447, 31.

the FRW metric and the Friedmann equations and compared to the observations.
We will work out examples of such calculations in Section 9.3, and in Problems 4
— 7 at the end of this Chapter.

In recent years, the Hubble diagram, based on type-la supernovae serving as
standard candles, has been measured out to beyond a redshiftcorresponding
to a time when the Universe was about half its present age. Figure 9.2 shows an ex-
ample. The intrinsic luminosity of the supernovae at maximum light, compared to
their observed flux, permits us to define a cosmological distance dattédosity

distance
I 1/2
Dy = <47rf> ) (9.10)

The observed supernova fluxes (or, equivalently, their luminosity distances) vs. red-
shift are best reproduced by a model in which the Universe is currently in an ac-
celerating stage, into which it transited (from the initial deceleration) at a time
corresponding to about ~ 1. If one assumes a flat, = 0, Universe (for which

the evidence will be presented in Section 9.3), the data indiegte~ 0.3 and
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Qa ~ 0.7. If this is true, the dynamics of the Universe are currently dominated
by a “dark energy” of unknown source and nature that is causing the expansion to
accelerate. The cosmological constant case, treat#i3nis one possible form of

the dark energy.

In the derivation of cosmological redshift, above, we considered the propagation
of individual wavefronts of light. Instead, we could have discussed the propagation
of, say, individual photons, or of brief light flashes, but would have gotten the
same result: the time interval between emission of consecutive photons or light
signals appears lengthened to the observer by a factoe. Thus, in addition to
cosmological redshift, light signals will undergosmological time dilation For
example, if a source at redshifts emitting photons at a certain wavelength and at
some rate, not only will an observer see the wavelength of every photon increased
by 1 + z, but the photon arrival rate will also be lower by + z). Both of these
effects will reduce the observed energy flux, in addition to the reduction due to
geometrical {r x distance?) dilution (see Problem 3).

9.2 THE COSMIC MICROWAVE BACKGROUND

Since the mean density of the Universe increases monotonically as one goes back
in time? there must have been an early time when the density was high enough
such that the mean free path of photons was small, and baryonic matter and radi-
ation were in thermodynamic equilibrium. The radiation field then had a Planck
spectrum. Since the energy density of radiation changes with the scale factor as
(Eg. 8.40)

p X R_47 (911)
but this energy density also relates to a temperature as
p=al?, (9.12)
we can consider ®mperature of the Universe at this stage, which varied as
1
T ox —. 9.13
x = 913)

Therefore, early enough, the Universe was not only dense but also hot. At some
stage, the temperature must have been high enough such that all atoms were con-
stantly being ionized. The main source of opacity was then electron scattering.
Going forward in time now, the temperature declined, and'at 3000 K, few

of the photons in the radiation field, even in its high-energy tail, had the energy
required to ionize a hydrogen atom. Most of the electrons and protons then recom-
bined. Once this happened, at a timg. = 400,000 yr after the Big Bang, the

2In principle, models with a large-enough positive cosmological constant permit a currently expand-
ing Universe that had, in its past, a minimugnthat is greater than zero, and thus no initial singularity.
At times before the minimum, the Universe would have been contracting. In such a universe, as one
looks to larger and larger distances, objects at first have increasing redshifts, as usual. However, beyond
some distance, objects begin having progressively smaller redshifts, and eventually blueshifts. Such a
behavior is contrary to observations.
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major source of opacity disappeared, and the Universe became transparent to radi-
ation of most frequenciés As we look to large distances in any direction in the
sky, we look back in time, and therefore at some point our sightline must reach the
surface of last scattering beyond which the Universe is opaque.

The photons emerging from the last-scattering surface undergo negligible addi-
tional scattering and absorption until they reach us. Their number density therefore
decreases, as the Universe expands, inversely with the volunie; “asin addi-
tion, the energy of every photon is reducedby' due to the cosmological redshift.

The photorenergydensity therefore continues to declinefas*. Furthermore, the
spectrum keeps its Planck shape, even though the photons are no longer in equilib-
rium with matter. To see this, consider that every photon gets redshifted from its
emitted frequency to an observed frequeney according to the transformation

d
V=" a=" (9.14)
142 142
Next, recall the form of the Planck spectrum,
2hv3 d
B, ="~ v (9.15)

02 elw/k‘T _ 1
Dividing by the energy of a photor,, we obtain thenumberdensity of photons
per unit frequency interval,

202 dv
2 ehv/kT _ 1"

(9.16)

n, =

Since the number of photons is conserved, their density decreases by g fagtor
2)3, and the new distribution will be

2 12 /
- X 1)
(1422 2 /FT Z1(1+2)3 2 chv'/KT _q
where
T
‘= (9.18)

In other words, the spectrum keeps the Planck form, but with a temperature that is
reduced, between the time of recombination and the present, according to

Trec
1+ 2rec ’
wherez,. is the redshift at which recombination occurs. A prediction of Big Bang
cosmology is therefore that space today should be filled with a thermal photon
distribution arriving from all directions in the sky.

In the 1940's Gamow predicted, based on considerations of nucleosynthesis
(which will be discussed in the next section) that recombination must have oc-
curred atz,.. ~ 1000, and hence the thermal spectrum should correspond to a
temperature of a few to a few tens degrees Kelvin (i.e., with a peak at a wave-
length of order 1 mm, in the “microwave” region of the spectrum). Tdasmic

Temb = (9 . 19)

3The ubiquitous presence of hydrogen atoms in their ground state made the Universe, at this point,
very opague to ultraviolet radiation with wavelengths shortward of Lyman-



TESTS AND PROBES OF BIG BANG COSMOLOGY 215

Wavelength [em]
0.1

0.3 0.2

o
o)
5y

IS
(=]
o

-2
©w
o
o

Intensity [107 erg ecm™ s Hz' sterad ]
0
o
<}

-
(=]
(o]

!
200 400 600
Frequency [GHz]

o

Figure 9.3 Observed spectrum of the cosmic microwave background, comparedivith a
2.725 K blackbody curve. The error bars shown &06c, so as to be discernible
in the plot. Data credit: D. J. Fixsen et al. 1996, Astrophys. J., 473, 576.

microwave background (CMB) radiation was discovered accidentally in 1965 by
Penzias and Wilson, while studying sources of noise in microwave satellite com-
munications. They translated the intensity they measured at a single frequency into
a temperaturel,,,,,, =~ 3 K, by assuming that the radiation has a Planck spectrum
and that the frequency is on the Rayleigh-Jeans side of the distrif(Eqn2.18),
according to

2 2
B, ~ CLQkT. (9.20)

Subsequent measurements, especially with several recent space-based experiments,
have confirmed that the spectrum has a precise blackbody form, and have refined
the temperature measuremenfig,, = 2.725+0.002 K (see Fig. 9.3). Note that

the CMB solves the Olbers paradox in a surprising way: every line of sight does in-
deed reach an ionized surface with a temperature similar to that of the photosphere
of a star. Despite our being inside such an oven, we are not grilled because the
expansion of the Universe dilutes the radiation emitted by this surface, and shifts it

to harmless microwave energies.

4As opposed to the thermal flux from a star of unknown surface area, for which a temperature cannot
be deduced from one or more measurements solely on the Rayleigh-Jeans side, the Civ@ sy,
i.e., an energy flux per unit solid angle on the sky, and it is completely specified for a blackbody of a
given temperature. A temperature derived in this way is called by radio astronorbeightness
temperature



216 CHAPTER 9
The photon number density due to the CMB is

aT* 7.6 x 107 cgs x (2.7K)?
2.8kT 2.8 x 1.4 x 10~16 erg K—1

N~y ,CMB ™~ = 400 cm 3. (921)

Let us see that this is much larger than the cosmic mean number density of photons
originating from stars. If,, is the mean number density &f. galaxies, then at

a typical point in the Universe the flux of starlight from galaxies within a spherical
shell of thicknesglr at a distance from this point is

df — L*ngal47rr2dr
IF= 472

For a rough, order-of-magnitude, estimate of the total flux from galaxies at all
distances, let us ignore the Universal expansion, possible curvature of space, and
evolution with time ofL, andn,,;, and integrate from = 0 to r = cto, where

to is the age of the Universe. Then the total fluxfis= L.ngacto. Stars produce
radiation mostly in the optical/IR range, with photon energies or ohdgp, ~

1 eV. The stellar photon density is abdutc the photon flux. Thus,

= L.ngadr. (9.22)

- -3
.. Lingato ~ 10'°Lg x 1072 Mpe™* x 14 Gyr (9.23)
’ hVopt 1eV
10" x 3.8 x 10%% ergs™! x 1072 x (3.1 x 10%* ¢cm) ™% x 4.4 x 1017 s
N 1.6 x 10~12 erg

~4x 1073 em™3.

Thus, there are of ordén® CMB photons for every stellar photén.
The present-day baryon mass density is about 4% of the critical closure density,
pe. The mean baryonumber density is therefore

_0.04p. 0.04 x9.2 x 10730 gem—3

~ =2x10"" cm 3. 9.24
my 17x 10 20 g 107" em (9.24)

np

(Less than one-tenth of these baryons are in stars, and the rest are in a very tenuous
intergalactic gas.) The baryon-to-photon ratio is therefore

n= B <5 % 10710, (9.25)
Ty
Thus, although thenergy density due to matter is much larger than that due to
radiation (Egns. 8.65 and 8.66), thember density of photons is much larger
than the mean number density of baryons.

