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Preface

This book captures the latest exciting developments comugione of the un-
solved mysteries about our originsow did the first stars and galaxies fornviost
research on this question has been theoretical so far. Butekt few years will
bring about a new generation of large telescopes with uregletted sensitivity that
promise to supply a flood of data about the infant Universéndits first billion
years after the Big Bang. Among the new observatories ardahes Webb Space
Telescope (JWST) — the successor to the Hubble Space Tpesaod three ex-
tremely large telescopes on the ground (ranging from 24 tmdt&rs in diameter),
as well as several new arrays of dipole antennae operatiog/aadio frequencies.
The fresh data on the first galaxies and the diffuse gas indmtwhem will test ex-
isting theoretical ideas about the formation and radiagfects of the first galaxies,
and might even reveal new physics that has not yet beenaiiecl. This emerging
interface between theory and observation will constitutédeal opportunity for
students considering a research career in astrophysiassonalogy. With this in
mind, the book is intended to provide a self-contained thikion to research on
the first galaxies at a technical level appropriate for a gaael student.

Various introductory sections of this book are based on atergraduate-level
book, entitled “How Did the First Stars and Galaxies Form¢"one of us (A.L.),
which followed a cosmology class that he had taught over #w gecade in the
Astronomy and Physics departments at Harvard UniversitheOparts relate to
overviews that both of us wrote over the past decade in thra @direview articles.
Where necessary, selected references are given to advaagexs and other review
articles in the scientific literature.

The writing of this book was made possible thanks to the helpegeived from a
large number of individuals. First and foremost, ... Spibianks go to ... for their
careful reading of the book and detailed comments. We altktioey Munoz and
Ramesh Narayan for their help with two plots. Finally, we pagticularly grateful
to our families for their support and patience during ougtigry pregnancy period
with the book.

-A.L.&S. F.






Chapter One

Introduction

1.1 PRELIMINARY REMARKS

As the Universe expands, galaxies get separated from ortbeapand the average
density of matter over a large volume of space is reduced.elfmagine playing
the cosmic movie in reverse and tracing this evolution baoklain time, we would
infer that there must have been an instant when the densityatter was infinite.
This moment in time is the “ Big Bang”, before which we canratably extrap-
olate our history. But even before we get all the way back &éBig Bang, there
must have been a time when stars like our Sun and galaxieslikilky Way'
did not exist, because the Universe was denser than theyfae.how and when
did the first stars and galaxies form?

Primitive versions of this question were considered by hosnfor thousands
of years, long before it was realized that the Universe edparReligious and
philosophical texts attempted to provide a sketch of thepigure from which
people could derive the answer. In retrospect, these atteappear heroic in view
of the scarcity of scientific data about the Universe priothi® twentieth century.
To appreciate the progress made over the past century,dan&r example, the
biblical story of Genesis. The opening chapter of the Bildseats the following
sequence of events: first, the Universe was created, thienviigs separated from
darkness, water was separated from the sky, continentssepegated from water,
vegetation appeared spontaneously, stars formed, lifegadeand finally humans
appeared on the scehdnstead, the modern scientific order of events begins with
the Big Bang, followed by an early period in which light (raton) dominated
and then a longer period dominated by matter, leading to pipe@rance of stars,
planets, life on Earth, and eventually humans. Interebtinbe starting and end
points of both versions are the same.

Cosmology is by now a mature empirical science. We are pged to live in
a time when the story of genesis (how the Universe startecddandloped) can be
critically explored by direct observations. Because offihie time it takes light
to travel to us from distant sources, we can see images oftinvet$se when it was
younger by looking deep into space through powerful telpeso

Existing data sets include an image of the Universe when & 40 thousand

IA star is a dense, hot ball of gas held together by gravity and paieyenuclear fusion reactions.
A galaxy consists of a luminous core made of stars or cold gas sureslibg an extended halo dérk
matter

il Of course, it is possible to interpret the biblical text inmpgoossible ways. Here | focus on a plain
reading of the original Hebrew text.
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Figure 1.1 Image of the Universe when it first became trarespgad00 thousand years af-
ter the Big Bang, taken over five years by ¥élkinson Microwave Anisotropy
Probe (WMAP) satellite (http://map.gsfc.nasa.gov/). Slighingigy inhomo-
geneities at the level of one partin10° in the otherwise uniform early Universe
imprinted hot and cold spots in the temperature map of thenzomicrowave
background on the sky. The fluctuations are shown in unitgkof with the
unperturbed temperature being 2.73 K. The same primordf@rmogeneities
seeded the large-scale structure in the present-day Weiverhe existence of
background anisotropies was predicted in a number of thieatgapers three
decades before the technology for taking this image becaaimble.
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years old (in the form of the cosmic microwave backgroundiguFe 1.1), as well
as images of individual galaxies when the Universe was dlter a billion years.
But there is a serious challenge: in between these two epaha period when the
Universe was dark, stars had not yet formed, and the cosnciomave background
no longer traced the distribution of matter. And this is [sety the most interesting
period, when the primordial soup evolved into the rich zoobjects we now see.
How can astronomers see this dark yet crucial time?

The situation is similar to having a photo album of a persat begins with the
first ultra-sound image of him or her as an unborn baby and gkgrs to some
additional photos of his or her years as teenager and aduét.|&fe photos do not
simply show a scaled up version of the first image. We are atlyreearching for
the missing pages of the cosmic photo album that will tell a& lthe Universe
evolved during its infancy to eventually make galaxies ke own Milky Way.

The observers are moving ahead along several fronts. Théfitdves the con-
struction of large infrared telescopes on the ground angvats that will provide
us with new (although rather expensive!) photos of galaixighe Universe at in-
termediate ages. Current plans include ground-basedtgles which are 24-42
meter in diameter, and NASA's successor to the Hubble Spalesdope, the James
Webb Space Telescope. In addition, several observatiooapg around the globe
are constructing radio arrays that will be capable of mag e three-dimensional
distribution of cosmic hydrogen left over from the Big Bamghe infant Universe.
These arrays are aiming to detect the long-wavelength lfitteld 21-cm) radio
emission from hydrogen atoms. Coincidentally, this longe¥angth (or low fre-
quency) overlaps with the band used for radio and televisroadcasting, and so
these telescopes include arrays of regular radio antehaasme can find in elec-
tronics stores. These antennas will reveal how the clumstyidution of neutral
hydrogen evolved with cosmic time. By the time the Universsa few hundreds
of millions of years old, the hydrogen distribution had beenched with holes like
swiss cheese. These holes were created by the ultravidlieticn from the first
galaxies and black holes, which ionized the cosmic hydragémeir vicinity.

Theoretical research has focused in recent years on pireglitte signals ex-
pected from the above instruments and on providing motiveftr these ambitious
observational projects.

1.2 STANDARD COSMOLOGICAL MODEL

1.2.1 Cosmic Perspective

In 1915 Einstein came up with the general theory of relativite was inspired by
the fact that all objects follow the same trajectories uriierinfluence of gravity
(the so-called “equivalence principle,” which by now hagsiéested to better than
one part in a trillion), and realized that this would be a malttvesult if space-time
is curved under the influence of matter. He wrote down an éguudescribing how
the distribution of matter (on one side of his equation) datees the curvature
of space-time (on the other side of his equation). He thetiexppis equation to
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describe the global dynamics of the Universe.

Back in 1915 there were no computers available, and Eiristeguations for the
Universe were particularly difficult to solve in the most geal case. It was there-
fore necessary for Einstein to alleviate this difficulty bgnsidering the simplest
possible Universe, one that is homogeneous and isotropaamddeneity means
uniform conditions everywhere (at any given time), andriggy means the same
conditions in all directions when looking out from one vagggoint. The combina-
tion of these two simplifying assumptions is known asd¢bemological principle

The universe can be homogeneous but not isotropic: for ekariye expansion
rate could vary with direction. It can also be isotropic amd homogeneous: for
example, we could be at the center of a spherically-symmaetess distribution.
But if it is isotropic aroundeverypoint, then it must also be homogeneous. Isotropy
is well established for the distribution of faint radio soes, optical galaxies, the X-
ray background, and most importantly the CMB. The constsaim homogeneity
are less strict, but a cosmological model in which the Ursees isotropic and
significantly inhomogeneous in spherical shells aroundspecial location, is also
excluded based on surveys of galaxies and quasars.

Under the simplifying assumptions associated with the adggical principle,
Einstein and his contemporaries were able to solve the mmsafThey were look-
ing for their “lost keys” (solutions) under the “lamppos8ithplifying assump-
tions), but the real Universe is not bound by any contracetthie simplest that we
can imagine. In fact, it is truly remarkable in the first pldabat we dare describe
the conditions across vast regions of space based on thprisiuef the laws of
physics that describe the conditions here on Earth. Ouy diéél teaches us too
often that we fail to appreciate complexity, and that an &hgnodel for reality is
often too idealized for describing the truth (along the $imé approximating a cow
as a spherical object).

Back in 1915 Einstein had the wrong notion of the Universehattime people
associated the Universe with the Milky Way galaxy and regdmll the “nebulae,”
which we now know are distant galaxies, as constituentamvitr own Milky Way
galaxy. Because the Milky Way is not expanding, Einsteiarafited to reproduce
a static universe with his equations. This turned out to besipte after adding
a cosmological constant, whose negative gravity would tiyxaounteract that of
matter. However, later Einstein realized that this solui®unstable: a slight en-
hancement in density would make the density grow even furtAg it turns out,
there are no stable static solution to Einstein’s equatfona homogeneous and
isotropic Universe. The Universe must either be expandingoatracting. Less
than a decade later, Edwin Hubble discovered that the nelpwkviously consid-
ered to be constituents of the Milky Way galaxy are recediwgyafrom us at a
speedv that is proportional to their distanege namelyv = Hyr with Hy a spatial
constant (which could evolve with time), commonly termeetubble constant
Hubble’s data indicated that the Universe is expanding.

i The redshift data examined by Hubble was mostly collectedtdsyo Slipher a decade earlier and
only partly by Hubble’s assistant, Milton L. Humason. Theelr local relation between redshift and
distance was first formulated by Georges Léimeain 1927, two years prior to the observational paper
written by Hubble and Humason.
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Einstein was remarkably successful in asserting the casgied! principle. As
it turns out, our latest data indicates that the real Un&ésshomogeneous and
isotropic on the largest observable scales to within ontipa hundred thousand.
Fortuitously, Einstein’s simplifying assumptions turneat to be extremely accu-
rate in describing realitythe keys were indeed lying next to the lamppa3tr
Universe happens to be the simplest we could have imagineditfich Einstein’s
equations can be easily solved.

Why was the Universe prepared to be in this special st&@e8mologists were
able to go one step further and demonstrate that an earlyephassition, called
cosmic inflation— during which the expansion of the Universe accelerate@d-exp
nentially, could have naturally produced the conditionstplated by the cosmo-
logical principle. One is left to wonder whether the existerf inflation is just a
fortunate consequence of the fundamental laws of natur@hether perhaps the
special conditions of the specific region of space-time wealnit were selected
out of many random possibilities elsewhere by the preréiguisat they allow our
existence. The opinions of cosmologists on this questiersplit.

1.2.2 Origin of Structure

Hubble’s discovery of the expansion of the Universe has idiate implications
with respect to the past and future of the Universe. If we r&xén our mind the
expansion history back in time, we realize that the Univensist have been denser
in its past. In fact, there must have been a point in time whiggematter density
was infinite, at the moment of the so-called Big Bang. Indeediw detect relics
from a hotter denser phase of the Universe in the form of ligktments (such
as deuterium, helium and lithium) as well as the Cosmic Mienge Background
(CMB). At early times, this radiation coupled extremely Mgl the cosmic gas
and obtained a spectrum known as blackbody, that was peed&icentury ago
to characterize matter and radiation in equilibrium. The Ekrovides the best
example of a blackbody spectrum we have.

To get a rough estimate of when the Big Bang occurred, we nmaglgidivide
the distance of all galaxies by their recession velocityisTives a unique answer,
~ r/v ~ 1/Hy, which is independent of distan¥eT he latest measurements of the
Hubble constant give a value &f; ~ 70 kilometers per second per Megapar$ec,
implying a current age for the Universe/ H, of 14 billion years (or5 x 107
seconds).

The second implication concerns our future. A fortunatéfiesaof a spherically-
symmetric Universe is that when considering a sphere ofenattit, we are al-
lowed to ignore the gravitational influence of everythingside this sphere. If we
empty the sphere and consider a test particle on the boumdany empty void

v Although this is an approximate estimate, it turns out to littiw a few percent of the true age
of our Universe owing to a coincidence. The cosmic expanatdirst decelerated and then accelerated
with the two almost canceling each other out at the preser;tgiving the same age as if the expansion
were at a constant speed (as would be strictly true only imapty Universe).

VA megaparsec (abbreviated as ‘Mpc’) is equivalen 1086 x 1024 centimeter, or roughly the
distance traveled by light in three million years.
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embedded in a uniform Universe, the particle will expergno net gravitational
acceleration. This result, known as Birkhoff’s theorenrgisiiniscent of Newton'’s
“iron sphere theorem.” It allows us to solve the equationsofion for matter on
the boundary of the sphere through a local analysis withautying about the rest
of the Universe. Therefore, if the sphere has exactly theesgonditions as the rest
of the Universe, we may deduce the global expansion histbtiieoUniverse by
examining its behavior. If the sphere is slightly densenttiee mean, we will infer
how its density contrast will evolve relative to the backgnd Universe.

The equation describing the motion of a spherical shell atengs identical to
the equation of motion of a rocket launched from the surfdcthe Earth. The
rocket will escape to infinity if its kinetic energy exceetisgravitational binding
energy, making its total energy positive. However, if ittateenergy is negative,
the rocket will reach a maximum height and then fall back. ridhen to figure out
the future evolution of the Universe, we need to examine tiexgy of a spherical
shell of matter relative to the origin. With a uniform demsit, a spherical shell
of radiusr would have a total masd/ = p x (4%r?®) enclosed within it. Its
energy per unit mass is the sum of the kinetic energy due texjpgnsion speed
v = Hr, 1v?, and its potential gravitational energy(G M /r (whereG is Newton’s
constant), namely = %vQ — % By substituting the above relations forand
M, it can be easily shown thaf = v%(1 — Q), whereQ = p/p. andp. =
3H? /8@ is defined as theritical density We therefore find that there are three
possible scenarios for the cosmic expansion. The Univeaseefther: (i) Q >
1, making it gravitationally bound witt < 0 — such a “closed Universe” will
turn-around and end up collapsing towards a “big crungh(i) @ < 1, making
it gravitationally unbound withF > 0 — such an “open Universe” will expand
forever, or the borderline casgii) (2 = 1, making the Universe marginally bound
or “flat” with £ = 0.