5The mean stellar photon density above is, of course, not representative of the stellar photon density
on Earth, which is located inside dn. galaxy, very close to a, star. The daylight Solar photon
density on Earth (see Eq. 3.8)1610 times greater than the mean stellar value for the Universe, found
above, and is thus also much greater than the CMB photon density.
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9.3 ANISOTROPY OF THE MICROWAVE BACKGROUND

The temperature of the CMB; = 2.725 K, is extremely uniform across the sky.
There is a smalllipole in the CMB sky, arising from the Doppler effect due mostly

to the motion of the Local Group (at a velocity of 600 km s™!) relative to the
comoving cosmological frame. Apart from the dipole, the only deviations from
uniformity in the CMB sky are temperatusmisotropies i.e., regions of various
angular sizes with temperatures different from the mean, with fluctuations having
root-mean-squaredll’ = 29 uK, or

%T ~ 1075, (9.26)

Figure 9.4 shows a map of these temperature fluctuations. The extreme isotropy of
the appearance of the Universezat- 1000 is an overwhelming justification of the
assumption of homogeneity and isotropy inherent to the Cosmological Principle.
However, this extreme isotropy raises the questionstof andhow the Universe

can appear so isotropic. At the time of recombination, the horizon size — the size of
a region in space across which light can propagate since the Big Bang (see Chap-
ter 8, Problems 1-3) — corresponded to a physical region that subtends only about
2° on the sky today. Thus, different regions separated by more-thztncould not

have been in causal contact hy., and therefore it is surprising that they would
have the same temperature to withiir°. CMB photons from opposite directions

on the sky have presumably never been in causal contact until now, yet they have
almost exactly the same temperature.

The currently favored explanation for this “horizon problem” is that, very early
during the evolution of the Universe, in the first small fraction of a second, there
was an epoch ofinflation” . During that epoch, a vacuum energy density with
negative pressure caused an exponential expansion of the scale factor, much like
the second acceleration epoch that, apparently, we are in today. The inflationary
expansion led causally connected regions to expand beyond the size of the horizon
at that time. All the different parts of the microwave sky we see today were, in fact,
part of a small, causally connected region before inflation. The cause and details
of inflation are still a matter of debate, but most versions of the theory predict that,
today, space is almost exactly flat (i.8.,,, + Q4 is very close to 1). We will see
now that this prediction is strongly confirmed by the observed characteristics of the
anisotropies.

The temperature anisotropies in the CMB arise through a number of processes,
but at their root are small-amplitude inhomogeneities in the nearly uniform cosmic
mass distribution. These inhomogeneities are set up at the end of the inflationary
era, and their characteristics are yet another prediction of inflation theories. Most
of the mass density at that time, as now, is in a non-baryonic, pressure-less, dark
matter. Mixed with the dark matter, and sharing the same inhomegeneity pattern,
is a relativistic gas of baryons and radiation. The photon-baryon gas therefore has
an equation of state that is well described by

1

P= gpc2. (9.27)
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Figure 9.4 A half-sky Zr steradians) map of the temperature of the CMB sky. The typical
relative fluctuations in the temperature, as coded by the grey scale (white is hot,
black is cold), are of ordet0~°. Note the characteristic sizes of the hot and
cold spotsa 0.4°. As described in the text, this size provides a “standard ruler”
with which the geometry of space can be measured. Foreground microwave
emission from the Milky Way has been subtracted from the image, as well as the
CMB “dipole” anisotropy due to the motion of the Local Group relative to the
comoving cosmological frame. Photo Credit: NASA and the WMAP Science
Team.
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The speed of sound is then

|dP c

The mass density inhomogeneities have a spatial spectrum with power spread con-
tinuously among all Fourier components, i.e., they have no single physical scale.
(The particular shape of the Fourier spectrum is, as noted above, a prediction of in-
flationary theories.) The gravitational potential of the inhomogeneities attracts the
baryon-photon fluid, which is compressed in the denser regions and more tenuous
in the underdense regions. However, the pressure of the fluid opposes the compres-
sion, and causes an expansion which stops only after the density has “overshot”
the equilibrium density and the gas in the originally overdense region has become
underdense. Thus, periodic expansion and contraction of the various fluid regions
ensues. This means that “standing” sound waves of all wavelengths represented
in the spatial Fourier spectrum of the density inhomogeneities are formed in the
photon-baryon gé&s Their periodsr and wavelengths are related by

T=—. (9.29)
Cs
When the Universe emerges from the inflationary era, at an age of a small fraction
of a second, thesacoustic oscillationsare stationary and therefore they begin
everywherén phase Consider now an overdense or underdense region. One of the
Fourier modes that composes the region, and the fluid oscillations that it produces,
has a wavelength that corresponds to a half-periag.of

2ctrec

\/3 )
wheret,.. is the cosmic time when recombination occurs. tAt, the baryon-
photon fluid in this particular mode will have executed one-half of a full density os-
cillation, and will have just reached its maximal rarefaction or compression, where
it will be colder or hotter, respectively, than the mean. At that time, however, the
baryons and photons decouple, and the imprint of the cool (rarified) and hot (com-
pressed) regions of the mode is frozen onto the CMB radiation field, and appears
in the form of spots on the CMB sky with temperatures that are lower or higher
than the mean. Similarly, higher modes that have had just enough time, between
t = 0 andt = t,.., to undergo one full compression and one full rarefaction, or
two compressions and a rarefaction, etc., will also be at their hottest or coldest at
time t.... The CMB sky is therefore expected to display spots having particular
sizes. Stated differently, the fluctutation power spectrum of the CMB sky should
have discrete peaks at these favored spatial scales.

In reality, the picture is complicated by the fact that several processes, other

than adiabatic compression, affect the gas temperature observed from each point.

A= 2¢5tec =

(9.30)

6The waves that are formed are not, strictly speaking, standing waves, since they do not obey bound-
ary conditions. They do resemble standing waves in the sense that a given Fourier component varies in
phase at all locations. However, the superposition of all these waves is not a standing wave pattern, and
does not have fixed nodes.
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Figure 9.5 The angular diameter of the sound-crossing horizon (measurable from the size of
the hot and cold spots in temperature anisotropy maps of the microwave sky), as
it appears to observers in different space geometries kla=a0 universe (“flat”
space), the spots subtend on the sky an afigle’en by Euclidean geometry.
Inak = +1 Universe, the angles of a triangle with sides along geodesics sum
to > 180°. Since light follows a geodesic path, the converging light rays from
the two sides of a CMB “spot” will bend, as shown, along their path, Gandll
appear larger than in the= 0 case. For negative space curvature, the angles in
the triangle sum te< 180°, andé is smaller than in the flat case.

However, all these effects can be calculated accurately, and a prediction of the
power spectrum can be made for a particular cosmological model. It turns out that

measurement of the angular scales at the positions dhttmustic peaks”in the

power spectrum, and their relative heights, can determine most of the parameters
describing a cosmological model. Let us see how this works for one example —

the angular scale of the first acoustic peak as a measure of the global curvature of
space.

As seen in Eq. 9.30, the physical scale of the first acoustic peak is the “sound-
crossing horizon” at the time of recombination. It therefore provides an excellent
“standard ruler” at a known distance. The angle subtended on the sky by this stan-
dard ruler (i.e., the angle of the first peak) can be predicted for every geometry (i.e.,
curvature) of space. Comparison to the observed angle thus reveals directly what
that geometry is (see Fig. 9.5).

Consider, for example, a flat (= 0) cosmology with no cosmological constant.

We wish to calculate the angular size on the sky, as it appears today, of a region of
physical size (Eq. 9.30)
D, = 2¢trec _ 2 x 400,000 l.y. — 140 kpe, (9.31)
V3 V3
from which light was emitted at timg... Between recombination and the present
time, the Universal expansion is matter-dominated, viithc >/ for this model,

ie.,
R t\?3 1
b = 9.32

Ry <t0> 142’ ( )
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and hence we can also wrife, as
20t0
V3
The angle subtended by the region equals its size, divided by its distancattihes
time of emission(since that is when the angle between rays emanating from two
sides of the region was set). As we are concerned with observed angles, the type
of distance we are interested in is the distance which, when squared and multiplied
by 4x, will give the area of the sphere centered on us and passing through the
said region. If the comoving radial coordinate of the surface of last scattering is
r, the required distance @urrently justr x Ry, and is called th@roper motion
distance (Fork = 0, the proper distance and the proper motion distance are the
same, as can be seen from Eq. 8.10.) The proper motion distance can again be
found by solving for the null geodesic in the FRW metric (see Eq. 9.2),

to

D, = (14 zrec) /2. (9.33)

cdt " dr
) 939
Settingk = 0, and substituting
N\ 2/3
R(t) = Ry <to> , (9.35)

we integrate and find
7Ry = 3cto[1 — (tree/t0) /%] = 3cto[1 — (1 4 2eec) V2. (9.36)

However, at the time of emission, the scale factor of the Universelwas times
smaller. The so-calledngular diameter distanceto the last scattering surface is
therefore
_ "Ry _ -1 —3/2
Dy = =3cto[(1 + zrec) " — (1 + 2rec) ] (9.37)
1+=2

The angular size of the sound-crossing horizon at the recombination eka-inta
cosmology is thus expected to be

D, 2cto(1 + zrec)_3/2 2

T Da 3v3cto[(1+ zree) L — (1 + zree)32]  3V3[(L+ zec)/2 — 1]

(9.38)
Since recombination occurs &f.. ~ 3000 K, and the current CMB temperature
is 2.7 K, zrec =~ 1100, and

0 =~ 0.012 radian = 0.7°. (9.39)

For this particular cosmological model & 0, 4 = 0), this will be the angular
scale of the first acoustic peak in the Fourier spectrum of the CMB fluctuations.
The hot and cold “spots” in CMB sky maps will correspond to half a wavelength,
i.e., will have half this angular size, or somewhat smaller than the diameter of the
full Moon (half a degree). In a negatively curved geometry, where the angles of a
triangle add up to less tham®0°, the angle subtended by the standard ruler of length
2¢strec Will be smaller than in a flat geometry. In a positively curved Universe, this
angle will appear larger than in the flat case.
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Figure 9.6 Observed angular power spectrum of temperature fluctuations in the CMB. The
top axis shows the angular scales corresponding to the spherical harmonic mul-
tipoles on the bottom axis. The curve is based on a detailed calculation of the
fluctuation spectrum using values for the various cosmological parameters that
give the best fit to the data. Note the clear detection of acoustic peaks, with the
first peak on a scalé ~ 0.8°, indicating a flat space geometry. Data Credits:
NASA/WMAP, CBI, and ACBAR collaborations.

Recent measurements of the CMB fluctuation power spectrum provide spectac-
ular confirmation of the expected acoustic peaks (see Fig. 9.6). When compared to
more sophisticated calculations that account for all the known effects that can in-
fluence the temperature anisotropies, the location of the first peak indicates a nearly
flat space geometry, with

Qe + Qp = 1.02 £ 0.02. (9.40)

Note that a region with the diameter of the sound-crossing horizon has, between

recombination and the present, expanded by z,.. = 1100, and hence encom-

passes today (i.e., has a “comoving diametét() kpc x 1100 = 150 Mpc. Thus

the CMB hot and cold spots correspond to regions that, today, are quite large.
Among a number of other cosmological parameters that are determined by anal-

ysis of the observed CMB anisotropy power spectrum are

Qp, ~ 0.3, (9.41)
which together with Eq. 9.40 confirms the result found from the Hubble diagram

of type-la supernovae, that the dynamics of the Universe are currently dominated
by a cosmological constant with

Qp ~0.7. (9.42)
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If one assumes that the Universe is exactly flat, then the CMB results also give a
precise age of the Universe

to = 13.7 4+ 0.2 Gyr, (9.43)
and a density in baryons
Qp = 0.044 4 0.004. (9.44)

The mere existence of acoustic peaks in the power spectrum means that density
perturbations existed long before the time of recombination, i.e., they were “pri-
mordial”, and that they had wavelengths much longer than the horizon size at the
time they were set up. Inflation is the only theory that currently predicts, based on
causal physics, the existence of primordial, “superhorizon-size”, perturbations. The
observation of the acoustic peaks can therefore be considered as another successful
prediction of inflation.

The large density inhomogeneities we see today — stars, galaxies, and clusters,
formed from the growth of the initial small fluctuations, the traces of which are ob-
served in the CMB. The gravitational pull of small density enhancements attracted
additional mass, at the expense of neighboring underdense regions. The growing
clumps of dense matter merged with other clumps to form larger clumps. This
growth of structure by means of “gravitational instability” operated at first only on
the non-baryonic dark matter fluctuations, but not the baryons, which were sup-
ported against gravitational collapse by radiation pressure. Once the expansion
of the Universe became matter-dominated, the dark matter density perturbations
could begin to grow at a significant rate. Finally, after recombination, the baryons
became decoupled from the photons and their supporting radiation pressure, and
the perturbations in the baryon density field could also begin to grow. The details
and specific path according to which structure formation proceeds is still the sub-
ject of active research. Nevertheless, it is clear that, once the first massive stars
formed (ending the period sometimes called the “Dark Ages”), they reionized most
of the gas in the Universe. Based again on analysis of the CMB, current evidence
is that this occurred during some redshift in the range betweérand20, when
the Universe was 150-750 Myr old.

By this time, the mean matter density was low enough that the newly liberated
electrons were a negligible source of opacity, and hence the Universe remained
transparent (see Problem 2). Direct evidence that most of the gas in the Universe
is, atz ~ 6 and below, almost completely ionized, comes from the fact that objects
at those redshifts are visible at UV wavelengths shorter than Lymawen a tiny
number of neutral hydrogen atoms along the line of sight would suffice to com-
pletely absorb such UV radiation, due to the very large cross section for absorption
from the ground state of hydrogen (often called “resonant absorption”). Most of the
gas in the intergalactic medium (which is the main current repository of baryons)
remains in a low-density, hot, ionized phase. The density of this gas is low enough
that the recombination time is longer than the age of the Universe, and hence the
atoms will never recombine.
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9.4 NUCLEOSYNTHESIS OF THE LIGHT ELEMENTS

Looking back in time to even earlier epochs than those discussed so far, the temper-
ature of the Universe must have been high enough that electrons, protons, positrons,
and neutrons were in thermodynamical equilibrium. Since the rest-mass energy dif-
ference between a neutron and a proton is

(M, —my)c® = 1.3 MeV, (9.45)
atatimet < 1's, when the temperature wass- 1 MeV (10'° K), the reactions

e +p+08MeV =1, +n (9.46)
and

Te+p+18MeV = et +n (9.47)

could easily proceed in both directions. The ratio between neutrons and protons as
a function of temperature can be obtained from statistical mechanics considerations
via theSaha equation For the case at hand, it takes the form

N, My, 3/2 (my, —myp)c?
N, = (mp) exp { T ] . (9.48)
WhenT > 1 MeV, the ratio is obviously very close to 1. As the temperature de-
creases, the ratio also decreases, and protons outnumber the heavier neutrons. This
decrease in the ratio could continue indefinitely, but wieq 0.8 MeV, the mean

time for reaction 9.46 becomes longer than the age of the Universe at that epoch,

t = 2 s. The reaction time can be calculated from knowledge of the densities of
the different particles, the temperature, and the cross section, as outlined for stel-
lar nuclear reactions in Egns. 3.123-3.127. The long reaction timescale that the
neutrons and protons, which are converted from one to the other via this reaction
are no longer in thermodynamic equilibridniThis time is calledheutron freeze-

out, since neutrons can no longer be created. The neutron-to-proton ratio therefore
“freezes” at a value of eXp-1.3/0.8) = 0.20. In the following few minutes, most

of the neutrons become integrated into helium nuclei. This occurs through the re-
actions

n+p—d+y (9.49)
p+d—3He+~ (9.50)
d+d—*He+n (9.51)
n+3He —*He + v (9.52)
d +3He —*He + p. (9.53)

Some of the neutrons undergo beta decay into a proton and an electron before mak-
ing it into a helium nucleus (the mean lifetime of a free neutron is about 15 min),

At about the same time, neutrinos also “decouple” (i.e., cease to be in thermal equilibrium with the
rest of the matter and the radiation), and the cosmic neutrino background is formed; see Problem 9.
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and a small fraction is integrated into other elements. Numerical computation of
the results of all the parallel nuclear reactions that occur as the Universe expands,
and as the density and the temperature decrease, shows that, in the end, the ratio
between neutrons insidéle and protons is about 1/7. Thus, for every 2 neutrons
there are 14 protons. Since evéife nucleus has 2 neutrons and 2 protons, there
are 12 free protons for evefyHe nucleus, or the ratio of helium to hydrogen atoms
is 1/12. The mass fraction 4He will then be
4 1
v = 2NVCHe 455 1 (9.54)
N(H) +4N(*He) 1444 4

A central prediction of Big Bang cosmology is therefore that a quarter of the mass
in baryons was synthesized into helium in the first few minutes.

Measurements of helium abundance in many different astronomical settings (stars,
H Il regions, planetary nebulae) indeed reveal a helium mass abundance that is con-
sistent with this prediction. This large amount of helium could not plausibly have
been produced in stars. On the other hand, the fact that the helium abundance is
nowhere observed to be lower than(0.25 is evidence for the unavoidability of
primordial helium synthesis, at this level, among all baryons during the first few
minutes.

Apart from*He, trace amounts of the following elements are produced during
the first minutes: deuteriumi@—?), 2He (10~°), “Li (10~9), "Be (10~?), and al-
most nothing else. The precise abundances of these elements depend on the baryon
density,n, at the time of nucleosynthesis. As we have seen (Egns. 8.40, 9.13), the
the radiation energy density declinesfas?, but the temperature appearing in the
Planck spectrum also declinesBsx 1/R, both before and after recombination.
Since the energy of the photons scales wiffy, the photomnumber density de-
clines asR—3. Because baryons are conserved, their density also declifes’as
when the Universe expands, and therefore the baryon-to-photon ratio (Eqg. 9.25),
n =~ 5 x 107'% does not change with time. Since we know the CMB photon
density todayn., measurements of the abundances of the light elements in astro-
nomical systems that are believed to be pristine, i.e., that have undergone minimal
additional processing in stars (which can also produce or destroy these elements)
lead to an estimate of the baryon density today. In units of the critical closure
density,p.,

Op = BT _ N1y (9.55)
Pc Pc
The baryon density based on these measurements is
0.01 < Qp < 0.05. (9.56)

As already mentioned, a completely independent estimatg;afomes from ana-

lyzing the fluctuation spectrum of CMB anisotropies. The relative amplitudes of the
acoustic peaks in the spectrum depend on the baryon density and hence constrain it
to

Qp = 0.044 % 0.004, (9.57)

in excellent agreement with the value based on element abundances. Note that both
of these measurements tell us that, even though the mass density of the Universe is
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a good fraction of the closure valu@.(, ~ 0.3), only about a tenth of this mass is
in baryons, while the rest must be in a dark matter component of unknown nature.
Furthermore, less than 1/10 of the baryons are in stars inside galaxies. The bulk
of the baryons are apparently in a tenuous, hot, and ionized intergalactic gas — the
large reservoir of raw material out of which galaxies formed. A small fraction of
this gas is neutral, and can be observed by the absorption it produces in the spectra
of distant quasars. This will be discussed briefly in Section 9.5.

Table 1 summarizes the current view of the cosmological parameters and the
history of the Universe.
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Table 1: History and Parameters of the Universe

Curvature:
Mass density:

Dark energy:

Oy + Qa = 1.02 4 0.02.

Q0 =~ 0.3, consisting of

Qp o = 0.044 £ 0.004 in baryons, and
Qpm,o =~ 0.25 in dark matter.

QA ~ 0.7.

time

redshift temperature event

z T(K)

~ 1073 s

2s

3 min

65,000 yr

400,000 yr

~10% —10% yr

~6 Gyr

14 Gyr

~ 1077 ~10°" Inflation ends,f,, + 2 — 1,
causally connected regions have ex-
panded exponentially, initial fluctu-

ation spectrum determined.

4 x 109 10'°  Neutron freezeout, no more neu-
trons formed.

Primordial nucleosynthesis over —
light element abundances set.
Radiation domination — mass
domination,R ~ t'/?2 — R ~
t2/3, dark-matter structures start
growing at a significant rate.