Einstein’s equations relate the geometry of space to itéemabdntent through
the value of2: an open Universe has a geometry of a saddle with a negattiabkp
curvature, a closed Universe has the geometry of a sphejlicla¢ with a positive
curvature, and a flat Universe has a flat geometry with no ¢urgaOur observable
section of the Universe appears to be flat.

Now we are at a position to understand how objects, like thieyMNay galaxy,
have formed out of small density inhomogeneities that gedldied by gravity.

Let us consider for simplicity the background of a marginaibund (flat) Uni-
verse which is dominated by matter. In such a backgroundy antlight en-
hancement in density is required for exceeding the crititdsity p.. Because
of Birkhoff’s theorem, a spherical region that is densenttize mean will behave
as if it is part of a closed Universe and increase its densityrast with time, while
an underdense spherical region will behave as if it is pasroépen Universe and
appear more vacant with time relative to the backgroundllastriated in Figure
1.2. Starting with slight density enhancements that brivegrt above the critical
valuep,, the overdense regions will initially expand, reach a maximradius, and
then collapse upon themselves (like the trajectory of aebldunched straight up,
away from the center of the Earth). An initially slightly inmogeneous Universe
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Figure 1.2 Top: Schematic illustration of the growth of perturbations tdlajesed halos
through gravitational instability. Once the overdensearg exceed a threshold
density contrast above unity, they turn around and collapgerm halos. The
material that makes the halos originated in the voids thadisge themMiddle:

A simple model for the collapse of a spherical region. Theadyital fate of a
rocket which is launched from the surface of the Earth depemdthe sign of its
energy per unit massy = %vQ — GMg /7. The behavior of a spherical shell of
matter on the boundary of an overdense region (embeddedomadeneous and
isotropic Universe) can be analyzed in a similar fashiBottom: A collapsing
region may end up as a galaxy, like NGC 4414, shown here (iroeegtt: NASA
and ESA). The halo gas cools and condenses to a compact diskrsded by an
extended dark matter halo.



8 CHAPTER 1

will end up clumpy, with collapsed objects forming out of cdense regions. The
material to make the objects is drained out of the intervgninderdense regions,
which end up as voids.

The Universe we live in started with primordial density pebations of a frac-
tional amplitude~ 10~°. The overdensities were amplified at late times (once
matter dominated the cosmic mass budget) up to values abogaity and col-
lapsed to make objects, first on small scales. We have noeget the first small
galaxies that started the process that eventually led tiotiheation of big galaxies
like the Milky Way. The search for the first galaxies is a sedor our origins.

Life as we know it on planet Earth requires water. The watelecwde includes
oxygen, an element that was not made in the Big Bang and digxistt until the
first stars had formed. Therefore our form of life could novéaxisted in the
first hundred millions of years after the Big Bang, beforefirst stars had formed.
There is also no guarantee that life will persist in the distature.

1.2.3 Geometry of Space

How can we tell the difference between the flat surface of & lamal the curved
surface of a balloonA simple way would be to draw a triangle of straight lines
between three points on those surfaces and measure the silva ihiree angles
of the triangle. The Greek mathematician Euclid demorstrahat the sum of
these angles must be 180 degrees7{aadians) on a flat surface. Twenty-one
centuries later, the German mathematician Bernhard Riereatended the field of
geometry to curved spaces, which played an important ralledérdevelopment of
Einstein’s general theory of relativity. For a triangle @raon a positively curved
surface, like that of a balloon, the sum of the angles is latigen 180 degrees.
(This can be easily figured out by examining a globe and mgjithat any line
connecting one of the poles to the equator opens an angleddé@@es relative to
the equator. Adding the third angle in any triangle stretchetween the pole and
the equator would surely result in a total of more than 18Q0ekes)) According to
Einstein’s equations, the geometry of the Universe is thctay its matter content;
in particular, the Universe is flat only if the tot®l equals unity.ls it possible to
draw a triangle across the entire Universe and measure is1gsgry?

Remarkably, the answeryes At the end of the twentieth century cosmologists
were able to perform this experimérity adopting a simple yardstick provided by
the early Universe. The familiar experience of droppinganstin the middle of
a pond results in a circular wave crest that propagates adswveSimilarly, per-
turbing the smooth Universe at a single point at the Big Bangld/have resulted
in a spherical sound wave propagating out from that poine Wave would have
traveled at the speed of sound, which was of order the spe&ghbfc (or more
precisely,% c) early on when radiation dominated the cosmic mass budgety
given time, all the points extending to the distance travelethe wave are affected
by the original pointlike perturbation. The conditions side this “sound horizon”
will remain uncorrelated with the central point, becauseustic information has
not been able to reach them at that time. The temperaturaditichs of the CMB
trace the simple sum of many such pointlike perturbationas Were generated in
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the Big Bang. The patterns they delineate would therefoosvsh characteristic
correlation scale, corresponding to the sound horizonatithe when the CMB
was produced, 400 thousand years after the Big Bang. By miegdhe apparent
angular scale of this “standard ruler” on the sky, known asdhboustic peak in
the CMB, and comparing it to theory, experimental cosmdtsginferred from the
simple geometry of triangles that the Universe is flat.

The inferred flatness is a natural consequence of the earilydpef vast expan-
sion, known as cosmic inflation, during which any initial eature was flattened.
Indeed a small patch of a fixed size (representing our cugiesgrvable region in
the cosmological context) on the surface of a vastly infl&@itbon would appear
nearly flat. The sum of the angles on a non-expanding triguigeed on this patch
would get arbitrarily close to 180 degrees as the ballooates.

1.2.4 Observing our Past: Cosmic Archaeology

Our Universe is the simplest possible on two counts: it Batithe cosmological
principle, and it has a flat geometry. The mathematical dgtson of an expanding,
homogeneous, and isotropic Universe with a flat geometrirasghtforward. We
can imagine filling up space with clocks that are all syncimed. At any given
shapshot in time the physical conditions (density, tenmpeghare the same every-
where. But as time goes on, the spatial separation betweendbks will increase.
The stretching of space can be described by a time-deperdalet factora(t).

A separation measured at timgasr(¢,) will appear at timet, to have a length
r(ta) = r(ty)[a(t) /a(t1)].

A natural question to ask is whether our human bodies or dwesdlar system,
are also expanding as the Universe expands. The answerl&oa,se these sys-
tems are held together by forces whose strength far excheasosmic force. The
mean density of the Universe today,is 29 orders of magnitude smaller than the
density of our body. Not only are the electromagnetic fortted keep the atoms
in our body together far greater than gravity, but even thaigational self-force
of our body on itself overwhelms the cosmic influence. Onlywery large scales
does the cosmic gravitational force dominate the scenes dlsd implies that we
cannot observe the cosmic expansion with a local laborapgriment; in order
to notice the expansion we need to observe sources whiclperadsover the vast
scales of millions of light years.

Einstein’s equations relate the geometry of space to it¢emebntent. Recent
data indicates that our observable section of the Univarfiati (meaning that the
sum of the angles in a triangle is 190 The inferred flatness is a natural conse-
quence of the early period of vast expansion, known as cosfiation, during
which any initial curvature was flattened. Indeed a smaltipaf a fixed size (rep-
resenting our current observable region in the cosmoldgmaext) on the surface
of a vastly inflated balloon would appear nearly flat. The sunthe angles on
a non-expanding triangle placed on this patch would getraridy close to 180
degrees as the balloon inflates.

Einstein’s general relativity (GR) equations do not admétable steady-state
(non-expanding or contracting) solution. A decade afterskin’s invention of
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GR, Hubble demonstrated that our Universe is indeed expgndihe space-time
of an expanding, homogeneous and isotropic, flat Univeraeébeadescribed very
simply. Because the cosmological principle, we can eshldiunique time coordi-
nate throughout space by distributing clocks which areyaitironized throughout
the Universe, so that each clock would measure the same 8inee the Big Bang.
The space-time (4—dimensional) line eleméntcommonly defined to vanish for
a photon, is described by the Friedmann-Robertson-Wal&W\() metric,

ds? = Adt* — de?, (1.1)

wherec is the speed of light and/ is the spatial line-element. The cosmic ex-
pansion can be incorporated through a scale faetorwhich multiples the fixed
(z,y, z) coordinates tagging the clocks which are themselves “camgdwith the
cosmic expansion. For a flat space,

de? = a(t)?(dz? + dy?® + dz?) = a*(t)(dR? + R?dRY), (1.2)

wheredQ = df? + sin? fd¢? with (R, 0, ¢) being the spherical coordinates cen-
tered on the observer, afid, y, z) = R(cos 6, sin 0 cos ¢, sin  sin ¢)

A source located at a separation= «(t)R from us would move at a velocity
v = dr/dt = aR = (a/a)r, wherea = da/dt. Herer is a time-independent
tag, denoting the present-day distance of the source. Dgffdi= a/a which is
constant in space, we recover the Hubble expansionlawH r.

Edwin Hubble measured the expansion of the Universe usm®tppler effect.
We are all familiar with the same effect for sound waves: waeroving car sounds
its horn, the pitch (frequency) we hear is different if the isaapproaching us or
receding away. Similarly, the wavelength of light dependgite velocity of the
source relative to us. As the Universe expands, a light sowiit move away from
us and its Doppler effect will change with time. The Dopplanfiula for a nearby
source of light (with a recession speed much smaller thaspked of light) gives

HQ_&:_(E) (f):_w:_ﬁ (1.3)

v c a) \c a a’

with the solution,r « a~!. Correspondingly, the wavelength scales)as=
(¢/v) o« a. We could have anticipated this outcome since a wavelerathbe
used as a measure of distance and should therefore be stitedshthe Universe
expands. The redshift is defined through the factdii + =) by which the pho-
ton wavelength was stretched (or its frequency reducedydmsst its emission and
observation times. If we define = 1 today, them = 1/(1 + z) at earlier times.
Higher redshifts correspond to a higher recession spedteafdurce relative to us
(ultimately approaching the speed of light when the redsgfaiés to infinity), which
in turn implies a larger distance (ultimately approaching leorizon, which is the
distance traveled by light since the Big Bang) and an eaglieission time of the
source in order for the photons to reach us today.

We see high-redshift sources as they looked at early cogmést Observational
cosmology is like archaeology — the deeper we look into sgfzeenore ancient the
clues about our history are (see Figure 1.3). But there i@ io how far back we
can see. In principle, we can image the Universe only as Isrigveas transparent,
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Figure 1.3 Cosmic archaeology of the observable volumeeftihiverse, in comoving co-
ordinates (which factor out the cosmic expansion). Theroutet observable
boundary ¢ = oo) marks the comoving distance that light has traveled sinee t
Big Bang. Future observatories aim to map most of the obbrwealume of our
Universe, and improve dramatically the statistical infation we have about the
density fluctuations within it. Existing data on the CMB pesbmainly a very
thin shell at the hydrogen recombination epoghy{( 10, beyond which the Uni-
verse is opaque), and current large-scale galaxy survepomnig a small region
near us at the center of the diagram. The formation epocheofitst galaxies
that culminated with hydrogen reionization at a redshift 10 is shaded grey.
Note that the comoving volume out to any of these redshifitesas the distance
cubed.
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corresponding to redshifts < 103 for photons. The first galaxies are believed to
have formed long after that.

The expansion history of the Universe is captured by theestattora(t). We
can write a simple equation for the evolution@ft) based on the behavior of a
small region of space. For that purpose we need to incorpdhat fact that in
Einstein’s theory of gravity, not only does mass dengitgravitate but pressure
p does too. In a homogeneous and isotropic Universe, the itpagpt., = (p +
3p/c?) plays the role of the gravitating mass dengityf Newtonian gravity: There
are several examples to consider. For a radiation flyigl,q /¢ = %prad, implying
thatpgav = 2prada. ON the other hand, for a constant vacuum density (the deecal
“cosmological constant”), the pressure is negative bexdysopening up a new
volume incrementAV one gains an energyc’AV instead of losing energy, as
is the case for normal fluids that expand into more space. émibdynamics,
pressure is derived from the deficit in energy per unit of nelumne, which in this
case givVePyac/c? = —pyac. Thisin turn leads to another reversal of SiIgNSav =
(Pvac + 3Pvac/c?) = —2pvac, Which may be interpreted as repulsive gravity! This
surprising result gives rise to the phenomenon of acceldrabsmic expansion,
which characterized the early period of cosmic inflation adlas the latest six
billions years of cosmic history.

As the Universe expands and the scale factor increases, dkternrmass den-
sity declines inversely with volume,,...r < a3, whereas the radiation energy
density (which includes the CMB and three species of rakiitvneutrinos) de-
creases ag..qc’ o« a~*, because not only is the density of photons diluteda%
but the energy per photdtw = he/A (whereh is Planck’s constant) declines as
a~!. Todaypmaster IS larger tharp,,q (assuming massless neutrinos) by a factor of
~ 3,300, but at(1 + z) ~ 3,300 the two were equal, and at even higher redshifts
the radiation dominated. Since a stable vacuum does notilgetaiwith cosmic
expansion, the present-day,. remained a constant and dominated opgkte:
andp,.q only at late times (whereas the unstable “false vacuum” dioatinated
during inflation has decayed when inflation ended).

1.3 MILESTONES IN COSMIC EVOLUTION

The gravitating mass\g,av = perav V', €nclosed by a spherical shell of radi(s)
and volumée/ = 47”@3, induces an acceleration

d?a GMgray

e (1.4)
Sincepgray = p+3p/c?, we need to know how pressure evolves with the expansion
factora(t). This is obtained from the thermodynamic relation mentibabove
between the change in the internal enedgyc?V') and thepdV work done by

the pressured(pc?V) = —pdV. This relation implies-3paa/c? = a?p + 3paa,

vViThe momentum of each photon isof its energy. The pressure is defined as the momentum flux

along one dimension out of three, and is therefore giveébyadc2, wherep, .4 is the mass density of
the radiation.
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where a dot denotes a time derivative. Multiplying equafibd) bya and making
use of this relation yields our familiar result

E = 1@2 — G_M,

2 a

whereFE is a constant of integration and = pV'. As discussed before, the spher-
ical shell will expand forever (being gravitationally unba) if £ > 0, but will
eventually collapse (being gravitationally bound)Hf < 0. Making use of the
Hubble parametet/ = a/a, equation (1.5) can be re-written as

(1.5)

E
—=1-0Q, 1.6
%aQ ( )
whereQ2 = p/p., with
3H? 5 & H 2
e=——= =9.2x107%0=_ : 1.7
Pe= 3G X cm? <7O km s~'Mpc—! > (3.7)

With Q.,,, 24, andQ2,. denoting the present contributionsf@from matter (includ-
ing cold dark matter as well as a contributif from ordinary matter of protons
and neutrons, or “baryons”), vacuum density (cosmologicaistant), and radia-
tion, respectively, a flat universe satisfies

H(t) _ {Q Q T/Q |

o a—’; +Qp + F (1.8)
where we defindd, andQy = (2., + Qa + Q) = 1 to be the present-day values
of H and(2, respectively.

In the particularly simple case of a flat Universe, we find thatatter dominates
thena o t2/3, if radiation dominates thea « ¢'/2, and if the vacuum density
dominates them o exp{ Hyact} With Hy.e = (87Gpyac/3)'/? being a constant.
In the beginning, after inflation ended, the mass densityuofuniversep was at
first dominated by radiation at redshifis> 3, 300, then it became dominated by
matter at0.3 < z < 3,300, and finally was dominated by the vacuunxat: 0.3.
The vacuum started to domingig.., already atz < 0.7 or six billion years ago.
Figure 1.5 illustrates the mass budget in the present-dayetse and during the
epoch when the first galaxies had formed.

The above results far(t) have two interesting implications. First, we can figure
out the relationship between the time since the Big Bang addhift sincen =
(1 + z)~L. For example, during the matter-dominated dra(z < 103),

9
£ o : 22 _ 0.95 x 10 y;aaQrs. (1.9)
3HoQm ' 2(1+2)3/2  [(142)/7%/

Second, we note the remarkable exponential expansion facann dominated
phase. This accelerated expansion serves an importardagginp explaining a few
puzzling features of our Universe. We already noticed thatniverse was pre-
pared in a very special initial state: nearly isotropic anthegeneous, witk close
to unity and a flat geometry. In fact, it took the CMB photonanhethe entire age
of the Universe to travel towards us. Therefore, it shouke tdluem twice as long to
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bridge across their points of origin on opposite sides ofsthe How is it possible
then that the conditions of the Universe (as reflected in #erlyg uniform CMB
temperature) were prepared to be the same in regions thag wever in causal
contact before?Such a degree of organization is highly unlikely to occuraat-r
dom. If we receive our clothes ironed out and folded neatky,kmow that there
must have a been a process that caused it. Cosmologistsdemtdied an analo-
gous “ironing process” in the form afosmic inflation This process is associated
with an early period during which the Universe was dominaésdporarily by the
mass density of an elevated vacuum state, and experienpedential expansion
by at least~ 60 e-folds. This vast expansion “ironed out” any initial cunves
of our environment, and generated a flat geometry and neaifgrn conditions
across a region far greater than our current horizon. Afterlevated vacuum state
decayed, the Universe became dominated by radiation.

The early epoch of inflation is important not just in prodwgthe global prop-
erties of the Universe but also in generating the inhomoigesghat seeded the
formation of galaxies within it. The vacuum energy density that had driven in-
flation encountered quantum mechanical fluctuations. Affieiperturbations were
stretched beyond the horizon of the infant Universe (whaday would have oc-
cupied the size no bigger than a human hand), they matexibdiz perturbations in
the mass density of radiation and matter. The last pertiotsto leave the horizon
during inflation eventually entered back after inflation edgwhen the scale factor
grew more slowly thamt). It is tantalizing to contemplate the notion that galaxies
which represent massive classical objects with07 atoms in today’s Universe,
might have originated from sub-atomic quantum-mecharfigatuations at early
times.

After inflation, an unknown process, called “baryo-genegis’epto-genesis”,
generated an excess of particles (baryons and leptons)amiieparticles’ As
the Universe cooled to a temperature of hundreds of MeV (WithkeV/kp =
1.1604 x 10'°K), protons and neutrons condensed out of the primordiallguar
gluon plasma through the so-call€CD phase transition At about one second
after the Big Bang, the temperature declinedtda MeV, and the weakly interact-
ing neutrinos decoupled. Shortly afterwards the abundahoeutrons relative to
protons froze and electrons and positrons annihilatechémext few minutes, nu-
clear fusion reactions produced light elements more maghian hydrogen, such
as deuterium, helium, and lithium, in abundances that miétaée observed today
in regions where gas has not been processed subsequentlglthstellar interi-
ors. Although the transition to matter domination occuragd redshift: ~ 3, 300
the Universe remained hot enough for the gas to be ionizedi glattron-photon
scattering effectively coupled ordinary matter and radrat At z ~ 1,100 the
temperature dipped below 3, 000K, and free electrons recombined with protons
to form neutral hydrogen atoms. As soon as the dense fog®&lectrons was de-
pleted, the Universe became transparent to the relic iadjawvhich is observed at
present as the CMB. These milestones of the thermal histergtepicted in Figure

Vil Anti-particles are identical to particles but with oppesilectric charge. Today, the ordinary
matter in the Universe is observed to consist almost eptoéparticles. The origin of the asymmetry
in the cosmic abundance of matter over anti-matter is stilrmesolved puzzle.
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Figure 1.4 Following inflation, the Universe went througlvesal other milestones which
left a detectable record. These include baryogenesis fwigisulted in the ob-
served asymmetry between matter and anti-matter), the@hezak phase transi-
tion (during which the symmetry between electromagnetitwaeak interactions
was broken), the QCD phase transition (during which protoms neutrons nu-
cleated out of a soup of quarks and gluons), the dark mattugding epoch
(during which the dark matter decoupled thermally from tlosroic plasma),
neutrino decoupling, electron-positron annihilatioghli-element nucleosynthe-
sis (during which helium, deuterium and lithium were symsiked), and hydro-
gen recombination. The cosmic time and CMB temperatureefénious mile-
stones are marked. Wavy lines and question marks indicdéstones with un-
certain properties. The signatures that the same milestiefiein the Universe
are used to constrain its parameters.
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1.4.

The Big Bang is the only known event in our past history wheadiples in-
teracted with center-of-mass energies approaching tteated “Planck scale™
[(he®/G)'/? ~ 10 GeV], at which quantum mechanics and gravity are expected
to be unified. Unfortunately, the exponential expansiorhefniverse during in-
flation erased memory of earlier cosmic epochs, such as #dreRtime.

1.4 MOST MATTER IS DARK

Surprisingly, most of the matter in the Universe is not thmsardinary matter that
we are made of (see Figure 1.5). If it were ordinary matteri¢ivialso makes stars
and diffuse gas), it would have interacted with light, thlreevealing its existence
to observations through telescopes. Instead, obsergatiomany different astro-
physical environments require the existence of some mgstedark component
of matter which only reveals itself through its gravitat@imfluence and leaves no
other clue about its nature. Cosmologists are like a detetho finds evidence
for some unknown criminal in a crime scene and is anxious tbHis/her identity.
The evidence for dark matter is clear and indisputable,rassythat the laws of
gravity are not modified (although a small minority of scists are exploring this
alternative).

Without dark matter we would have never existed by now. Téikecause or-
dinary matter is coupled to the CMB radiation that filled up thniverse early on.
The diffusion of photons on small scales smoothed out peations in this pri-
mordial radiation fluid. The smoothing length was stretcteed scale as large as
hundreds of millions of light years in the present-day Uréee This is a huge scale
by local standards, since galaxies — like the Milky Way — wassembled out of
matter in regions a hundred times smaller than that. Becanieary matter was
coupled strongly to the radiation in the early dense phagbefJniverse, it also
was smoothed on small scales. If there was nothing else iti@utb the radiation
and ordinary matter, then this smoothing process would hadea devastating ef-
fect on the prospects for life in our Universe. Galaxies like Milky Way would
have never formed by the present time since there would hese bo density per-
turbations on the relevant small scales to seed their faomatThe existence of
dark matter not coupled to the radiation came to the resculeebping memory
of the initial seeds of density perturbations on small ssala our neighborhood,
these seed perturbations led eventually to the formaticheMilky Way galaxy
inside of which the Sun was made as one out of tens of billidretass, and the
Earth was born out of the debris left over from the formatioagess of the Sun.
This sequence of events would have never occurred witheuddink matter.

We do not know what the dark matter is made of, but from the goatth ob-
tained between observations of large-scale structuretendduations describing a
pressureless fluid (see equations 2.3-2.4), we infer tielikely made of particles

viil The Planck energy scale is obtained by equating the quantaohanical wavelength of a rela-
tivistic particle with energyE, namelyhc/E, to its “black hole” radius~ GE/c*, and solving for
E.
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Mass Budget Today Mass Budget at
2=0 1<<z<<100

Cold Dark Matter
82%

(Dark Energy)
72%

Figure 1.5 Mass budgets of different components in the pteday Universe and in the
infant Universe when the first galaxies formed (redshifts 10-50). The CMB
radiation (not shown) makes up a fractien 0.03% of the budget today, but
was dominant at redshifts > 3,300. The cosmological constant (vacuum)
contribution was negligible at high redshifts & 1).

with small random velocities. It is therefore called “colard matter” (CDM). The
popular view is that CDM is composed of particles which pesseeak interactions
with ordinary matter, similarly to the elusive neutrinos lwew to exist. The abun-
dance of such particles would naturally “freeze-out” atmperaturel’ > 1MeV,
when the Hubble expansion rate is comparable to the antidrileate of the CDM
particles. Interestingly, such a decoupling temperatateinally leads through a
Boltzmann suppression facter exp{—mc?/kgT'} to 2, of order unity for parti-
cle masses ofrc? > 100 GeV with a weak interaction cross-section, as expected
for the lightest (and hence stable) supersymmetric partickimple extensions of
the standard model of particle physics. The hope is that CRKigles, owing
to their weak but non-vanishing coupling to ordinary matteiil nevertheless be
produced in small quantities through collisions of enamyearticles in future lab-
oratory experiments such as the Large Hadron Collider (LHG)her experiments
are attempting to detect directly the astrophysical CDMiplas in the Milky Way
halo. A positive result from any of these experiments willdziivalent to our de-
tective friend being successful in finding a DNA sample of pineviously uniden-
tified criminal.

The most popular candidate for the cold dark matter (CDMjiplaris a Weakly
Interacting Massive Particle (WIMP). The lightest supengyetric particle (LSP)
could be a WIMP. The CDM particle mass depends on free pasmietthe parti-
cle physics model; the LSP hypothesis will be tested at thgd_Bladron Collider
or in direct detection experiments. The properties of theMQlarticles affect their
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response to the primordial inhomogeneities on small scalése particle cross-
section for scattering off standard model particles setseoch of their thermal
decoupling from the cosmic plasma.

The dark ingredients of the Universe can only be probed @udy through a
variety of luminous tracers. The distribution and naturetted dark matter are
constrained by detailed X-ray and optical observationsatdixjes and galaxy clus-
ters. The evolution of the dark energy with cosmic time wal tonstrained over
the coming decade by surveys of Type la supernovae, as wsllrasys of X-ray
clusters, up to a redshift of two.

According to the standard cosmological model, the CDM bebas a collec-
tion of collisionless particles that started out at the épot matter domination
with negligible thermal velocities, and later evolved agively under gravitational
forces. The model explains how both individual galaxies tredlarge-scale pat-
terns in their distribution originated from the small, ialtdensity fluctuations. On
the largest scales, observations of the present galaxjbdison have indeed found
the same statistical patterns as seen in the CMB, enhanagbasted by billions
of years of gravitational evolution. On smaller scales, ninedel describes how
regions that were denser than average collapsed due tcethtednced gravity and
eventually formed gravitationally-bound halos, first oredirapatial scales and later
on larger ones. In this hierarchical model of galaxy formatithe small galaxies
formed first and then merged, or accreted gas, to form larglexges. At each snap-
shot of this cosmic evolution, the abundance of collapséashahose masses are
dominated by dark matter, can be computed from the initiabétions. The com-
mon understanding of galaxy formation is based on the naliathstars formed out
of the gas that cooled and subsequently condensed to higltidenn the cores of
some of these halos.

Gravity thus explains how some gas is pulled into the deegnial wells within
dark matter halos and forms galaxies. One might naively eipat the gas outside
halos would remain mostly undisturbed. However, obsepwatshow that it has not
remained neutral (i.e., in atomic form), but was largelyizexl by the UV radiation
emitted by the galaxies. The diffuse gas pervading the spatstide and between
galaxies is referred to as the intergalactic medium (IGM). the first hundreds
of millions of years after cosmological recombination (wh@otons and electrons
combined to make neutral hydrogen), the so-called cosnaitk'dges,” the universe
was filled with diffuse atomic hydrogen. As soon as galaxweaked, they started
to ionize diffuse hydrogen in their vicinity. Within lessah a billion years, most
of the IGM was reionized.

The initial conditions of the Universe can be summarized @ingle sheet of
paper. The small number of parameters that provide an atecstiatistical descrip-
tion of these initial conditions are summarized in Table. lHbwever, thousands
of books in libraries throughout the world cannot summatie complexities of
galaxies, stars, planets, life, and intelligent life, i thresent-day Universe. If
we feed the simple initial cosmic conditions into a gigamienputer simulation
incorporating the known laws of physics, we should be ableepyoduce all the
complexity that emerged out of the simple early universendge all the informa-
tion associated with this later complexity was encapsdlaighose simple initial
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Table 1.1 Standard set of cosmological parameters (definddadopted throughout the
book). Based on Komatsu,E., et Alstrophys. J. SupplL80, 330 (2009).

QA Qm Qb h Ng gg
0.72| 0.28| 0.05| 0.7| 1 | 0.82

conditions. Below we follow the process through which lateet complexity ap-
peared and established an irreversible arrow to the flow sfntotime’

The basic question that cosmology attempts to answewbsat is the com-
position of the Universe and what initial conditions generéed the observed
structures in it? In detail, we would like to know:

(a) Did inflation occur and when? If so, what drove it and how dignt?