3000 Hydrogen atoms recombine, matter
and radiation decouple, Universe
becomes transparent to radiation of
wavelengths longer than by CMB
fluctuation pattern frozen in space,
baryon perturbations start growing.
First stars form and reionize the
Universe, ending the “Dark Ages”.
The Universe becomes transparent
also to radiation with wavelengths
shorter than Ly.

Transition from deceleration to ac-
celeration under the influence of
dark energy.

0 2.7254+0.002 Today.

4 x 108 109

3500 10*

1100

~6—20 ~ 20 —60
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9.5 QUASARS AND OTHER DISTANT SOURCES AS COSMOLOGICAL
PROBES

Quasars, which we discussed in Chapter 6.3, are supermassive black holes accret-
ing at rates that produce near-Eddington luminositieg)df— 10* L,. Their large
luminosities make quasars easily visible to large cosmological distances, and allow
probing the assembly and accretion history of the central black holes of galaxies.
As noted in Chapter 6, luminous quasars are rare objects at present, and apparently
most central black holes in nearby galaxies are accreting at low or moderate rates,
compared to the rates that would produce a luminosity f However, quasars

were much more common in the past, and their comoving space density reached a
peak at an epoch corresponding to redshift 2 (i.e., about 10 Gyr ago). There

is likely a connection between the growth and development of galaxies and of their
central black holes, and quasar evolution may hold clues to deciphering this con-
nection (see Problem 11). The most distant quasars currently known are at redshifts
beyondz = 6, and are therefore observed less than 1 Gyr after the Big Bang. Mod-
els of structure formation suggest that the first galaxies began to assemble at about
that time.

Since quasars are so luminous, they are also useful cosmological tools, in that
they can serve as bright and distant sources of light for studying the contents of the
Universe between the quasars and us. One such application is the styubsaf
absorption lines The light from all distant quasars is seen to be partially absorbed
by numerous clouds of gas along the line of sight. A small fractioril(—*) of
the hydrogen in these clouds is neutral, and is manifest as a “forest” of redshifted
absorption lines (mostly Lymaa) in the spectrum of each quasar (see Fig. 9.7).
Each absorption line is at the wavelength of Lymarredshifted according to the
distance of the particular absorbing cloud. The absorption lines are therefore dis-
tributed in wavelength between the rest wavelength ef by 1216A and the ob-
served, redshifted Ly wavelength of the quasar [s&y, + z)1216 A=3648A, for
az = 2 quasar].

Apart from the hydrogen Lyman-lines, additional absorption lines are detected.
Absorption lines produced by heavier elements in the same clouds allow estimating
the “metallicities” of these clouds, and reveal very low element abundances, i.e.,
the gas in the clouds has undergone little enrichment by stellar processes. Itis in
such clouds that the abundance of primordial deuterium can be measured and com-
pared to Big Bang nucleosynthesis predictions (see Section 9.4). The Lyman-
clouds are one component (a relatively cool one, With- 10* K) of the inter-
galactic medium Most of the intergalactic gas, however, is apparently is in a
hotterT ~ 10°~% K, more tenuous, component. Estimates of the total mass den-
sity of intergalactic gas find that the bulk of the baryons in the Universe is contained
in this hot component, while less than about 10% of the baryons are in galaxies in
the form of stars and cold gas.

Another application in which quasars serve as distant light sources for probing
the intervening matter distribution is in cases where galaxies or galaxy clusters
gravitationally lens quasars that are projected behind them, splitting them into mul-
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Figure 9.7 A high-resolution spectrum of a quasar at redshift 3.18, with the Lymana
emission line redshifted to 5088. Note the “Lymanq forest” of absorption
lines starting from the peak of the emission line, and continuing in the blue
(left) direction. These lines are due to Lymanabsorption by neutral hydro-
gen atoms in gas clouds that are along the line of sight to the quasar, and hence
at lower redshifts than the quasar. The few absorption lines to the red of the Ly-
mana emission line peak are due to heavier elements and are associated with
the system that produces the strong “damped Lymiaabsorption observed at
~ 4650 A. Data credit: W. Sargent and L. Lu, based on observations with the
HIRES spectrograph at the W. M. Keck Observatory.

tiple image&. Since the lensing objects in such cases are at cosmological distances
(~ 1 Gpc), and the lensing masses are of ord&r M, the Einstein angle (Eq.
6.25), which gives the characteristic angular scale of the split images, is of or-
der 1 arcsecond, i.e., resolved by telescopes at most wavelength bands, from radio
through X-rays (see Fig. 9.8). Modeling of individual systems can reveal the shapes
and forms of the mass distributions, both the dark and the luminous. The statistics
of lensed quasars (e.g., measurement of the fraction of quasars that are multiply
imaged by intervening galaxies) can provide information on the properties of the
galaxy population and its evolution with cosmic time (see Chapter 6, Problem 6).
Not only quasars serve as background light sources for galaxy lenses — there are
many known cases of galaxies that lens other galaxies that lie behind them (also
shown in Fig. 9.8), and such systems can be used for the same applications.

8Since galaxy mass distributions are generally not spherically symmetric, when they act as gravi-
tational lenses they can split background sources into multiple images, rather than just deforming the
sources into rings or splitting them into double images, as is the case for point masses and spherically
symmetric masses.
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Figure 9.8 Top two rows:Examples of quasars that are gravitationally lensed into multiple
images by intervening galaxies. In each case, the lens galaxy, at a redshiét of
0.04 — 0.7, is the extended central object, and the two or four sources straddling
it are the multiply lensed images of a background quasat, & 1.7 — 3.6.
Panels are 5 arcseconds on a side. Some image processing has been applied,
to permit seeing clearly both the bright, point-like, quasar images and the faint,
extended lens galaxie®ottom row: Examples of foreground galaxies that lens
background galaxies into partial or full Einstein rings. In the cases shown, the
foreground galaxies are at~ 0.2 — 0.4 and the background galaxies are at
z ~ 0.5 — 1. Photo credits: The CASTLES gravitational lens database, C.
Kochanek et al.; NASA, ESA, J. Blakeslee and H. Ford,; and NASA, ESA, A.
Bolton, S. Burles, L. Koopmans, T. Treu, and L. Moustakas.
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In known systems in which a galaxy or a galaxy cluster operate as a powerful
gravitational lens, one can turn the problem around and use the lens as a “natural
telescope”. Once the properties of the lens have been derived, based on the posi-
tions and relative magnifications of the lensed images of the bright background
guasar or galaxy, one can search other regions of the lens that are then expected
to produce high magnification for lensed images of additional background objects.
This method of “searching under the magnifying glass” has been used to find and
study galaxies with luminosities as low @$)1 L, out to redshifts: ~ 6, aided by
the natural magnification of galaxy clusters.

With these and other techniques, it is hoped that a detailed and consistent picture
of cosmic history will eventually emerge. Such an understanding would include
the nature of dark matter and dark energy, their interplay with baryons and with
supermassive black holes in the formation of the first stars and galaxies, the ele-
ment enrichment of the interstellar and the intergalactic medium by generations of
evolved stars and supernovae, and the evolution of galaxies and their constituents,
all the way to the world as we see it today.

PROBLEMS

1. In an accelerating or decelerating Universe, the redshdt a particular

source will slowly change over timg, as measured by an observer.
a. Show that the rate of change is

L Ho(1+2) - H(:),

dto
whereH (z) = R./R. is the Hubble parameter at the time of emission.
Hint: Differentiate the definition of redshift, + z = R,/ Re, with respect
to tg. Use the chain rule to deal with expressions suctiiag/ dt.
b. Show that, for & = 0 universe with no cosmological constafi(z) =
Hy(1 + 2)3/2. For this model, and assumitig, = 70 km s"'Mpc~!, eval-
uate the change in redshift over 10 years, for a source at 1, and the
corresponding change in “recession velocity”.
Answers:Az = —5.9 x 10719, Ay = —18 cm s71.

2. At a redshiftz = 1100, atoms were formed, the opacity of the Universe
to radiation via electron scattering disappeared, and the cosmic microwave
background was formed. Imagine a world in which atoms cannot form.
Even though such a universe, by definition, will remain ionized forever, after
enough time the density will decline sufficiently to make the universe trans-
parent nonetheless. Find the redshift at which this would have happened, for
a k = 0 universe with no cosmological constant. Assume an all-hydrogen
composition 2z = 0.04, andH, = 70 km s"*Mpc~!. Note that this calcu-
lation is not so farfetched. Following recombination to atoms at 1100,
most of the gas in the Universe was reionized sometime betweel and
z = 20 (probably by the first massive stars that formed), and has remained
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ionized to this day. Despite this fact, the opacity due to electron scattering is
very low, and our view is virtually unhindered out to high redshifts.

Hint: A “Universe transparent to electron scattering” can be defined in sev-
eral ways. One definition is to require that the rate at which a photon is scat-
tered by electronsy.orc, is lower than the expansion rate of the Universe at
that time,H (or in other words, the time between two scatters is longer than
the age of the Universe at that time). To follow this path (which is called “de-
coupling” between the photons and the hypothetical free electrons), express
the electron density, at redshiftz, by starting with the current baryon num-
ber densityQ2zper 0/m,, €Xpressing.,.o by means ofH,, and increasing

the density in the past 48 + z)3. Similarly, write H in terms of H, and

(1 + z) (recall thatl + z = Ry/R, and in this cosmologyR  ¢>/% and

H « t~1). Show that decoupling would have occurred at

l4ze 8mGm,, 2/8
N 3S2l;lib(7q“c ’

and calculate the value of this redshift. Alternatively, we can find the red-
shift of the “last scattering surface” from which a typical photon would have
reached us without further scatters. The number of scatters on electrons that
a photon undergoes as it travels from redshii redshift zero is

1(2)
/ ne(2)ordl.
0

Expressn., as above, in terms dg, Hy, and1 + z, replacedl with
c(dt/dz)dz, using againk o 2/ to write dt /dz in terms of Hy and1 + z.
Equate the integral to 1, perform the integration, show that the last scattering

redshift would be
l+se 4rGm,, 2/3
h QBE%UTC ’

and evaluate it.
Answers:z = 65; z = 85.

. Show that the angular-diameter distance for a flat space (; Eq. 9.37)

out to redshiftz,
Da = 3cto[(142)71 = (1+2)7%/2],

has a maximum with respect to redshifiand find that redshift. The angular
size on the sky of an object with physical sizés ¢ = d/D 4. What is the
implication of the maximum oD 4 for the appearance of objects at redshifts
beyond the one you found? Note that this peculiar behavior is simply the
result of light travel time out to different distances in an expanding universe;
an object at high redshift may have been closer to us at the time of emission
than an object of the same size at a lower redshift, despite the fact that the
high-redshift object is currently more distant.
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4. a. Consider the energy flux of photons from a source with bolometric lumi-
nosity L and with proper-motion distanee?,. The photons will be spread
over an aredr(rRy)?. Explain why the observed photon flux will be

_ L
I= A (rRo)2(1 + 2)%°

Hint: Consider the effects of redshift on the photon energy and cosmological
time dilation on the photon arrival rate. This relation is used to define the
“luminosity distance”.D, = rRy(1 + 2).

b. Find Dy (z) for ak = 0 universe without a cosmological constant. Plot,
for this world model, the Hubble diagram, i.e., the flux wsfrom an object

of constant luminosity.

5. Show that in a Euclidean, non-expanding, universe, the surface brightness
of an object, i.e., its observed flux per unit solid angle (e.g., per arcsecond
squared), does not change with distance. Then, show that in an expanding
FRW universe, the ratio between the luminosity distance (see Problem 4)
and the angular-diameter distance to an object is alWhays z)2. Use this
to prove that, in the latter universe, surface brightness dims with increasing
redshift a1 + z)~*. This effect makes extended objects, such as galaxies,
increasingly difficult to detect at high

6. An object at proper-motion distane&, splits into two halves. Each piece
moves relative to the other, perpendicular to our line of sight, at a constant,
non-relativistic, velocityv. What is the the angular rate of separation, or
“proper motion” between the two objects (i.e., the change of angle per unit
time)?

Hint: Recall that we are measuring an angle, and so require the angular
diameter distance, but we are also measuring a rate, which is affected by
cosmological time dilation. You can now see whg, is called the proper-
motion distance.

7. Use the first Friedmann equation with a non-zero cosmological constant (Eq.
8.95) to show that, in a flat, matter-dominated Universe, the proper-motion
distance is

cdz

rR, :/ .
0 Hor/Qmo(1 + 2) + Qa0

Use a computer to evaluate this integral numerically With, = 0.3 and

Q4,0 = 0.7, for values ofz between 0 and 2. Plot the Hubble diagram, i.e.,
flux vs. z, from an object of constant luminosity, in this case, and compare to
the curve describing = 0, ©2,,, = 1 (Problem 4). You can now see how the
Hubble diagram of type-la supernovae can distinguish among cosmological
models.

Hint: Setk = 0 in Eq. 8.95, replace by p,R3/R? (matter domination),
divide both sides byd3, and substitute the dimensionless parametgss,
and2, o. Change variables from® to z with the transformatiorl + z =
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Ry/R, and separate the variablesaindt. Finally, use the FRW metric for
k = 0: ¢cdt = Rdr = Ro/(1 + z)dr, and hence'Ry = [(1 + z)cdt, to
obtain the desired result.

. Emission lines of hydrogen#H(n = 4 — 2, Aot = 4861 ,&) are observed

in the spectrum of a spiral galaxy at redshift= 0.9. The galaxy disk is
inclined by45° to the line of sight.

a. The H3 wavelength of lines from one side of the galaxy are shifted to the
blue by 5A relative to the emission line from the center of the galaxy, and to
the red by 54 on the other side. What is the galaxy’s rotation speed?

b. Analysis of the emission from the active nucleus of the galaxy reveals a
total redshift ofz = 1. If the additional redshift is gravitational, the result of
the proximity of the emitting material to a black hole, find this proximity, in
Schwarzschild radii.

Hint: Note that all redshift and blueshift effects are multiplicative, e.g.,
(1 + Ztotal) = (1 + Zcosmological)(l + USiHi/C), or (1 + Ztotal) = (1 +
Zcosmological)(l + Zgravitational)-

c. Find the age of the Universe at= 0.9, assuming an expansion factor
R o t?/3, and a current age = 13.7 Gyr. What is the lookback time to the
galaxy?

Answers:230 km s!; 11r,; lookback time 8.5 Gyr.

. At some point back in cosmic time, the Universe was dense enough to be

opaque to neutrinos. Then, as the Universe expanded, the density decreased
until neutrinos could stream freely. A “cosmic neutrino background” (which

is undetected to date) must have formed when this decoupling between neu-
trinos and normal matter occurred, in analogy to the CMB that results from
the electron-photon decoupling at the time of hydrogen recombination. Find
the temperature at which neutrino decoupling occurred. Assume in your cal-
culation that decoupling occurs during the radiation-dominated era, photons
pose the main targets for the neutrinos, neutrino interactions have an energy-
dependent cross section

4 E, \
Ouy = 10 43 Cm2 (11\/[6\/) 3

and the neutrinos are relativistic. Usé & 0, 24 = 0 cosmology.
Hint: Proceed by the first method of Problem 2, i.e., by requirag =
H. Represent the “target” density, by aT*/kT, wherea is the Stefan-
Boltzmann (or “radiation”) constant. Uss,., for the cross sectiom, but
approximatingF,, askT. The velocityv equalsc, because the neutrinos and
the target particles are relativistic. To represéntuse the first Friedmann
equation,
H2 — 877Gprad

3cz
With p,.q = aT?.
Answer:kT = 1 MeV.
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10.

11.

It has been found recently that every galactic bulge harbors a central black
hole with a mass- 0.001 of the bulge mass. The mean space density of
bulges having 0'° M/, is aboutl0~2 Mpc 3.

a. Find the mean density of mass in black holes, in units/gf Mpc 2.
b. If all these black holes were shining at their Eddington luminosities, what
would be the luminosity density, in units df,, Mpc™3? How does this
compare to the luminosity density from stars?

c. The observed luminosity density of quasars and active galaxies, averaged
over cosmic time, is actually 100 times less than calculated in (b). If all
central black holes have gone through an active phase, what does this imply
for the total length of time that a black hole is “active™?

The most distant quasars currently known are at redshift 6, and have
luminositiesL ~ 1047 erg s~1.

a. Find a lower limit to the mass of the black hole powering such a quasar,
by assuming it is radiating at the Eddington limit.

b. Find the age of the Universe at= 6, assuming an expansid o ¢2/3

and a current agg = 13.7 Gyr.

c. Equate the Eddington luminosifys (M) as a function of mass/ to the
luminosity of an accretion disk around a black hole with a mass-to-energy
conversion efficiency of 0.06. This will give you a simple differential equa-
tion for M (t), describing the growth of a black hole. Solve the equation (be
careful with units).

d. Suppose a black hole begins with a “seed” masRdf;, and shines at

the Eddington luminosity continuously. How long will it take the black hole
to reach the mass found in (a)? By comparing to the result of (b), what is the
minimum redshift at which accretion must begin?

Answers: ~ 10°Mg; t(z = 6) = 740 Myr; M = Mgeeqexp(t/7), With

7 = 26 Myr; 480 Myr, z(t = 260 Myr) = 13.
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There is a large assortment of good cosmology texts at many different levels. The
following is a very partial list, more or less by increasing level.

Roos, M. (1997)ntroduction to cosmologywiley

Liddle, A. (2003)An introduction to modern cosmologyiley

Ryden, B. (2003)ntroduction to cosmologyAddison Wesley

Misner, C. W., Thorne, K. S., & Wheeler, J. A. (197 3)avitation, Freeman
Peacock, J. A. (1999Fosmological physic€ambridge University Press
Weinberg, S. (1972pravitation and cosmologyViley

Peebles, P. J. E. (1998rinciples of physical cosmologyrinceton University
Press

Kolb, E. W, & Turner, M. S. (1990The early universeAddison Wesley

Astronomical Data and Reference

A useful compendium of astronomical data and formulae is
Cox, A. N., editor (2000Allen’s astrophysical quantitie$Springer-Verlag (Fourth
edition)

Websites

The following useful internet websites are fairly well-established, and their ad-
dresses should therefore remain accurate for some time.