(b) What is the nature of of the dark energy and how does it chaagetime and
space?

(c) What is the nature of the dark matter and how did it regulageetyolution of
structure in the Universe?

The first galaxies were shaped, more than any other clasgropagsical ob-
jects, by the pristine initial conditions and basic consttts of the Universe. Study-
ing the formation process of the first galaxies could reve&jue evidence for new
physics that was so far veiled in older galaxies by compl&ophysical processes.

X|n previous decades, astronomers used to associate théciiyngf the early Universe with the
fact that the data about it was scarce. Although this wasdttiee infancy of observational cosmology,
it is not true any more. With much richer data in our hands,itfiteal simplicity is now interpreted as
an outcome of inflation.






Chapter Two

From Recombination to the First Galaxies

After cosmological recombination, the Universe entereel ‘tthark ages” during
which the relic CMB light from the Big Bang gradually fadedayv During this
“pregnancy” period which lasted hundreds of millions of ggdhe seeds of small
density fluctuations planted by inflation in the matter dlsttion grew up until they
eventually collapsed to make the first galaxies.

2.1 GROWTH OF LINEAR PERTURBATIONS

As discussed earlier, small perturbations in density graet the unstable nature
of gravity. Overdense regions behave as if they reside imsed Universe. Their
evolution ends in a “big crunch”, which results in the foriatof gravitationally
bound objects like the Milky Way galaxy.

Equation (1.6) explains the formation of galaxies out ofisgensity fluctuations
in the early Universe, at a time when the mean matter density wery close to
the critical value and2,, =~ 1. Given that the mean cosmic density was close to
the threshold for collapse, a spherical region which wagy shghtly denser than
the mean behaved as if it was part of@n> 1 universe, and therefore eventually
collapsed to make a bound object, like a galaxy. The matidad which objects
are made originated in the underdense regions (voids) #ptrate these objects
(and which behaved as part of @< 1 Universe), as illustrated in Figure 1.2.

Observations of the CMB show that at the time of hydrogenmdzioation the
Universe was extremely uniform, with spatial fluctuatiom#fie energy density and
gravitational potential of roughly one part if9°>. These small fluctuations grew
over time during the matter dominated era as a result of tgi@nal instability, and
eventually led to the formation of galaxies and largersaatuctures, as observed
today.

In describing the gravitational growth of perturbationglie matter-dominated
era ¢ < 3,300), we may consider small perturbations of a fractional atagk
|6| < 1 on top of the uniform background densjiyof cold dark matter. The three
fundamental equations describing conservation of massamdentum along with
the gravitational potential can then be expanded to leadlider in the perturbation
amplitude. We distinguish between physical and comovirgydioates (the latter
expanding with the background Universe). Using vectortimtathe fixed coordi-
nater corresponds to a comoving positian= r/a. We describe the cosmological
expansion in terms of an ideal pressureless fluid of pagjaach of which is at
fixed x, expanding with the Hubble flow = H (¢)r, wherev = dr/dt. Onto this
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uniform expansion we impose small fractional density pétions

5(x) = Py 2.1)

p

where the mean fluid mass densitygswith a corresponding peculiar velocity
which describes the deviation from the Hubble flav= v — Hr. The fluid is then
described by the continuity and Euler equations in comoeogydinates:

06 1

ot + EV (14 6)u]=0 (2.2)
ou 1 1
§+Hu+a(u-V)u——EV¢. (2.3)

The gravitational potentiap is given by the Newtonian Poisson equation, in terms
of the density perturbation:

V2¢ = 4wGpa’s . (2.4)

This fluid description is valid for describing the evolutiohcollisionless cold dark
matter particles until different particle streams crosse Trossing typically occurs
only after perturbations have grown to become non-lineén Wwj > 1, and at that
point the individual particle trajectories must in gendyalfollowed.
The combination of the above equations yields to leadingmirdy,
2
% + 2H% =4rGpo . (2.5)
This linear equation has in general two independent saigfionly one of which
grows in time. Starting with random initial conditions,gHfgrowing mode” comes
to dominate the density evolution. Thus, until it becomes-lioear, the density
perturbation maintains its shape in comoving coordinatesgrows in amplitude
in proportion to a growth factoD(t). The growth factor in a flat Universe at
z < 10? is given by

D(t) x

QOrad QO /2 g 13/2 g1
(Qra® + Q) / : a’>’* da (2.6)
0

a3/? QAa/3+Qm)3/2 ’

In the matter-dominated regime of the redshift radge: z < 102, the growth
factor is simply proportional to the scale factoft). Interestingly, the gravita-
tional potentialp o« 6/a does not grow in comoving coordinates. This implies
that the potential depth fluctuations remain frozen in atagé as fossil relics from
the inflationary epoch during which they were generated. liNear collapse only
changes the potential depth by a factor of order unity, baterside collapsed ob-
jects its rough magnitude remains as testimony to the iofiatly conditions. This
explains why the characteristic potential depth of cokahsbjects such as galaxy
clusters ¢/c*> ~ 10~5) is of the same order as the potential fluctuations probed by
the fractional variations in the CMB temperature acrosssthe At low redshifts

z < 1 and in the future, the cosmological constant dominafgs (« 24) and

IAn analytic expression for the growth factor in terms of spefunctions was derived by Eisen-
stein, D. (1997), http://arxiv.org/pdf/astro-ph/970202 .
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the density fluctuations freeze in amplitud@({) —constant) as their growth is
suppressed by the accelerated expansion of space.

The initial perturbation amplitude varies with spatiallecd_arge-scale regions
have a smaller perturbation amplitude than small-scal@onsg The statistical
properties of the perturbations as a function of spatialescan be captured by
expressing the density field as a sum over a complete set afdpel'Fourier
modes,” each having a sinusoidal (wave-like) dependencspace with a co-
moving wavelength\ = 27 /k and wavenumbek. Mathematically, we write
ok = [dPx §(x)e~™ > with x being the comoving spatial coordinate. The charac-
teristic amplitude of eack-mode defines the typical value &bn the spatial scale
A. Inflation generates perturbations in which differkamnodes are statistically in-
dependent, and each has a random phase constant in itsidinlibe statistical
properties of the fluctuations are determined by the vagaoicthe differentk-
modes given by the so-called power spectritty) = (27) > (|6 |?), where the
angular brackets denote an average over the entire statistisemble of modes.

In the standard cosmological model, inflation produces m@riial power-law
spectrumP (k) o k™= with ng = 1. This spectrum admits the special property
that gravitational potential fluctuations of all wavelemghave the same amplitude
at the time when they enter the horizon (namely, when theireleamgth matches
distance traveled by light during the age of the Universed, so this spectrum is
called “scale-invariant” The growth of perturbations in a CDM Universe results in
a modified final power spectrum characterized by a turnovarszale of order the
horizoncH ! at matter-radiation equality, and a small-scale asympsitape of
P(k) oc k™ ~*, The turnover results from the fact that density pertudiziexperi-
ence almost no growth during the radiation dominated ereglee the Jeans length
then ¢ ct/+/3) is comparable to the scale of the horizon inside of whiclginds
enabled by causality. Therefore, modes on a spatial scatetttered the horizon
during the early radiation-dominated era show a smallerldnae relative to the
power-law extrapolation of long wavelength modes that emet the horizon dur-
ing the matter-dominated era. For a scale-invariant index: 1, the small-scale
fluctuations have the same amplitude at horizon crossirgyywétih no growth they
have the same amplitude on all sub-horizon mass scalestatrrediation equality.
The associated constancy of the fluctuation amplitude ol smaas scales (in real
space)s? « P(k)k® ~ const, implies a small-scale asymptotic slope (k)
of ~ —3 or (ns — 4). The resulting power-spectrum after matter-radiationadqu
ity is crudely described by the fitting functiénP (k) oc k™ /(1 + a,k + 8,k%)?,
with o, = 8(Q,,h%)~! Mpc and 3, = 4.7(Q,,h?)~2 Mpc?, with refinements
that depend on the baryon mass fraction and neutrino piepdrhass and num-
ber of flavors). The overall amplitude of the power spectrum is not specifigd b
current models of inflation, and is usually set by comparothe observed CMB
temperature fluctuations or to measures of large-scaletsteibased on surveys

i This spectrum has the aesthetic appeal that perturbationalways be small on the horizon scale.
A different power-law spectrum would either lead to an oessity of order unity across the horizon,
resulting in black hole formation, either in the Universiisure or past. Quantum fluctuations during
cosmic inflation naturally results in a nearly scale-inaatispectrum because of the near constancy of
the Hubble parameter for a nearly steady vacuum density.
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of galaxies, clusters of galaxies, or the intergalactic gasmputer codes that pro-
vide the detailed shape of the power-spectrum are avaikttietp://camb.info/
andhttp://www.cmbfast.org

Species that decouple from the cosmic plasma (like the dattemor the baryons)
would show fossil evidence for acoustic oscillations initip@wer spectrum of in-
homogeneities due to sound waves in the radiation fluid takvthiey were coupled
at early times. This phenomenon can be understood as follavegyine a localized
point-like perturbation from inflation at = 0. The small perturbation in density
or pressure will send out a sound wave that will reach the @tnamizonc,¢ at any
later timet. The perturbation will therefore correlate with its surnalings up to
the sound horizon and altmodes with wavelengths equal to this scale or its har-
monics will be correlated. The scales of the perturbatibas grow to become the
first collapsed objects at < 100 cross the horizon in the radiation dominated era
after the dark matter decouples from the cosmic plasma.

In order to determine the formation of objects of a given sizeass it is useful
to consider the statistical distribution of the smoothedsity field. To smooth the
density distribution, cosmologists use a window (or filtemction W (r) normal-
ized so that/ d3r W (r) = 1, with the smoothed density perturbation field being
J d3ré(x)W (r). For the particular choice of a spherical top-hat windovwn{ir
to a cookie cutter), in which¥ = 1 in a sphere of radiu& andW = 0 outside
the sphere, the smoothed perturbation field measures thedtians in the mass in
spheres of radiu®. The normalization of the present power spectrum at 0 is
often specified by the value ok = o(R = 8h~'Mpc) whereh = 0.7 calibrates
the Hubble constant today &% = 100k km s~ Mpc~!. For the top-hat filter,
the smoothed perturbation field is denoteddsiyor §,,, where the enclosed mass
M is related to the comoving radiusby M = 4rp,, R?/3, in terms of the current
mean density of matter,,. The variancds?,) is

3j1(kR)

2007 = o2 < dk ’
J(M)_J(R)—/O Wkp(k)[ L } , 2.7)
wherej; (z) = (sinx — x cosx)/2?. The term involvingj; in the integrand is the
Fourier transform of#/(r). The functiono (M) plays a crucial role in estimates
of the abundance of collapsed objects, and is plotted inrigul as a function of
mass and redshift for the standard cosmological model. Faate® with random
phases, the probability of different regions with the saime & have a perturba-
tion amplitude betweeti andé + do is Gaussian with a zero mean and the above
variance,P(6)ds = (2mo?)~/? exp{—62/202}ds.

2.2 THERMAL HISTORY DURING THE DARK AGES: COMPTON COOL-
ING ON THE CMB

A free electron moving at a speed< < c relative to the cosmic rest frame would
probe a Doppler shifted CMB temperature with a dipole patter

TO)="T, (1 + %cos 9) , (2.8)
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Figure 2.1 The root-mean-square amplitude of linearlyapdlated density fluctuations
as a function of masa/ (in solar masses/,, within a spherical top-hat filter) at
different redshiftsz. Halos form in regions that exceed the background density
by a factor of order unity. This threshold is only surpassgddre (manys)
peaks for high masses at high redshifts. When discussirgptinredance of halos,
we will factor out the linear growth of perturbations and tise functiono (M)
atz = 0. The comoving radius of an unperturbed sphere containingssi
is R = 1.85 Mpc(M /10" My)'/3.
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whered is the angle relative to its direction of motion affid is the average CMB
temperature. Naturally, the radiation will exert a frigtidorce on the electron
opposite to its direction of motion. The CMB energy densityhim a solid an-

gle dQ = dcosfde (in spherical coordinates) would b& = aT*(0)dS)/4x.
Since each photon carries a momentum equal to its energyediiyc, the elec-
tron will be slowed down along its direction of motion by a medmentum flux
c(de/c) x cos . The product of this momentum flux and the Thomson (Compton)
cross-section of the electron) yields the net drag force acting on the electron,

20

“dt
The rate of energy loss by the electron is obtained by muyitigl the drag force
with v, giving

4
= —/O’T cos de = ——opaTv. (2.9
3c v

d
ZE= Sor aT E, (2.10)

3mec
where & = %mev2. For a thermal ensemble of electrons at a non-relativistic
temperaturel’, the average energy iF) = %kBTe. If the electrons reach ther-
mal equilibrium with the CMB, then the net rate of energy exge must vanish.
Therefore, there must be a stochastic heating term whicmbak the above cool-
ing term whenI" = T.,. The origin of this heating term is obvious. Electrons
starting at rest will be pushed around by the fluctuatingtateteld of the CMB
until the ensemble reaches an average kinetic energy mtraieof (E) = 2kpT,,
at which point it stays in thermal equilibrium with the ratiéan. The temperature
evolution of gas at the mean cosmic density, which cools timtyugh its coupling
to the CMB and its adiabatic Hubble expansion (with no raekatooling due to
atomic transitions or heating by galaxies), is thereforgcdeed by the equation,

dl, x  8opaT?

wherez is the fraction of all electrons which are free. For an eleatproton gas,

x = n./(ne + ng) wheren, andny are the electron and hydrogen densities, and
T, « (14 z). The second term on the right-hand-side of equation (2415 T,
yields the adiabatic scalirfj. « (1 + z)? in the absence of energy exchange with
the CMB. More generally, this second term can be writterinas- 1)(ps/pp) T,
where thep, is the baryon density ang = g is the adiabatic index of a mono-
atomic gas. For the Hubble expansign/p) = —3H, while in overdense region,
where expansion is replaced by contraction, this term casusggn and results in
adiabatic heating (whereas the Compton cooling term resnaichanged).