Pretty Pictures (and More)

The Hubble Space Telescope has obtained visually stunning images of many of the
types of astronomical objects discussed in this book. See them at:
http://hubblesite.org

Equally beautiful pictures based on data from ground-based telescopes are dis-
played on the websites of the European Southern Observatory, the National Optical
Astronomy Observatory, and the National Radio Astronomy Observatory:
http://www.eso.org/outreach/gallery/astro/

http://www.noao.edu/imagegallery/

http://www.nrao.edu/imagegallery

A refreshing way to start (or end) every day is to check out NASA's “Astronomy
Picture of the Day™:
http://antwrp.gsfc.nasa.gov/apod/
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Research Papers

Almost all research papers in astrophysics written nowadays are posted by their
authors on the arXiv e-print archive, from where they can be freely downloaded.
The main address below has many mirror sites.
http://xxx.arxiv.org/archive/astro-ph

The published versions of all papers that have appeared in the major astrophysics
journals are available online through the NASA Astrophysics Data System. Down-
loading the full versions of recently published (past few years) articles often re-
quires a journal subscription. If your university library does not have a subscrip-
tion, the final or near-final versions of the papers can usually also be found in the
arXiv website above.

http://adsabs.harvard.edu/abstrsetvice.html

Astronomical Databases

Two useful sites for obtaining information on particular astronomical objects (posi-
tions, redshifts, photometry, literature, etc.) are the SIMBAD Astronomical Database
and the NASA/IPAC Extragalactic Database (NED):
http://simbad.u-strasbg.fr/Simbad

http://nedwww.ipac.caltech.edu
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21cm
“hyperfine” emission line, 132
galactic rotation curves, 148

absorption
bound-bound, 46
bound-free, 46
free-free, 46
absorption lines
galaxy rotation curves, 148
in quasar spectra, 226, 228
in stellar spectra, 17, 20, 21, 23
abundances
cosmic, 225
in ionized gas, 131, 150, 228
in molecular gas, 133
in stars, 43, 45, 54, 119, 145
accelerating Universe, 204—-208, 212, 223
accretion disk
luminosity, temperature, 101, 102
radiative efficiency, 101
temperature profile, 101
accretion powered phenomena, 98-112, 165—
171
acoustic oscillations, cosmic microwave back-
ground anisotropies, 219
active galactic nuclei (AGN), 165-171, 228—
231
adiabatic approximation, 59, 117, 219
affine connections, 194
age of Universe, 187, 201, 223
from cosmic clocks, 188—-189
alcohol (methanol, ethanol, in ISM), 133
Algol-type, accreting binary, 99
ammonia, 133
Andromeda galaxy (M31), 163, 171
angular resolution, 2
angular-diameter distance, 221, 232, 233
angular-momentum transfer, in interacting bi-
naries, 106
anisotropy, of cosmic microwave background,
217
antipode, 193
aperture, of telescope, 2
asymptotic giant branch, 68
atmosphere, transmission windows, 20

backround, cosmic microwave, see cosmic mi-
crowave background, 223
Balmer series, 19, 20, 125, 126, 131, 148, 211
baryon density
mean in Universe, 216, 225
nucleosynthesis dependence on, 225
beryllium, cosmic abundance, 225
Big Bang
tests, 209-235
theory, 191-208
Big Crunch, 200
binary systems
Algol-type, 99
astrometric, 22
cataclysmic variables, 99
luminosity, temperature, 102
novae, 103
variability, 103
contact, 99
detached, 99
eclipsing, 22
as distance indicators, 182
mass measurement, 26
interacting, 98—-107
evolution, 105-107
mass and angular momentum transfer, 106—
107
novae, 99
semi-detached, 99
spectroscopic, 23
mass measurement, 25
type-la supernovae, 99, 103
visual, 22
mass measurement, 25
X-ray binaries, 100, 104
BL-Lacertae objects, 169
black hole(s), 94-112
accretion efficiency of, 102
appearance of star collapsing to, 96
as dark matter candidates, 150
evaporation, 98
event horizon, 96
gravitational redshift, 96, 234
gravitational time dilation, 96
in accreting binaries, 99-104
in water-maser galaxy NGC 4258, 183
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information cannot emerge from, 96
last stable orbit around, 102
massive, in galactic centers, 145, 165, 228
stellar-mass candidates, 98
black-widow pulsars, 106
blackbody
peak of, 14
radiation, 11-46
Rayleigh-Jeans approx., 15
spectrum of cosmic microwave background,
214
Stefan-Boltzmann law, 13
Wien tail, 15, 21, 30, 123, 124
Boltzmann factor, 127, 129
bound-bound absorption, 46
bound-free absorption, 46
Brackett series, 19
Bremsstrahlung
absorption, 46
emission
as coolantin HI regions, 127, 129
in galaxy clusters, 173, 185
thermal, 149, 173
brightness temperature, 215
brown dwarfs, 22, 80
as dark matter candidates, 150
bulge, galactic, 144
microlensing toward, 161, 177

carbon

burning in massive stars, 57, 81

CNO cycle, 58

cooling of H Il regions via “metal” lines,

126

monoxide, 133

shell in pre-supernova star, 81

white dwarf composition, 74
cataclysmic variables, 99

luminosity, temperature, 102

novae, 103

variability, 103
CCD (charge-coupled device), 5
Cepheids, 181
Cerenkov radiation, 64, 86
Chandrasekhar mass, 77, 103
charge-coupled device (CCD), 5
circularization, in close binaries, 99
closed Universe, 200
closure density, see critical density, 198
clusters, of galaxies, 171-174

as natural telescopes, 231

collision timescale, 171

crossing timescale, 171

distances to, Sunyaev-Zeldovich effect, 185

intracluster medium, 173

lensing mass, 172

virial mass, 171

INDEX

CMB, see cosmic microwave background, 214
CNO cycle, 58
CO (carbon monoxide), 133
galactic rotation curves, 148
coasting expansion of Universe, 200
cold dark matter, 151
collision timescale
between galaxies, 163
between stars, in a galaxy, 143
in galaxy clusters, 171
collisional excitation/de-excitation, 126
color
meaning of, 17
temperature, 17
comets, 136
common-envelope, contact binaries, 99
comoving coordinates, 193
conduction, thermal, in white dwarfs, 78
convection, 59-64
condition for, 61
equation of energy transport by, 61
cooling
function, 127
in H Il regions, 125, 126
of molecular gas, 133
coordinate speed of light, in Schwarzschild met-
ric, 96
Copernican Principle, 191
core collapse
of massive stars, 83
supernova, see supernovae, core-collapse, 85
cosmic microwave background, 201, 213-223
acoustic peaks, 220
baryon density from, 225
dipole, 217
isotropy, 189, 217
Olbers paradox solution, 215
photon number density of, 215
Planck spectrum of, 214
Sunyaev-Zeldovich effect, 185
temperature, 215
temperature anisotropy, 217
cosmic rays, 2, 131, 145, 167
cosmological
constant, 204—-208, 212, 223
Principle, 191, 217
redshift, 209-213
time dilation, 213
cosmology
basic observations, 179-189
tests, 209-235
theory, 191-208
Coulomb repulsion
between nuclei in Sun, 51
Crab
nebula, 88
pulsar rotational energy source, 91
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total luminosity, 90
pulsar, 88
age, 92
magnetic field, 92
period, period derivative, 88
critical density
for closure of Universe, 198
for collisional de-excitation, 129
cross section
absorption or scattering, 38
collisional excitation, 126
hydrogen photoionization, 123
inverses process, 224
Lyman photon absorption, 125
microlensing, 158
nuclear reaction, 53
of star, Olbers paradox, 180
recombination, 121
stellar collision, 144, 165
Thomson, 39
crossing timescale
in galaxy clusters, 171
in star clusters, 119
curvature of space, 192, 198
from CMB acoustic peaks, 220

Dark Ages, 223
dark energy, 204-208, 212, 222
dark matter
alternatives, 161
density fluctuations, 217, 223
fraction of cosmic mass density, 226
in galaxies, 146-151
in galaxy clusters, 174
nature of, 149, 231
de Broglie wavelength, 71
degenerate electron gas, 71-75
equation of state
non-relativistic, 74
ultra-relativistic, 76
phase-space distribution, 73
density waves, as explanation of spiral arms,
144
deuterium
abundance
in Ly« clouds, 228
mean cosmic, 225
in stellar nuclear reactions, 50, 57
diffraction limit, 3
dinosaurs, extinction of, 136

disks
accretion, 98-112
galactic, 141

protoplanetary, 118
dissociation, of molecular hydrogen in collaps-
ing cloud, 116
distance
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angular diameter, 221
Cepheids, 181
extragalactic, 180-185
ladder, 180-185
luminosity, 233
main-sequence fitting, 181
parallax, 15
proper, 193, 221
proper motion, 221, 233
Doppler shift
compared to cosmological redshift, 210
dipole of cosmic microwave background, 217
galactic rotation curves, 148
galaxy velocities, 186
in spectroscopic binaries, 23
line broadening in quasar spectra, 167, 211
of stars around Galactic center, 139
dredge-up, 68
dust
and gas disk of the Galaxy, 144
as dark matter candidate, 149
component of ISM, 133
extinction by, 144

eclipsing binaries, 22

as distance indicators, 182
Eddington luminosity, 105

in quasars, 165
Einstein

angle, 153

coefficient for spontaneous radiative emis-

sion, 129

equations of General Relativity, 95, 194

radius, 153

ring, 153

tensor, 95, 194
electron gas, degenerate, 71-75
electron scattering

cross section, 39

in Eddington luminosity, 104

in stars, 39, 46, 48, 57

in Universe, before recombination, 213
element abundances

cosmic, 225

in ionized gas, 131, 150, 228

in molecular gas, 133

in stars, 43, 45, 54, 119, 145
elliptical galaxies, 162
emission lines

[O [IITAX 4959, 5007 doublet, 129

21cm, 132,133

in H Il regions, 124

[O 11X 4363 singlet, 131
energy

conservation equation, in stars, 42

production rate, in stars, 49-58
energy-momentum tensor, 95, 195
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equation of state
cosmological, 195, 196, 205, 208, 217
in stars, 44-46
of degenerate electron gas, 71-75
of degenerate non-relativistic gas, 74
of degenerate ultra-relativistic gas, 76
of nuclear matter, 84
equations of stellar structure, 33, 64
solution of, 59
ethanol, 133
event horizon
in exponentially expanding Universe, 206,
207
of black hole, 96, 102
evolution
of interacting binaries, 105-107
of quasars, 171, 228
of Universe, 196-202
Exclusion Principle, Pauli’s, 72
extinction, by dust, 134
if dark matter is dust, 149
in galactic disk, 144
extinction, of species, 136
extragalactic distances, 180-185
eye
angular resolution, 8
as camera, 2
wavelength sensitivity of, 5

Faber-Jackson relation, 184
“failed” stars (brown dwarfs), 80
Fermi

energy, 73

momentum, 73
Fermi-Dirac distribution, 72
fine-structure constant, 53

gravitational analog of, 78
free-fall timescale

in massive star core collapse, 83

of molecular cloud, 117

of Sun, 34
free-free

absorption, 46

emission

as coolantin HI regions, 127, 129

Friedmann equations, 194—-208
Friedmann-Robertson-Walker metric, 191-193
“frozen stars”, vs. black holes, 96
Fundamental Plane, of elliptical galaxies, 184

Galactic center
extinction to, 144
massive black hole in, 145
galaxies, 139-165
clusters of, 171-174
crossing timescale, 171
distances to, 185
intracluster medium, 173
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lensing mass, 172
virial mass, 171
collision timescales, 163
in galaxy clusters, 171
elliptical, 162
fraction in clusters, 171
Fundamental Plane, 184
groups, 171-174
irregular, 163
Large Magellanic Cloud
distance via SN1987A light echo, 182
microlensing experiments, 157-161
SN1987Ain, 86
luminosity function, 163
M31, 163, 171
M33, 171
Milky Way, 139-165
NGC 4258, 183
spiral, 139
structure, 139
bulge, 144
cosmic rays, 145
dark halo, 146-151
disk, 141
Galactic center, 145
gas and star halo, 144
spheroid, 144
types, 162
gamma-rays
bursts, 87, 98, 146, 189
from Galactic center, 145
from quasars and AGN, 167
in nuclear reactions in massive stars, 66, 81
in nuclear reactions in Sun, 50-57
opacity of atmosphere, 20
spectra of novae, 103
Gamow
energy, in nuclear reactions, 53
factor, in nuclear reactions, 53
General Relativity, Einstein equations, 95, 194
geodesic, null, 96, 97, 207, 209, 221
globular clusters, 120, 144
as cosmic clocks, 189
as distance indicators, 184
gravitational
analog of fine-structure constant, 78
extrasolar planet detection, 161
focusing, 143, 163, 176
lensing, 151-161
experiments toward LMC, 157-161
galaxy cluster masses, 172
magnification, 155, 157, 161, 231
microlensing, 153
natural telescopes, 231
of quasars by galaxies, 177, 228
of stars by the Sun, 152
surveys, 177



INDEX

radiation, 2, 109
redshift, near black hole, 96
time dilation, near black hole, 96
waves, 2, 109

groups, of galaxies, 171-174

H20
masers, 133
distance to NGC 4258, 183
halo
gas and star, in galaxies, 144
Hawking radiation, 98
heating rate, in HI region, 124
Heisenberg’s Uncertainty Principle, 71
helium
absorption lines in stellar spectra, 21
abundance in stars, 43-45
cosmic abundance, 225
formation in Big Bang, 224
photodisintegration in pre-supernova star, 82
production in Sun, 50, 58, 65, 66
shell in pre-supernova star, 81
stellar abundance, 18
triple-alpha burning, 66
white dwarf composition, 74
Hertzsprung-Russell diagram, 28-30
main sequence stars, 28, 47, 49, 65
main sequence turnoff, 67, 145, 189
red giant stars, 28
white dwarf stars, 29
homogeneity, of Universe, 191
horizon
event, 96, 206
particle, 180, 206, 207
problem, of cosmic microwave background,
217
size, of Universe, at recombination, 217
horizontal branch, 68
Hubble
Law, 186, 193, 209-213
parameter,Hp, 186, 187, 190, 198, 202,
206
time, 187, 202
hydrogen
21 cm, 132
galactic rotation curves, 148
absorption lines in stellar spectra, 20
abundance in stars, 18, 44
as dark matter candidate, 149
atomic, 21 cm emission, 132
Balmer series, 19, 20, 125, 126, 131, 148,
211
galactic rotation curves, 148
redshifted quasar emission lines, 210
Brackett series, 19
burning
in novae, 103
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in stars, 50, 57, 58, 65, 66
energy levels, 18
H Il regions, 120-131
ionization energy, 18
Lyman series, 19
Lymarnx forest, 228
molecular
clouds, 113
inefficiency as radiator, 133
nuclear ignition temperature, 80
Paschen series, 19
Pfund series, 19
recombination cooling, 126
shell burning, in red giants, 68
shell in pre-supernova star, 81
hydrostatic equilibrium
in stars, 34, 35
hydroxyl, 133
hypersphere, 192
H Il regions, 120-131
HI
21 cm emission, 132
galactic rotation curves, 148

ice radius, of planetary systems, 118
imaging, 6
inflation

prediction of CMB acoustic peaks, 219, 223

solution of horizon problem, 217
infrared emission

extinction by dust of, 134

from dust, if dark matter, 149

from Galactic center, 145

from interstellar dust, 134

from K and M stars, 21

from molecules, 133

from quasar host galaxies, 170

from quasars, 167

mean stellar photon density, 216

transparency of atmosphere, 20
initial mass function, stellar, Salpeter, 119
interacting binaries, 98—-107

evolution, 105-107

mass and angular momentum transfer, 106—

107

interferometry, 7, 8, 22, 145
intergalactic medium, 223, 226, 228
interstellar medium, 113-134
intracluster medium, 127, 173

Sunyaev-Zeldovich effect, 185
ionization front, 122, 135, 138
ionized fraction, inside H Il region, 123
iron

-group elements, 81

abundance in halo stars, 145

abundance in ISM and Sun, 137

catastrophe, in massive stars, 82
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cooling of H Il regions via “metal” lines,
126

core of pre-supernova star, 81
irregular galaxies, 163
isotopes, radioactive, as cosmic clocks, 188
isotropy

of cosmic microwave background, 217

of Universe, 189, 191

Jeans
density, 115
mass, 115
radius, 115
jets
from quasars and AGN, 167
from young stellar objects, 118

Kamiokande, 108
Kelvin-Helmholtz timescale, 49
Kepler’'s Law, 24, 106

Kerr metric, 102

Kramers opacity law, 47

laboratory astrophysics, 1
Lagrange Point, First, 99
Large Magellanic Cloud
distance
via Cepeheids, 182
via SN1987A light echo, 182
microlensing experiments, 157-161
SN1987A1n, 86
large-scale structure, 174
last-scattering surface, cosmic microwave back-
ground, 214
lensing, gravitational
see gravitational lensing, 151-161
lifetime-mass relation, for stars, 65
light gathering area, 2
lithium, cosmic abundance, 225
Local Group (of galaxies), 171
distances, 182
local thermodynamic equilibrium, 124
luminosity
bolometric, 22
class, of stars, 29
distance, 233
function, of galaxies, 163
Lyman series, 19
emission and absorption inlHregions, 125
population of hyperfine-split ground level,
133
Lyman- forest, 228

M31 (Andromeda galaxy), 163, 171

MACHOs (massive compact halo objects), 157—
161

magnetic dipole radiation, from pulsars, 92

INDEX

magnification, by gravitational lensing, 155,
157, 161, 231
main sequence fitting, 181
main sequence, see Hertzsprung-Russell dia-
gram, 28
masers, 133
distance to NGC 4258, 183
mass
continuity, equation of, 37
transfer, in interacting binaries, 106
massive stars
nuclear reactions, 81
scaling relations, 48
matter-dominated era, 197
Maxwell-Boltzmann distribution
and equation of state, 74
of hot gas, 149
of nuclei in Sun, 52
of particles in H Il regions, 124
of relative velocities, 54
vs. quantum distributions, 71
mean free path
between stellar collisions, 143
for photons before recombination epoch, 213
of neutrinos in collapsing star, 83
of photons in HIl regions, 124
of photons in Sun, 38-42
Olbers paradox, 180
mergers, of galaxies, 165
“metals”
in stars, 43, 145
problems with dust as dark matter, 149
as thermostats in H regions, 130
cooling of HII regions by, 126
in Ly« clouds, 228
metric, 95
Friedmann-Robertson-Walker, 191-193
Kerr, 102
Minkowski, 95
Schwarzschild, 95
microlensing, 153
experiments toward LMC, 157-161
extrasolar planet detection, 161
toward bulge, 161, 177
microwave
cosmic background radiation, see cosmic mi-
crowave background, 213-223
transparency of atmosphere, 20
Milky Way, 139-165
millisecond pulsars, 106, 111
Minkowski metric, 95
molecular clouds, 113-118
as candidates for dark matter, 149
collapse of, 116
free-fall timescale, 117
main coolants of, 133
stability of, 116
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moment of inertia, of neutron star, 91
MoND (Modified Netwonian Dynamics), 161
Moon, cratering record, 136

neon, production in massive stars, 66, 81
neutrino(s)
as dark matter candidates, 150
astronomy, 2
cosmic background, 201, 224, 234
detector, 64
flavor oscillations, 58
flux from Sun, 57
from core-collapse supernovae, 86
from Supernova 1987A, 86
neutron
dark matter, 150
freezeout, 224
lifetime, 224
neutron stars, 81-87
accreting, 104
accretion efficiency of, 101
as dark matter candidates, 150
binary, 137
birth kicks, 137
cooling time, 94
density, 84
formation, 84
identification with pulsars, 90
in accreting binaries, 94, 100
mass-radius relation, 84
maximum mass of, 84
moment of inertia, 91
old, 94
pulsars, 88-94
black-widow, 106
millisecond, 106, 111
radius, 84
rotation, 91
neutronization, in massive stars, 82
Newtonian
derivation of black hole horizon, 95
derivation of Friedmann equations, 203-204
Dynamics, Modified (MoND), 161
NH3 (ammonia), 133
nitrogen
CNO cycle, 58
cooling of H 1l regions via “metal” lines,
126
novae, 99, 103
nuclear reactions
in massive stars, 81
in stars, 49-58
cross section, 53
rates, 54
nucleosynthesis, of light elements, 224-235
null geodesic, 96, 97, 207, 209, 221

oceans, cometary source of, 119, 136
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OH (hydroxyl), 133
masers, 133
[O 1A\ 4959, 5007 doublet, 129
[O 117X 4363 singlet, 131
Olbers paradox, 179-180
cosmic microwave background, 215
opacity, 39
in stars, 46-47, 57,118
of Universe before recombination, 213
open clusters, 119
open Universe, 200
optical light, definition, 4
Orion nebula, 130
oxygen