The residual fraction of free electrons after cosmologiegbmbination keeps
the cosmic gas in thermal equilibrium with the CMB down to dsfeift z; ~ 160.
Following reionization, once ~ 1, the Compton cooling time is still shorter than
the age of the Universe (and hence significant relative takadic cooling) down
to a redshiftz ~ 6.

(T, — T.) — 2HT,, (2.11)



Chapter Three

Nonlinear Structure

3.1 COSMOLOGICAL JEANS MASS

As the density contrast between a spherical gas cloud ardstaic environment
grows, there are two main forces which come into play. The irgravity and
the second ipressure We can get a rough estimate for the relative importance
of these forces from the following simple considerationse Thcrease in gas den-
sity near the center of the cloud sends out a pressure wawhvphopagates out
at the speed of sound ~ (kpT/m,)'/? whereT is the gas temperature. The
wave tries to even out the density enhancement, consistiémtthre tendency of
pressure to resist collapse. At the same time, gravity ghbscloud together in
the opposite direction. The characteristic time-scaletiercollapse of the cloud
is given by its radiusk divided by the free-fall speed (2GM/R)'/2, yielding
teon ~ (G{p)) /% where(p) = M /4T R?* is the characteristic density of the cloud
as it turns around on its way to collapsk the sound wave does not have sufficient
time to traverse the cloud during the free-fall time, namely R; = csteon, then
the cloud will collapse. Under these circumstances, thedavave moves out-
ward at a speed that is slower than the inward motion of theaya so the wave
is simply carried along together with the infalling matéri@n the other hand, the
collapse will be inhibited by pressure for a sufficiently dheboud with R < R .
The transition between these regimes is defined by the $edcians radius? s,

corresponding to the Jeans mass,
47

My = = (p)Rj. (3.1)
This mass corresponds to the total gravitating mass of thedclincluding the
dark matter. As long as the gas temperature is not very difteirom the CMB
temperature, the value dff; ~ 10°M is independent of redshift. This is the
minimum total mass of the first gas cloud to collapsel00 million years after
the Big Bang. A few hundred million years later, once the ciesgas was ionized
and heated to a temperatufe> 10K by the first galaxies, the minimum galaxy
mass had risen above 108M. At even later times, the UV light that filled up
the Universe was able to boil the uncooled gas out of the aha#it gravitational
potential wells of mini-halos with a characteristic temggtere belowl 0*K.° Below
we derive the above estimates more rigorously in the cosgimdbcontext of an
expanding Universe.

iSubstituting the mean density of the Earth to this expresgields the characteristic time it takes
a freely-falling elevator to reach the center of the Eartimfiits surface{ 1/3 of an hour), as well as
the order of magnitude of the time it takes a low-orbit s@tetio go around the Earti~( 1.5 hours).
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Similarly to the discussion above, the Jeans lengtlvas originally defined in
Newtonian gravity as the critical wavelength that separageillatory and exponentially-
growing density perturbations in an infinite, uniform, amat®nary distribution of
gas. On scaleg smaller than\;, the sound crossing timé/c, is shorter than
the gravitational free-fall time(,Gp)~*/2, allowing the build-up of a pressure force
that counteracts gravity. On larger scales, the pressadignt force is too slow to
react to a build-up of the attractive gravitational forceheTleans mass is defined
as the mass within a sphere of radiug/2, M; = (47/3)p(A\;/2)3. In a pertur-
bation with a mass greater thddj, the self-gravity cannot be supported by the
pressure gradient, and so the gas is unstable to gravishtiotiapse. The New-
tonian derivation of the Jeans instability suffers from a@&ptual inconsistency,
as the unperturbed gravitational force of the uniform baokgd must induce bulk
motions. However, this inconsistency is remedied when tfayais is done in an
expanding Universe.

The perturbative derivation of the Jeans instability ciite can be carried out
in a cosmological setting by considering a sinusoidal pbetion superposed on a
uniformly expanding background. Here, as in the Newtoriiait| there is a critical
wavelength); that separates oscillatory and growing modes. Althouglexpan-
sion of the background slows down the exponential growtthefamplitude to a
power-law growth, the fundamental concept of a minimum ntlaascan collapse
at any given time remains the same.

We consider a mixture of dark matter and baryons with demsitameter§q., (z) =
Pdm/ pe @andQy, (2) = pp/ pe, Wherepa,, is the average dark matter densjiy,is the
average baryonic density; is the critical density, anfqm, (2) + Q1 (2) = Qi (2).
We also assume spatial fluctuations in the gas and dark nuksitesities with the
form of a single spherical Fourier mode on a scale much smialéen the horizon,

pam(R,t) — pam(t) sin(kR)
Pam () = 5dm(t)w ) (3.2)
pu(Rot) = polt) . sin(kR)
w0 )

wherepam () @andpy, (t) are the background densities of the dark matter and baryons,
dam(t) anddy,(¢) are the dark matter and baryon overdensity amplitudiess, the
comoving radial coordinate, aridis the comoving perturbation wavenumber. We
adopt an ideal gas equation-of-state for the baryons witleaiic heat ratiey)=5/3.
Initially, at time ¢ = ¢;, the gas temperature is uniforfy (R, ¢;)=T;, and the per-
turbation amplitudes are small,, ;, op ; < 1. We define the region inside the first
zero ofsin(kR)/(kR), namely0 < kR < m, as the collapsing “object”.

The evolution of the temperature of the bary@ngR, ¢) in the linear regime is
determined by the coupling of their free electrons to the CiiBugh Compton
scattering, and by the adiabatic expansion of the gas. H&h¢e t) is generally
somewhere between the CMB temperatliepx (1 + z)~! and the adiabatically-
scaled temperaturg,q « (1 + z)~2. In the limit of tight coupling toT, the
gas temperature remains uniform. On the other hand, in tkebatic limit, the
temperature develops a gradient according to the relation

Ty pgv_l). (3.4)
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The linear evolution of a cold dark matter overdensity, (¢) is given by,
Sam + 2H bt = S H? (5, + Qo) (3.5)

whereas the evolution of the overdensity of the baryép§;), with the inclusion
of their pressure force is described by,

Sb + 2H5b - gH2 (Qbéb + Qdm(Sdm) -
KTy [(k\? /ap\ (+8r) 2
(—) (”—) <5b + < Brld - 5b7i]) . (3.6)

pmy \ a a

Here,H (t) = a/a is the Hubble parameter at a cosmological timandy = 1.22
is the mean atomic weight of the neutral primordial gas inguof the proton mass.
The parametef distinguishes between the two limits for the evolution & gas
temperature. In the adiabatic lim# = 1, and when the baryon temperature is
uniform and locked to the background radiatios, = 0. The last term on the right
hand side (in square brackets) takes into account the exgsayre gradient force in
V(ppT) = (T'Vppr+p,VT), arising from the temperature gradient which develops
in the adiabatic limit. The Jeans wavelength= 2x/k; is obtained by setting the
right-hand side of equation (3.6) to zero, and solving far ¢hitical wavenumber
ky. As can be seen from equation (3.6), the critical wavelengtfeand therefore
the massiMy) is in general time-dependent. We infer from equation (3b@it
as time proceeds, perturbations with increasingly smaligal wavelengths stop
oscillating and start to grow.

To estimate the Jeans wavelength, we equate the right$ideadf equation (3.6)
to zero. We further approximateg ~ dam, and consider sufficiently high redshifts
at which the Universe is matter dominated, + 2) > (Q/Q,,)"?]. In this
regimeQ, < Q,, ~ 1, H ~ 2/(3t),anda = (14 2)~' ~ (3Hov/Q,, /2)?/3t2/3,
where(),, = Qqun + € is the total matter density parameter. Following cosmo-
logical recombination at ~ 103, the residual ionization of the cosmic gas keeps
its temperature locked to the CMB temperature (via Comptattering) down to
a redshift of

(14 z) = 160(Qph%/0.022)/°. (3.7)
In the redshift range between recombination anr = 0 and
ky = (2m/)\y) = [2kT(0)/3pmy) Y2/ Q Ho (3.8)

so that the Jeans mass is redshift independent and obtaahss(for the total mass
of baryons and dark matter),

om0 o (Qmh2\ 2
My== (7) p(0) = 1.35 x 10 ( s ) M, . (3.9)

At z < 2z, the gas temperature declines adiabatically{ bs- 2) /(1 + 2;)]? (i.e.,
Or = 1) and the total Jeans mass obtains the value,

Qh?\ 2 F b2\ P 142\
My =4.54 x 103 [ == —= M. 1
1=454x10 (0.15) (0.022) ( 10 ) o (310)
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Figure 3.1 Thermal history of the baryons, left over fromtiggbang, before the first galax-
ies formed. The residual fraction of free electrons coupéegas temperturgs.s
to the cosmic microwave background temperatige (14 z)] until a redshift
z ~ 200. Subsequently the gas temperature cools adiabaticallyfester rate
[Twas o (1 + 2)?]. Also shown is the spin temperature of the 21cm transitibn o
hydrogenT which interpolates between the gas and radiation temperaid
will be discussed in Chapter 10.

It is not clear how the value of the Jeans mass derived abtaesdo the mass
of collapsed, bound objects. The above analysis is petiveb@quations 3.5 and
3.6 are valid only as long as andda., are much smaller than unity), and thus can
only describe the initial phase of the collapse. #&sandd4,, grow and become
larger than unity, the density profiles start to evolve antkdaatter shells may
cross baryonic shells due to their different dynamics. Hethe amount of mass
enclosed within a given baryonic shell may increase withetimntil eventually
the dark matter pulls the baryons with it and causes thelapsé even for objects
below the Jeans mass.

Even within linear theory, the Jeans mass is related onliggatolution of per-
turbations at a given time. When the Jeans mass itself vartegime, the overall
suppression of the growth of perturbations depends on awegighted Jeans mass.
The correct time-weighted mass is the filtering &g = (47/3) p (2ma/kr)?,
in terms of the comoving wavenumbier associated with the “filtering scale” (note
the change in convention fromVk; to 27 /kr). The wavenumbek is related to
the Jeans wavenumbkey by

1 1 [t o DW)+2H)D®) [t dt”
Rl R T el A R
whereD(¢) is the linear growth factor. At high redshift (whefg,,(z) — 1), this
relation simplifies to

1 3 [ dad a
50 " o), Bl (1‘ E) | 5:12)
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Then the relationship between the linear overdensity ofidre matte®,,, and the
linear overdensity of the baryois, in the limit of smallk, can be written as
2
g k—Q +O(k*) . (3.13)
ddm k7
Linear theory specifies whether an initial perturbatiorarettterized by the pa-
rametersk, dam i, O, andt;, begins to grow. To determine the minimum mass of
nonlinear baryonic objects resulting from the shell-ciogsnd virialization of the
dark matter, we must use a different model which examinesss@onse of the gas
to the gravitational potential of a virialized dark mattedd

3.1.1 Spherical Collapse

Existing cosmological data suggests that the dark matteoid,” that is, its pres-
sure is negligible during the gravitational growth of gaésx In popular models,
the Jeans mass of the dark matter alone is negligible but ean af the order of
the mass of a planet like Earth or JupiteAll halos between this minimum clump
mass and- 10° M, are expected to contain mostly dark matter and little ongina
matter. In describing the synamics of dark matter partioletarge scales, we may
ignore pressure and consider only the gravitational force.

For simplicity, let us consider a spherically symmetric signor velocity per-
turbation of the smooth cosmological background, and erarttie dynamics of
a test particle at a radiusrelative to the center of symmetry. Birkhoff’s theorem
implies that we may ignore the mass outside this radius inpedimg the motion
of our particle. The equation of motion describing the systeduce to the usual
Friedmann equation for the evolution of the scale factor dbbanogeneous Uni-
verse, but with a density paramefethat now takes account of the additional mass
or peculiar velocity. In particular, despite the arbitragnsity and velocity profiles
given to the perturbation, only the total mass interior & plrticle’s radius and the
peculiar velocity at the particle’s radius contribute te ffective value of). We
may thus find a solution to the particle’s motion which ddsesiits departure from
the background Hubble flow and its subsequent collapse @resipn. This solu-
tion holds until our particle crosses paths with one fromféedént radius, which
happens rather late for most initial profiles.

As with the Friedmann equation for a smooth Universe, it isgilde to refor-
mulate the problem in a Newtonian form. At some early epoahesponding to
a scale facton; < 1, we consider a spherical patch of uniform overdenéity
making a so-called ‘top-hat’ perturbation. {If,,, is essentially unity at this time
and if the perturbation is a pure growing mode, then thedhjieculiar velocity is
radially inward with magnitudeé; H (¢;)r /3, whereH (¢;) is the Hubble constant at
the initial time and- is the radius from the center of the sphere. This can be easily
derived from mass conservation (continuity equation) inesfral symmetry. The
collapse of a spherical top-hat perturbation beginningdiusr; is described by

2
% = HZQpr — i—y (3.14)
wherer is the radius in a fixed (not comoving) coordinate frarfg,is the present-
day Hubble constant, and the unperturbed Hubble flow veldqtit which the
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above-mentioned peculiar velocity should be added) isrgiwedr /dt = H (t)r.
The total mass enclosed within radius, M = (47/3)r? p;(1+6;), with p; being
the background density of the Universe at titheVe next define the dimensionless
radiusz = ra;/r; and rewrite equation (3.14) as
I d%z Qo

——— = ——=(1+4+6;) + Qax, 3.15
where we assume a flat universe with = 1 — €2,,,. Our initial conditions for the
integration of this orbit are

.23(72) = Qa; (316)

dx g\ 0i\ [Qm
E(tl) = H(ti)x <]. — §> = IT[()CLZ <]. - §> ? + QA, (317)

where H(t;) = Ho[Qn/a? + (1 — Q,,)]*/? is the Hubble parameter for a flat
Universe at the initial time;. Integrating equation (3.15) yields

1 /dz\® Q
— (=) =21 +6)+Qr? + K, 3.18
whereK is a constant of integration. Evaluating this at the inifilale and dropping
terms of ordew; (with ¢; < a;), we find
K- g (3.19)
3&1'

If K is sufficiently negative, the particle will turn-around atié sphere will col-
lapse at atime

Hoteou = 2/ da (Qn/a+ K + QAaQ)_l/Q , (3.20)
0

wherea, .« iS the value of: which sets the denominator of the integrand to zero.
Itis easier to solve the equation of motion analyticallytfee regime in which the
cosmological constant is negligible, = 0 and(,,, = 1 (adequate for describing
redshiftsl < z < 10%). There are three branches of solutions: one in which the
particle turns around and collapses, another in which ithiea an infinite radius
with some asymptotically positive velocity, and a thirdemhediate case in which
it reaches an infinite radius but with a velocity that apphesczero. These cases
may be written as:

r= A(cosn —1)

t = B(n — sin ) } Closed (0<n<2m) (3.21)
r=An?/2
t=Bi’/6 } Flat (0<n<o0) (3.22)

r = A(coshn — 1)
t = B(sinhn —17) } Open (0<n<oo) (3.23)
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whereA? = GM B? applies in all cases. All three solutions have= 9G M2 /2
ast goes to zero, which matches the linear theory expectatatrthie perturbation
amplitude get smaller as one goes back in time. In the cloasé, ¢he shell turns
around at timer B and radiu2A (when its density contrast relative to the back-
ground of an®2,,, = 1 Universe is972/16 = 5.6), and collapses to zero radius at
time 27 B.

We are now faced with the problem of relating the sphericihpse parameters
A, B, and M to the linear theory density perturbation For the case of)y =
0 andQ2,, = 1, we can determine the spherical collapse parameteand 5.
K > 0 (K < 0) produces an open (closed) model. Comparing coefficientsein t
energy equation (3.18) and the integral of the equation dfanpone finds

T 55z -1
=5 <3av) (3.24)
1 (55 %2

InanQ = 1 Universe, wherd + » = (3Hyt/2)~2/3, we find that a shell collapses
at redshiftl + z. = 0.59294;/a;, or in other words a shell collapsing at redshift
had a linear overdensity extrapolated to the preserit da§, = 1.686(1 + z..).

While this derivation has been for spheres of constant tienge may treat a
general spherical density profile(r) up until shell crossing. A particular radial
shell evolves according to the mass interior to it; therefove define the average
overdensity;

R
5i(R) = 47;3 /0 ro;(r), (3.26)

so that we may usg in place of; in the above formulae. i; is not monotonically
decreasing withR, then the spherical top-hat evolution of two different rawiil
predict that they cross each other at some late time; thisasvk as shell crossing
and signals the breakdown of the solution. Even well-betidyerofiles will pro-
duce shell crossing if shells are allowed to collapse te 0 and then re-expand,
since these expanding shells will cross infalling shells.slich a case, first-time
infalling shells will never be affected prior to their tuaround; the more compli-
cated behavior after turn-around is a manifestation oaiiization. While the end
state for general initial conditions cannot be predicteatjous results are known
for a self-similar collapse, in whicbh(r) is a power-law, as well as for the case of
secondary infall models.

3.2 HALO PROPERTIES

When an object above the Jeans mass collapses, the dark foatts a halo inside
of which the gas may cool, condense to the center, and eugnftegment into

il inear evolution also give§y = 1.063(1 + z.) at turnaround.
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stars. The dark matter cannot cool since it has very weakaatiens. As a result,
a galaxy emerges with a central core that is occupied by atadscold gas and is
surrounded by an extended halo of invisible dark matterc&pooling eliminates
the pressure support from the gas, the only force that caveptdhe gas from
sinking all the way to the center and ending up in a black helié centrifugal
force associated with its rotation around the center (aaxgubmentum). The slight
(~ 5%) rotation, given to the gas by tidal torques from nearby gjakas it turns
around from the initial cosmic expansion and gets assemhbtedthe object, is
sufficient to stop its infall on a scale whichds order of magnitude small¢han the
size of the dark matter hal®(the so-called “virial radius”). On this stopping scale,
the gas is assembled into a thin disk and orbits around thieictar an extended
period of time, during which it tends to break into dense dewhich fragment
further into denser clumps. Within the compact clumps thatmoduced, the gas
density is sufficiently high and the gas temperature is gafiity low for the Jeans
mass to be of order the mass of a star. As a result, the clurage&nt into stars
and a galaxy is born.

Inthe popular cosmological model, small objects formed.firbe very first stars
must have therefore formed inside gas condensations jostahe cosmological
Jeans mass, 10°M. Whereas each of these first gaseous halos was not massive
or cold enough to make more than a single high-mass starclsisters started to
form shortly afterwards inside bigger halos. By solvingé&uggiation of motion (1.4)
for a spherical overdense region, it is possible to relatectiaracteristic radius and
gravitational potential well of each of these galaxies &irtmass and their redshift
of formation.

The small density fluctuations evidenced in the CMB grew tivee as described
in §2.1, until the perturbationsbecame of order unity and the full non-linear grav-
itational collapse followed. The dynamical collapse of akdaatter halo can be
solved analytically in spherical symmetry with an initiapthat of uniform over-
densityd; inside a sphere of radiu8. Although this toy model might seem artifi-
cially simple, its results have turned out to be surprigiragicurate for interpreting
the properties and distribution of halos in numerical siatiohs of cold dark mat-
ter.

During the gravitational collapse of a spherical regiowe, émclosed overdensity
d grows initially asé;, = §;D(t)/D(t;), in accordance with linear theory, but
eventuallyd grows above);. Any mass shell that is gravitationally bound (i.e.,
with a negative total Newtonian energy) reaches a radiusafimum expansion
(turn-around) and subsequently collapses. The solutidhe&quation of motion
for a top-hat region shows that at the moment when the regibapses to a point,
the overdensity predicted by linear theoryis = 1.686 in the(2,,, = 1 case, with
only a weak dependence 6@ in the more general case. Thus, a top-hat would
have collapsed at redshiftif its linear overdensity extrapolated to the present day
(also termed the critical density of collapse) is

1.686
5crit(z) = D(Z) )

(3.27)

where we seD(z = 0) = 1.
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Even a slight violation of the exact symmetry of the initi@rurbation can pre-
vent the top-hat from collapsing to a point. Instead, the he&ches a state of virial
equilibrium through violent dynamical relaxation. We aaefiliar with the fact that
the circular orbit of the Earth around the Sun has a kinetergynwhich is half the
magnitude of the gravitational potential energy. Accogdia thevirial theorem
this happens to be a property shared by all dynamically ezlagelf-gravitating
systems. We may therefore uSe= —2K to relate the potential enerdy to the
kinetic energyK in the final state of a collapsed halo. This implies that thi&abi
radius is half the turnaround radius (where the kinetic gp&anishes). Using this
result, the final mean overdensity relativegoat the collapse redshift turns out to
beA. = 1872 ~ 178 in the(),,, = 1 case' which applies at redshifts > 1. We
restrict our attention below to these high redshifts.

A halo of massV collapsing at redshift > 1 thus has a virial radius

M V3 42\t
Teir = 1.5 (108M@> ( 10 > kpc, (3.28)
and a corresponding circular velocity,
aM 1/2 M 1/3 1 1/2

We may also define a virial temperature

2/3
pm, V.2 a M 1+2
Tyw = —1.04x 10" (L K, (3.

ok 04> 10 (0.6) (108M@ 10 (3.30)

wherey is the mean molecular weight amd, is the proton mass. Note that the
value of . depends on the ionization fraction of the gas; for a fullyizeul pri-
mordial gas: = 0.59, while a gas with ionized hydrogen but only singly-ionized
helium has: = 0.61. The binding energy of the halo is approximately,

1 GM? M N\ /(142
Ey == =29 x 10% . 3.31
b= 9 910 (108M@) ( 10 ) s (3.31)

Note that if the ordinary matter traces the dark matter,dtaltbinding energy is
smaller than®, by a factor ofQ2, /Q2,,,, and could be lower than the energy output
of a single supernoVa(~ 10°! ergs) for the first generation of dwarf galaxies.
Although spherical collapse captures some of the physiesrging the forma-
tion of halos, structure formation in cold dark matter madetoceeds hierarchi-
cally. At early times, most of the dark matter was in low-mhatos, and these
halos then continuously accreted and merged to form higésrhalos. Numerical
simulations of hierarchical halo formation indicate a rblyguniversal spherically-
averaged density profile for the resulting halos, thougthwitnsiderable scatter
among different halos. This profile has the fdrm
3H{ 3
p(r) = o m(1+2)"

de

Y .32
enz(l + enx)? (3.32)

iii This implies that dynamical time within the virial radius gdlaxies~ (Gpyi;)~'/2, is of order
a tenth of the age of the Universe at any redshift.

VA supernova is the explosion that follows the death of a masstar.

VThis functional form is commonly labeled as the ‘NFW profadter the original paper by Navarro,
J. F., Frenk, C. S. & White, S. D. MAstrophys. J490, 493 (1997).
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wherez = r/ryi;, and the characteristic densify is related to the concentration
parametery by

A, 03N

3 In(1+en) —en/(T+en)
The concentration parameter itself depends on the halo Masd a given redshift
z, with a value of order- 4 for newly collapsed halos.

5, = (3.33)

3.3 ABUNDANCE OF DARK MATTER HALOS

In addition to characterizing the properties of individbalos, a critical prediction
of any theory of structure formation is the abundance of fiad@amely, the number
density of halos as a function of mass, at any redshift. Thadiption is an impor-
tant step toward inferring the abundances of galaxies atakga&lusters. While
the number density of halos can be measured for particuamotogies in numeri-
cal simulations, an analytic model helps us gain physicdewstanding and can be
used to explore the dependence of abundances on all the loagoab parameters.

A simple analytic model which successfully matches moshefrtumerical sim-
ulations was developed by Bill Press and Paul Schechterd ¥9The model is
based on the ideas of a Gaussian random field of density pations, linear grav-
itational growth, and spherical collapse. Once a regiorhemtass scale of interest
reaches the threshold amplitude for a collapse accorditigear theory, it can be
declared as a virialized object. Counting the number of slestsity peaks per unit
volume is straightforward for a Gaussian probability disition.

To determine the abundance of halos at a redshifte used,,, the density
field smoothed on a mass scdlé, as defined ir§2.1. Sinced,, is distributed as
a Gaussian variable with zero mean and standard deviafidf) (which depends
only on the present linear power spectrum; see equation th&)robability that
0 IS greater than someequals

The basic ansatz is to identify this probability with thectian of dark matter par-
ticles which are part of collapsed halos of mass greater Maat redshiftz. There
are two additional ingredients. First, the value usedfiwd..it(2) (given in equa-
tion 3.27), which is the critical density of collapse fournd & spherical top-hat (ex-
trapolated to the present sineéM ) is calculated using the present power spectrum
atz = 0); and second, the fraction of dark matter in halos ahbiés multiplied

by an additional factor of 2 in order to ensure that everyiplertends up as part
of some halo with\/ > 0. Thus, the final formula for the mass fraction in halos
above) at redshiftz is

5c1’it(z) )
F(> M|z)=erfc| ——— | . 3.35
( 2 (\/50(1\/[) ( )
Differentiating the fraction of dark matter in halos aboVe yields the mass
distribution. Lettingdn be the comoving number density of halos of mass between
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M andM + dM, we have

dn _ [2pn —dlino)
dM ™ M dM

wherev, = d.it(z)/o(M) is the number of standard deviations which the critical

collapse overdensity represents on mass stéleThus, the abundance of halos

depends on the two functiomg M) andd..it(z), each of which depends on cos-

mological parameters.

The above simple ansatz was refined over the years to provadder match to
numerical simulation. In particular, the Press-Scheahi&ss function substantially
underestimates the abundance of the rare halos at highifted§he halo mass
function of Sheth & Tormen (1999) adds two free parameteas dtlow it to fit
numerical simulations much more accurately,

dn 2a’ pm —d(Ino) 1 o
— =A==y 1 a'v?/2
dM x M dM ° (@) | ©

with best-fit parameters’ = 0.75 and¢’ = 0.3, and where proper normalization
is ensured by adopting’ = 0.322. Results for the associated comoving density of
halos of different masses at different redshifts are showFigure 3.2.

The ad-hoc factor of 2 in the Press-Schechter derivatioadessary, since other-
wise only positive fluctuations afy, would be included. Bond et al. (1991) found
an alternate derivation of this correction factor, usingféetent ansatz, called the
excursion set (or extended Press-Schechter) formdftsin. their derivation, the
factor of 2 has a more satisfactory origin. For a given magseven ifd,; is
smaller thard.,i;(2), it is possible that the corresponding region lies inside-a r
gion of some larger mas¥/;, > M, with d5;, > dei¢(2). In this case the original
region should be counted as belonging to a halo of midgs Thus, the fraction
of particles which are part of collapsed halos of mass greélga M is larger than
the expression given in equation (3.34).

(3.36)

, (3.37)

3.3.1 The Excursion-Set (Extended Press-Schechter) Forilisam

The Press-Schechter formalism makes no attempt to deal théthcorrelations
among halos or between different mass scales. This meanwliia it can gen-
erate a distribution of halos at two different epochs, itssagthing about how
particular halos in one epoch are related to those in thengsedble therefore would
like some method to predict, at least statistically, theaghoof individual halos
via accretion and mergers. Even restricting ourselves bespal collapse, such a
model must utilize the full spherically-averaged densityfite around a particular
point. The potential correlations between the mean ovesitlea at different radii
make the statistical description substantially more diffic

The excursion set formalism seeks to describe the statistibalos by consider-
ing the statistical properties 6f R), the average overdensity within some spherical
window of characteristic radiug, as a function ofR. While the Press-Schechter
model depends only on the Gaussian distribution fufr one particularR, the ex-
cursion set considers alk. Again the connection between a value of the linear
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Figure 3.2 Top: The mass fraction incorporated into halos per logarithniticd halo mass

(M?dn/dM)/pm, as afunction ob at different redshifte. Herep,, = Q. p.

is the present-day matter density, ar(d\/)dM is the comoving density of halos
with masses betweel andM +dM. The halo mass distribution was calculated
based on an improved version of the Press-Schechter famdtir ellipsoidal
collapse [Sheth, R. K., & Tormen, GJon. Not. R. Astron. Soc329 61
(2002)] that fits better numerical simulatiorBottom: Number density of halos
per logarithmic bin of halo massddn/dM (in units of comoving Mpc?), at
various redshifts.
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regimed and the final state is made via the spherical collapse salstidhat there
is a critical valuei.,i;(z) of & which is required for collapse at a redshift

For most choices of window function, the functiof{s?) are correlated from one
R to another such that it is prohibitively difficult to calctéeathe desired statistics
directly. However, for one particular choice of a window &tion, the correlations
between differenfz greatly simplify and many interesting quantities may be cal
culated!® The key is to use &-space top-hat window function, namely,, = 1
for all £ less than some criticdl. andW,, = 0 for k& > k.. This filter has a spa-
tial form of W(r) o ji(ker)/ker, which implies a comoving volumeér? /3 or
massmp,,, /k2. The characteristic radius of the filterisk_ !, as expected. Note
that in real space, this window function exhibits a sinuaba@scillation and is not
sharply localized.