4363A emission line, use as thermometer

in H Il regions, 131

4959, 5007A doublet, 129

burning in massive stars, 81

CNO cycle, 58

cooling of H Il regions via “metal” lines,
126

production in massive stars, 66

white dwarf composition, 74

p-p chain, in Sun, 50
parallax, 15, 180
parsec, definition, 15
particle horizon, 180, 206, 207
Paschen series, 19
Pauli's Exclusion Principle, 72
Pfund series, 19
phase-space distribution
for degenerate electron gas, 73
photo-dissociation
of molecular hydrogen, 132
photoelectrons
in CCD detector, 5
photoionization
as opacity source in stars, 46
in H Il regions, 120
of SN1987A ring, 183
photometry, 6
photosphere
absorption lines, 17
definition, 16
Planck spectrum, 11
of cosmic microwave background, 214
planetary nebulae, 69, 79, 131
as distance indicators, 184
planets
electrostatic forces in, 107
extrasolar, 26, 161
formation, 118
migration, 119
polarimetry, 8
population inversion, 133

power density, of stellar nuclear reactions, 56
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power spectrum, of CMB anisotropies, 219—
223
pressure
adiabatic compression, 204
conditions for convection, 59
dark energy equation of state, 205
equation of state, 43—-46
hydrostatic equilibrium in stars, 34
in energy-momentum tensor, 95, 195
in Friedmann equations, 195
in matter dominated era, 197
in radiation dominated era, 197
magnetic and turbulent, in molecular clouds,
116
mean, inside star, 37
of degenerate electron gas, 71-75
of degenerate neutron gas, 84
of degenerate ultra-relativistic gas, 76
of ideal gas, 73
of pre-recombination baryon-photon fluid,
219
radiation, 45, 48, 61, 62, 66, 102, 112, 223
stellar scaling relations, 47
white dwarf scaling relations, 75
proper distance, 193
proper motion, 16
proper motion distance, 221
proper time, 96
proton decay, 86
protoplanetary disks, 118
pulsars, 88-94
binary, 137
birth kicks, 137
black-widow, 106
emission mechanism, 92
identification with neutron stars, 90
magnetic field, 92
millisecond, 106, 111
rotation, 91
rotational energy as source of Crab lumi-
nosity, 91
pulsations, stellar
as non-option for explaining pulsars, 90
Cepheids, 181

QSOs, see quasars, 170
quantum
forbidden transitions, 129
matter density, 70
structure of hydrogen atom, 18
tunneling, in nuclear reactions, 52
quasars, 165-171, 228-231
absorption lines, 226, 228
accretion rate, 170
cosmologically redshifted spectra, 210
evolution, 171, 228
host galaxies, 170, 228
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radio-loud, (-quiet), 169
temperature of accretion disk, 170

radiation pressure, 45, 48, 61, 62, 66, 102,
112,223

radiation-dominated era, 197
radiation-matter domination transition, 200
radiative transfer (transport), 38—42
radio emission

21 cm, 132

from Galactic center, 145

from molecules, 133

from pulsars, 88

from quasars and AGN, 167, 171

transparency of atmosphere, 20
radio galaxies, 169
radio-loud, (-quiet) quasars, 169
radioactive isotopes, as cosmic clocks, 188
random walk, 40, 108, 126
Rayleigh-Jeans

approximation, 15

side of cosmic microwave background, 215
recombination

case B, 122

coefficient, 121

cooling via, 126

era, 213

in H Il regions, 120

rate, 121
red giants, 66

on H-R diagram, 28
reddening, by interstellar dust, 134
redshift

cosmological, 209-213

gravitational, near black hole, 96
reionization, of Universe, 223, 231
Ricci

scalar, 194

tensor, 194
Riemann tensor, 194
Roche lobes, 99
rotation curves, galactic, 146

Sagittarius A*, 145
Saha equation, 224
Salpeter initial mass function, 119
Schechter luminosity function, 163
Schiddinger equation, 52
Schwarzschild
metric, 95, 102, 151, 152
radius, 95-97, 100, 151, 234
seeing, 8
Seyfert galaxies, 169
sheets (of galaxies), 174
signal-to-noise ratio, 9
silicon
burning in massive stars, 81
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cooling of H Il regions via “metal” lines,
126
in CCD detector, 5
singularity, att = 0 in Big Bang, 198
Sirius-B, 69
sky
as a source of noise, 4
why dark, Olbers paradox, 179
sound-crossing horizon scale, 220
spectroscopy, 7
spheroid, galactic, 144
spiral
arms, in galactic disk, 144
density waves, 144
galaxies, 139, 162
stars
absorption lines, 20, 21
binary systems, 22
boundary conditions, 43
clusters of, 119
convection in, 59-64
early type, 29
element abundances, 43, 145
energy source of, 49-58
equation of state, 44-46
equations of structure, 33-64
energy conservation, 42
hydrostatic equilibrium, 34, 35
mass continuity, 37
radiative energy transport, 38—-42
solution of, 59
evolution, 65-69
formation, 113-119
initial mass function, 119
late type, 29
lifetime-mass relation, 65
luminosity class, 29
main sequence, 28
mass measurement, 22
minimum mass for nuclear ignition, 80
nuclear reactions, 49-58
in massive stars, 81
rates, 54
opacity in, 46-47
photosphere, 21
power density from nuclear reactions, 56
pressure
mean, 37
pulsations
Cepheids, 181
non-option for explaining pulsars, 90
radius, 22, 47-49
red giants, 66
on H-R diagram, 28
rotation speed, maximum, 91
scaling relations, 47-49
spectral types, 20
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supergiants, 29
temperature, 21
mean, 37
virial theorem, 35, 36
white dwarfs, 69-80
on H-R diagram, 29
winds, 68, 118, 131, 134, 135, 145, 146,
150
Stefan-Boltzmann Law, 13
stimulated emission, masers, 133
Stromgren sphere, radius, 120, 122, 124, 125,
132, 135, 138
sulfur
cooling of H Il regions via “metal” lines,
126
Sun
free-fall time, 34
Kelvin-Helmholtz timescale, 49
neutrino flux from, 57
properties, 33
spectral type, 22
Sunyaev-Zeldovich effect, distances to galaxy
clusters, 185, 190
super star clusters, 120
superclusters (of galaxies), 174
supergiants, 29
SuperKamiokande, 64
Supernova 1054, Crab nebula, 88, 93
Supernova 1987A
light echo, distance to LMC, 182
neutrinos from, 86
supernovae
core-collapse, 81-87
binding energy, 86
compared to type-la, 104
energies, 85
luminosity, 86
neutrinos from, 86
cosmic-ray acceleration, 145
dust production, 134
metal enrichment by, 145, 150, 188
remnants, 135
Crab nebula, 88
energy of ejecta, 85
in Galactic center, 145
type-la, 87, 100, 103, 109
as distance indicator, 185
Hubble diagram of, 212, 222
surface brightness
fluctuations, as distance indicators, 184
redshift dependence of, 233
surface of last scattering, cosmic microwave
background, 214
synchronization, in close binaries, 99
synchrotron emission
from Crab nebula, 90
from quasar jets, 167
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in X-ray binaries, 104

T Tauri stars, 118
telescopes, 2
temperature
accretion disk, 101
anisotropy, CMB, 217
brightness, 215
CMB, 214
color, 17
effective, 22, 49
mean, inside star, 37
of gas in HIl region, 122
of Universe, 213
photospheric, 16
thermal
conduction, in white dwarfs, 78
radiation, 11
thermal pulses, 68
thermostat action
of metal lines in HIl regions, 130
of nuclear reactions in stars, 57, 87
Thomson scattering
cross section, 39
in Eddington luminosity, 104
in stars, 46
in Universe, before recombination, 213
mean free path in Hl regions, 124
tidal
disruption, of stars near black hole, 110, 165
forces
between colliding galaxies, 165
by Moon and Sun on Earth, 99, 110
locking, in binaries, 98
time dilation
cosmological, 213
gravitational, near black hole, 96
timescale
collision
in galaxy, 143
in galaxy clusters, 171
crossing
in galaxy clusters, 171
in star clusters, 119
free-fall, of Sun, 34
Kelvin-Helmholtz, of Sun, 49
triple-alpha reaction, 66
Tully-Fisher relation, 184, 189
tunneling, quantum, in nuclear reactions, 52
turnoff
main sequence, 67, 145, 189
two-photon decay, 126

ultraviolet emission
extinction by dust of, 134
extreme, from old neutron stars, 94
from cataclysmic variable accretion disks,
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from quasars, 170

Ho absorption and scattering, 149

in H Il regions, 120

in planetary nebulae, 69

ionizing SN1987A ring, 183

opacity of atmosphere, 20
Uncertainty Principle, Heisenberg's, 71
uranium, isotope ratios as cosmic clocks, 188

vacuum energy, 204—208
Virgo Cluster (of galaxies), 171
distances, 182
virial theorem, 35, 36, 48, 49, 57, 61-63, 77,
78, 100, 109, 117,172
viscosity, in accretion disks, 100
Vogt-Russell conjecture, 44
voids, of galaxies, 174

water masers, 133
distance to NGC 4258, 183
white dwarfs, 69-80
mass-temperature relation, 78
temperature, 78
ablated by black-widow pulsars, 106
accreting
luminosity, temperature, 102
novae, 103
type-la supernovae, 103
variability, 103
as dark matter candidates, 150
Chandrasekhar mass, 77, 103
cooling
as cosmic clock, 189
time, 79
low mass bound due to age of Universe, 78
mass radius relation, 75
mergers, 109
on H-R diagram, 29
radius, 75
thermal conduction, 78
Wien
Law, 14, 17, 33
tail, of blackbody, 15, 21, 30, 123, 124
WIMPS (weakly interacting massive particles),
151
winds, stellar, 68, 118, 131, 134, 135, 145,
146, 150

X-ray binaries, 94, 100, 104
X-rays
Bremsstrahlung
from galaxy clusters, 173, 185
if dark matter were ionized gas, 149
from Crab pulsar, 88
from Galactic center, 145
from old neutron stars, 94
from quasars and AGN, 167
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