The great advantage of the sharspace filter is that the difference at a given
point betweerd on one mass scale and that on another mass scale is sthyistica
independent from the value on the larger mass scale. Withua<tan random field,
eachdy, is Gaussian distributed independently from the otherstlihieffilter,

- d3k

o) K<k (ar) (27) o (3.38)
meaning that the overdensity on a particular scale is sirtiy@ysum of the random
variablesdy, interior to the chosert.. Consequently, the difference between the
&(M) on two mass scales is just the sum of #hen the sphericak-shell between
the twok,, which is independent from the sum of thginterior to the smallek..
Meanwhile, the distribution of (A1) given no prior information is still a Gaussian
of mean zero and variance

o?(M) = iz / dk k*P(k). (3.39)
212 Jr<ko (0

If we now considep as a function of scalg,., we see that we begin froth= 0
atk. = 0 (M = ~o) and then add independently random pieces aisicreases.
This generates a random walk, albeit one whose stepsizesvaith k.. We then
assume that at redshift a given functions(k.) represents a collapsed maks
corresponding to thé. where the function first crosses the critical vatidg;(z).
With this assumption, we may use the properties of randorksal calculate the
evolution of the mass as a function of redshift.

It is now easy to re-derive the Press-Schechter mass fundticluding the pre-
viously unexplained factor of 2. The fraction of mass elete@mcluded in halos of
mass less thai/ is just the probability that a random walk remains belw. (z)
for all k. less thank,, the filter cutoff appropriate td/. This probability must
be the complement of the sum of the probabilities {@t5(K.) > deic(2), OF
that (b) 0(K.) < derit(2) but (k) > Senie(2) for somek’, < K.. But these
two cases in fact have equal probability; any random wallohgihg to class
(a) may be reflected around its first upcrossingégfi(z) to produce a walk of
class(b), and vice versa. Since the distribution &fK.) is simply Gaussian
with varianceo? (M), the fraction of random walks falling into claga) is simply
(1/V2m0?) fé‘f“(z) ds exp{—d2/20%(M)}. Hence, the fraction of mass elements
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included in halos of mass less thaf at redshiftz is simply

1 *° 52
e do —_ 3.40
Voro? ~/6Cm(z) P { 202(M) } ’ (3.40)

which may be differentiated to yield the Press-Schechtessnianction. We may
now go further and consider how halos at one redshift ar¢a@ta those at another
redshift. If it is given that a halo of madd, exists at redshift,, then we know
that the random functiofi(k..) for each mass element within the halo first crosses
d(z2) at k.o corresponding ta\/s. Given this constraint, we may study the distri-
bution of k. where the functiorﬁ(kc) crosses other thresholds. It is particularly
easy to construct the probability distribution for wherjerdories first cross some
Oerit(21) > Oerit(22) (implying z; > 29); clearly this occurs at somie.; > k..
This problem reduces to the previous one if we translate tiggnoof the random
walks from (k.,8) = (0,0) to (kea, derit(22)). We therefore find the distribution
of halo massed/; that a mass element finds itself in at redshiftgiven that it is
part of a larger halo of mas¥/; at a later redshifts, is

Fl<M)=1-2x

dP
M(Mla 21| Ma, z2) =
\/? Ocrit (21) — Ocrit(22) | do(My) exp d [Scrit(21) — Oerit (22)]2
7 [02(My) — 2 (M) | anty | P\ 202 (My) — o2 (Ma)] S
(3.41)
This may be rewritten as saying that the quantity
17 _ 5c1’it (Zl) - 5crit(z2) (342)

Vo2 (My) — o?(Mz)
is distributed as the positive half of a Gaussian with unitarzce; equation (3.42)
may be inverted to find/; ().

We can interpret the statistics of these random walks agtbbsierging and ac-
creting halos. For a single halo, we may imagine that as we baek in time, the
object breaks into ever smaller pieces, similar to the dnargcof a tree. Equation
(3.41) is the distribution of the sizes of these branchesitesgiven earlier time.
However, using this description of the ensemble distridoutio generate random
realizations of single merger trees has proven to be diffidual all cases, one re-
cursively steps back in time, at each step breaking the finjakbdinto two or more
pieces. A simplified scheme may assume that at each timets&epbject breaks
into only two pieces. One value from the distribution (3.4ign determines the
mass ratio of the two branches.

We may also use the distribution of the ensemble to deriveesadditional an-
alytic results. A useful example is the distribution of thEpeh at which an object
that has mas8/, at redshiftzo has accumulated half of its mass. The probability
that the formation time is earlier than can be defined as the probability that at
redshiftz; a progenitor whose mass exceéds/2 exists:

M.

> M, dP
Pz >z :/ 2 (M, 21| Ms, 25)dM, (3.43)
(27> 21) M2/2MdM( 1M, 22)
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wheredP/dM is given in equation (3.41). The factor df; /M corrects the count-
ing from being mass weighted to number weighted; each halwasi)/; can have

only one progenitor of mass greater thafy /2. Differentiating equation (3.43)
with respect to time gives the distribution of formation & Overall, the excursion
set formalism provides a good approximation to more exagterical simulations

of halo assembly and merging histories.

3.4 NONLINEAR CLUSTERING: THE HALO MODEL

3.5 NUMERICAL SIMULATIONS OF STRUCTURE FORMATION
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Chapter Five

The First Stars

5.1 CHEMISTRY AND COOLING OF PRIMORDIAL GAS

When a dark matter halo collapses, the associated gasfalisispeed comparable
to V. in equation (3.29). When multiple gas streams collide antlest® a static
configuration, the gas shocks to the virial temperaflizg in equation (3.30) — at
which it is supported against gravity by its thermal pressukt this temperature,
the Jeans mass equals the total mass of the galaxy. In ondigadmnentation to
occur and stars to form, the collapsed gas has to cool andcegseduntil its Jeans
mass drops to the mass scale of individual stars.

Cooling of the gas in the Milky Way galaxy (the so-called &rgtellar medium”)
is controlled by abundant heavy elements, such as carbgmeox or nitrogen,
which were produced in the interiors of stars. However, beetbe first stars formed
there were no such heavy elements around and the gas was abtd only through
radiative transitions of atomic and molecular hydrogerguié 5.1 illustrates the
cooling rate of the primordial gas as a function of its tenapere. Below a temper-
ature of~ 10K, atomic transitions are not effective because collisiam®ng the
atoms do not carry sufficient energy to excite the atoms andecthem to emit ra-
diation through the decay of the excited states. Since thtegfirs clouds around the
Jeans mass had a virial temperature well belO#K, cooling and fragmentation
of the gas had to rely on an alternative coolant with suffityelow energy levels
and a correspondingly low excitation temperature, nameliegular hydrogen, b
Hydrogen molecules could have formed through a rare chémgaation involving
the negative hydrogen (H) ion in which free electrons (€ act as catalysts. After
cosmological recombination, thesHhbundance was negligible. However, inside
the first gas clouds, there was a sufficient abundance of feetrens to catalyze
H> and cool the gas to temperatures as low as hundreds of dé{(sesilar to the
temperature range presently on Earth).

The hydrogen molecule is fragile and can easily be brokenWyhbtons (with
energies in the range of 11.26-13.6 é\ty which the cosmic gas is transparent
even before it is ionize¢f The first population of stars was therefore suicidal. As
soon as the very early stars formed and produced a backgafud¥ light, this
background light dissociated molecular hydrogen and segged the prospects for
the formation of similar stars inside distant halos with lwal temperature§y;,.

As soon as halos witl,;, > 10*K formed, atomic hydrogen was able to cool the
gas in them and allow fragmentation even in the absence ofiHaddition, once

i1 electron Volt (eV) is an energy unit equivalentlt® x 10~ '2ergs or 11,604K.
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Figure 5.1 Cooling rates as a function of temperature forimmqmial gas composed of

atomic hydrogen and helium, as well as molecular hydrogerthé absence
of any external radiation. We assume a hydrogen number tgengi =
0.045 cm ™3, corresponding to the mean density of virialized halos at 10.

The plotted quantityA /n%; is roughly independent of density (unlesg >

10 em™3), whereA is the volume cooling rate (in erg/sec/&n The solid line
shows the cooling curve for an atomic gas, with the charetiepeaks due to
collisional excitation of hydrogen and helium. The dashed shows the addi-

tional contribution of molecular cooling, assuming a malec abundance equal
to 1% of np.
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the gas was enriched with heavy elements, it was able to vealmore efficiently.

5.1.1 Chemistry

Before elements heavier than helium (denoted by astroroasfmetals’) were
produced in stellar interiors, the primary molecule whicigjaires sufficient abun-
dance to affect the thermal state of the pristine cosmic gasmolecular hydrogen,
H>. The dominant K formation process is

H + ¢ — H + hv, (5.1)
H + H — Hy, + e, (5.2)

where free electrons act as catalysts. The set of importerhizal reactions lead-
ing to the formation of His summarized in Table 5.1, along with the associated rate
coefficients. Table 5.2 shows the same for deuterium medlig@ctions. Due to
the low gas density, the chemical reactions are slow and tileqular abundance

is far from its value in chemical equilibrium. After cosmgical recombination
and before the first galaxies had formed, the fractionahbundance is very small
(~ 6 x 1077) relative to hydrogen by numbéf. At redshiftsz < 100, the gas
temperature in most regions is too low for collisional iatinn to be effective, and
free electrons (over and above the residual electron &raptire mostly produced
through photoionization of neutral hydrogen by UV or X-ragiation from stars.

In objects with baryonic masses3 x 10*M,, gravity dominates and results in
the bottom-up hierarchy of structure formation charastariof CDM cosmologies;
at lower masses, gas pressure delays the collapse. Thelfjestt®to collapse
are those at the mass scale that separates these two re@uonas.objects reach
virial temperatures of several hundred degrees and camiaginto stars only
through cooling by molecular hydrogen. In other words, ¢hee two independent
minimum mass thresholds for star formation: the Jeans nmakg€d to accretion)
and the cooling mass (related to the ability of the gas to owel a dynamical
time). For the very first objects, the cooling threshold isms@vhat higher and sets
a lower limit on the halo mass ef 5 x 10* M, atz ~ 20.

However, molecular hydrogeii{) is fragile and can easily be photo-dissociated
by photons with energies dfl.26—13.6eV, to which the IGM is transparent even
before it is ionized. The photo-dissociation occurs thfoagwo-step process, first
suggested by Phil Solomon in 1965 and later analyzed qatingily'® by Stecher &
Williams (1967). Haiman, Rees, & Loeb (1997) evaluated tlegage cross-section
for this process between 11.26eV and 13.6eV, by summingdbdlator strengths
for the Lyman and Werner bands Hf, and obtained a value 8f71 x 10~ '® cm?.
They showed that the UV flux capable of dissociafifigthroughout the collapsed
environments in the universe is lower by more than two ordérsagnitude than
the minimum flux necessary to ionize the universe. The iabld conclusion is
that soon after trace amounts of stars form, the formaticadaditional stars due to
H, cooling is suppressed. Further fragmentation is possiblg through atomic
line cooling, which is effective in objects with much higherial temperatures,
Tyir > 10*K. Such objects correspond to a total mas$0® Mg [(1 + z)/10]~3/2.
Figure 5.2 illustrates this sequence of events by desgitvito classes of objects:
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those withT,;, < 10*K (small dots) and those witffi,;, > 10*K (large dots). In
the first stage (top panel), some low-mass objects colldpsm, stars, and create
ionized hydrogen (H 1) bubbles around them. Once the UV bemknd between
11.2-13.6eV reaches a specific critical levé), is photo-dissociated throughout
the universe and the formation of new stars is delayed ubjéas withT,;, >
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Figure 5.2 Stages in the reionization of hydrogen in thergratiactic medium.

When considering the photo-dissociation of before reionization, it is impor-
tant to incorporate therocessedpectrum of the UV background at photon energies
below the Lyman limit. Due to the absorption at the Lymaneseresonances this
spectrum obtains the sawtooth shape shown in Figure 5.3arisophoton energy
above Lymana at a particular redshift, there is a limited redshift inriaeyond
which no contribution from sources is possible because thesponding photons
are absorbed through one of the Lyman-series resonanceggtale way. Consider,
for example, an energy of 11 eV at an observed redshift10. Photons received
at this energy would have to be emitted at the 12.1 eV Lyifiéine fromz = 11.1.
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Table 5.1 Important reaction rates for Hydrogen speciesiaations of temperatur® in K
[with Tz = (T/10°K)]. For a comprehensive list of additional relevant reaction
see Haiman, Z., Rees, M. J., & Loeb, Astrophys. J467, 522 (1996); Haiman,
Z.,Thoul, A. A., & Loeb, A. Astrophys. J464, 523 (1996); and Abel, T. Anninos,
P., Zhang, Y., & Norman, M. LAstrophys. J508 518 (1997).

Reaction Rate Coefficient
(cmPs™1)
(1) H+e —Ht+2e  5.85x 10~ 1T/ 2exp(—157,809.1/T) (1 + Ta'?)~}
(2) H +em —H+hy 8.40 x 10~ 1T =127 02(1 4 Q7)1
(3) H+e- — H +hv 1.65 x 10_18Tf.76+0.1510g10 T4—0.033 logfo Ty
(4) H+H —Hy+e 1.30 x 1079
(5) H +HT —2H 7.00 x 10777 ~1/2
(6) Hy+e  —H+H" 2.70 x 10787~3/2exp(—43,000/T")
(7) Ho+Ht —Hj +H 2.40 x 10~%exp(—21,200/7)
(8) Ho+e  —2H+e~ 4.38 x 10~ %exp(—102, 000/T)1°-3°
(9) H +e” —H+2e™ 4.00 x 107127 exp(—8750/T)
(10) H +H—2H+e™ 5.30 x 10~207 exp(—8750/7)

Thus, sources in the redshift interval 10-11.1 could be s¢é1 eV, but radiation
emitted by sources at > 11.1 eV would have passed through the 12.1 eV energy
at some intermediate redshift, and would have been absoMredbserver viewing
the universe at any photon energy above Lymaweould see sources only out to
some horizon, and the size of that horizon would depend ophb&on energy. The
number of contributing sources, and hence the total backgtfux at each photon
energy, would depend on how far this energy is from the neéayesan resonance.
Most of the photons absorbed along the way would be re-edréitié ymane and
then redshifted to lower energies. The result is a sawtop#ttsum for the UV
background before reionization, with an enhancement bélewymane energy.
Unfortunately, the direct detection of the redshifted sat spectrum as a remnant
of the reionization epoch is not feasible due to the muchdnidibx contributed by
foreground sources at later cosmic times.

The radiative feedback ong-heed not be only negative, however. In the dense
interiors of gas clouds, the formation rate of Eould be accelerated through the
production of free electrons by X-rays. This effect couldisteract the destructive
role of H, photo-dissociation.

5.2 FORMATION OF THE FIRST METAL-FREE STARS

5.2.1 Sheets, Filaments, and Only Then, Galaxies

The development of large scale cosmic structures occutsr@etstages, as orig-
inally recognized by the Soviet physicist Yakov Zel'dovickirst, a region col-
lapses along one axis, making a two-dimensional sheet. feesheet collapses
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Figure 5.3 The average spectrum during the initial phaskeifaionization epoch (arbitrary

units). The upper panel shows that absorption by neutratdggh and helium
suppresses the flux above 13.6eV up to the keV range. The jmaverl shows
a close-up of the sawtooth modulation due to line absorgiglow 13.6 eV. A
constant comoving density of sources was assumed, withssaghe emitting a
power-law continuum, which would result in the spectrumvehdy the dashed
lines if absorption were not taken into account. Figure itrétaiman, Z., Rees,
M. J., & Loeb, A.Astrophys. J476, 458 (1997).

Table 5.2 Reaction rates for Deuterium species as functbnemperaturel’ in K [with

Te = (T/10°K)].

Reaction Rate Coefficient
(cm’s™)
(1) Dt+e” —D+hv 8.40 x 10~ T2, 92(1 + 19 7)~1
(2) D+H" —-DT+H 3.70 x 10~ 1070-28exp(—43/T)
(3) D"+H—-D+H" 3.70 x 10~1070-28
(4 DT +Hy; - HT+HD 2.10 x 1079
(5) HD+H' —Hy+D* 1.00 x 10~ %xp(—464/7)
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along the second axis, making a one-dimensional filamemtalllyj the filament
collapses along the third axis into a virialized halo. A stag of the distribution
of dark matter at a given cosmic time should show a mix of thggsametries in
different regions that reached different evolutionarygst (owing to their differ-
ent densities). The sheets define the boundary of voids froerevtheir material
was assembled; the intersection of sheets define filamerdsha intersection of
filaments define halos — into which the material is ultimatigined. The result-
ing network of structures, shown in Figure 5.4, delineatesdo-called “cosmic
web.” Gas tends to follow the dark matter except within shalpotential wells
into which it does not assemble, owing to its finite pressi€emputer simula-
tions have provided highly accurate maps of how the darkenddtexpected to
be distributed since its dynamics is dictated only by gsatitit unfortunately, this
matter is invisible. As soon as ordinary matter is added,merity arises because
of its cooling, chemistry, and fragmentation into stars afetk holes. Although
theorists have a difficult time modelling the dynamics ofiblis matter reliably,
observers can monitor its distribution through telescofjde art of cosmological
studies of galaxies involves a delicate dance between whathserve but do not
fully understand and what we fully understand but cannoeoles

Stars form in the densest, coolest knots of gas, in whichéhesimass is low-
ered to the scale of a single star. By observing the radidtmn galaxies, one is
mapping the distribution of the densest peaks. The simédianalogous to a satel-
lite image of the Earth at night in which light paints the dpétocations of big
cities, while many other topographical details are hiddemfview. It is, in princi-
ple, possible to probe the diffuse cosmic gas directly byeolking its emission or
absorption properties.

We will describe two methods for studying structures in tadyeUniverse:(i)
imaging the stars and black holes within the first galaxiesl @) imaging the
diffuse gas in between these galaxies.

5.2.2 Metal-free Stars

The formation of the first stars hundreds of millions of yeafter the Big Bang
marks the temporal boundary between these two branchetier®aan that, the
Universe was elegantly described by a small number of patemeBut as soon as
the first stars formed, complex chemical and radiative pgses entered the scene.
13.7 billion years later, we find very complex structuresusuw us. Even though
the present conditions in galaxies are a direct consequeittes simple initial
conditions, the relationship between them was irreveydibirred by complex pro-
cesses over many decades of scales that cannot be fullyasgdwlith present-day
computers. Complexity reached its peak with the emergehde@otogy out of
astrophysics. Although the journey that led to our existewes long and compli-
cated, one fact is clear: our origins are traced to the prooliof the first heavy
elements in the interiors of the first stars.

Gas cooling in nearby galaxies is affected mostly by heasgnehts (in a variety
of forms, including atoms, ions, molecules, and dust) whiehproduced in stellar
interiors and get mixed into the interstellar gas by supesnexplosions. These
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Figure 5.4 The large-scale distributions of dark mattdt)knd gas (right) in the IGM show
a network of filaments and sheets, known as the “cosmic wekérdll, the gas
follows the dark matter on large scales but is more smootistyiduted on small
scales owing to its pressure. The snapshots show the prdjeensity contrast
in a 7 Mpc thick slice at zero redshift from a numerical sintigla of a box
measuringl40 comoving Mpc on a side. Figure credit: Trac, H., & Pen, U.-L.
New Astron9, 443 (2004).

powerful explosions are triggered at the end of the life obane stars after their
core consumes its nuclear fuel reservoir, loses its pressupport against gravity,
and eventually collapses to make a black hole or a compaatnstde of neutrons
with the density of an atomic nucleus. A neutron star has e sfzorder~ 10
kilometers — comparable to a big city — but contains a masgeoable to the Sun.
As infalling material arrives at the surface of the protastien star, it bounces
back and sends a shock wave into the surrounding envelope star which then
explodes, exporting heavy elements into the surroundindjune

The primordial gas out of which the first stars were made h&d @6its mass in
hydrogen and 24% in helium and did not contain elements ketvan Lithium*®
This is because during Big-Bang nucleosynthesis, the aneRrpansion rate was
too fast to allow the synthesis of heavier elements througlear fusion reactions.
As a result, cooling of the primordial gas and its fragmentainto the first stars
was initially mediated by trace amounts of molecular hy@ma halos just above
the cosmological Jeans mass~00.1-1 million solar masses/{;, ~ hundreds of
degrees K). Subsequently, star formation became much rifaiert through the
cooling of atomic hydrogen (see Figure 5.1) in the first dvgatfaxies that were at
least a thousand times more massiVg,( > 10*K; see equation 3.30). The evolu-
tion of star formation in the first galaxies was also shaped kgriety of feedback
processes. Internal self-regulation involved feedbaoknfvigorous episodes of
star formation (through supernova-driven winds) and blaale accretion (through
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the intense radiation and outflows it generates). But there also external feed-
back. The reionization of the intergalactic gas heated #seagnd elevated its Jeans
mass. After reionization the intergalactic gas could notehassembled into the
shallowest potential wells of dwarf galaxi&s.This suppression of gas accretion
may explain the inferred deficiency of dwarf galaxies rektio the much larger
population of dark matter halos that is predicted to exishbgnerical simulations
but not observed around the Milky WAY. If this interpretation of the deficiency
is correct, then most of the low-mass halos that formed adienization were left
devoid of gas and stars and are therefore invisible todaybBiore we get to these
late stages, let us start at the beginning and examine threaf@n sites of the very
first stars.

How did the the first clouds of gas form and fragment into tret fitars? This
questions poses a physics problem with well specified Imitaditions that can be
solved on a computer. Starting with a simulation box in whpcimordial density
fluctuations are realized (based on the initial power spectof density perturba-
tions), one can simulate the collapse and fragmentatioheofitst gas clouds and
the formation of stars within them.

Results from such numerical simulations of a collapsing ath ~ 101/, are
presented in Figure 5.5. Generically, the collapsing negiakes a central massive
clump with a typical mass of hundreds of solar masses, whigipéns to be the
Jeans mass for a temperature~000K and the density 10* cm 2 at which the
gas lingers because itsldooling time is longer than its collapse time at that point.
Soon after its formation, the clump becomes gravitatignatfistable and undergoes
runaway collapse at a roughly constant temperature dug tbling. The central
clump does not typically undergo further sub-fragmentatiand is expected to
form a single star. Whether more than one star can form in ant@gs halo thus
crucially depends on the degree of synchronization of clémnmation?? since the
radiation from the first star to form can influence the motiéthe surrounding gas
more than gravity>

How massive were the first starsStar formation typically proceeds from the
inside out, through the accretion of gas onto a central hgtdt@w core. Whereas
the initial mass of the hydrostatic core is very similar foinpordial and present-
day star formation, the accretion process — ultimately sasjble for setting the
final stellar mass — is expected to be rather different. Onedsional grounds,
the mass growth rate is simply given by the ratio between damsg mass and the
free-fall time, implying(dm.. /dt) ~ ¢3/G o T?/2. A simple comparison of the
temperatures in present-day star forming regions, in wihieavy elements cool
the gas to a temperature as lowBs~ 10 K, with those in primordial clouds
(T ~ 200 — 300 K) already indicates a difference in the accretion rate ofano
than two orders of magnitude. This suggests that the finst gtare probably much
more massive than their present-day analogs.

The rate of mass growth for the star typically tapers off withe* A rough
upper limit for the final mass of the star is obtained by cauitig its accretion for
its total lifetime of a few million years, yielding a final masf < 103M. Can
a Population Il star ever reach this asymptotic mass limithe answer to this
guestion is not yet known with any certainty, and it depend$iow accretion is
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Figure 5.5 Results from a numerical simulation of the foioratof a metal-free star
[Yoshida, N., Omukai, K., & Hernquist, LScience321, 669 (2008)] and its
feedback on its environment [Bromm, V., Yoshida, N., HetisglL., & McKee,
C. F.Nature459, 49 (2009)]. Top: Projected gas distribution around a primor-
dial protostar. Shown is the gas density (shaded so thatgtagkdenotes the
highest density) of a single object on different spatialesga) the large-scale
gas distribution around the cosmological mini-hglm)the self-gravitating, star-
forming cloud;(c) the central part of the fully molecular core; a(d) the final
protostar.Bottom: Radiative feedback around the first star involves ionizeat bu
bles (light grey) and regions of high molecule abundanced{ume grey). The
large residual free electron fraction inside the relic imd regions, left behind
after the central star has died, rapidly catalyzes the medtion of molecules and
a new generation of lower-mass stars.
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eventually curtailed by feedback from the star.

The youngest stars in the Milky Way galaxy, with the highdsiredance of ele-
ments heavier than helium (referred to by astronomers atalsip- like the Sun,
were historically categorized as Population | stars. Oklars, with much lower
metallicity, were called Population Il stars, and the firgtat-free stars are referred
to as Population III.

Currently, we have no direct observational constraints ow lthe first stars
formed at the end of the cosmic dark ages, in contrast to tredthvef observa-
tional data we have on star formation in the local Univeéfsdopulation | stars
form out of cold, dense molecular gas that is structured ioragiex, highly inho-
mogeneous way. The molecular clouds are supported agamstygby turbulent
velocity fields and are pervaded on large scales by magnetisfi Stars tend to
form in clusters, ranging from a few hundred up~010° stars. It appears likely
that the clustered nature of star formation leads to corapit dynamical inter-
actions among the stars. The initial mass function (IMF) gptdation | stars is
observed to have a broken power-law form, originally idtedi by Ed Salpetet
with a number of stargV, per logarithmic bin of star mass,,

N _
d my T, (5.3)

dlogm, x
where

I~ 1.35 for m, > 0.5Mg
- 0.0 for 0.008Mg < my < 0.5Mg

The lower cutoff in mass corresponds roughly to the minimuagfent mass, set
when the rate at which gravitational energy is releasechdutie collapse exceeds
the rate at which the gas can cd6él.Moreover, nuclear fusion reactions do not
ignite in the cores of proto-stars below a mass~0f.08M,, so-called “brown
dwarfs”. The most important feature of this IMF is thatl M, characterizes the
mass scale of Population | star formation, in the sense tbat of the stellar mass
goes into stars with masses close to this value.

Since current simulations indicate that the first stars weeglominantly very
massive & 30M ), and consequently rather different from present-dayestpbp-
ulations, an interesting question arisesw and when did the transition take place
from the early formation of massive stars to the late-tintenfition of low-mass
stars?

The very first stars formed under conditions that were muaotpkr than the
highly complex birth places of stars in present-day molacelouds. As soon
as these stars appeared, however, the situation becamecoroptex due to their
feedback on the environment. In particular, supernovaasiphs dispersed the
heavy elements produced inside the first generation of gitwsthe surrounding
gas. Atomic and molecular cooling became much more effi@éet the addition
of these metals.

Early metal enrichment was likely the dominant effect thadught about the
transition from Population 11l to Population Il star fornat. Comparison of the
cooling rate by singly-ionized carbon and neutral oxygethtat of H, indicates
that as soon as the abundance of these elements exceedetlaslsmall as 0.1%

(5.4)
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of the solar abundance (or even lower if dust forms), theingadf the gas became
much more efficient than that provided by Hholecules’® The characteristic mass
scale for star formation is therefore expected to be a fonadf metallicity, with

a sharp transition at this metallicity threshold, abovechhihe characteristic mass
of a star gets reduced by about two orders of magnitude. Kesless, one should
keep in mind that the temperature floor of the gas was dictayetle CMB (whose
temperature was4.6 x [(1 + z)/20] K) and therefore even with efficient cooling,
the stars at high redshifts were likely more massive tharstiies found today.

The maximum distance out to which a galactic outflow mixes/fiedements
with the IGM can be estimated based on energy considerafldtvesmechanical en-
ergy released’ will accelerate all the gas it encounters into a thin shedlpitysical
distanceR,,. from the central source. In doing so, it must acceleratewepsup
gas to the Hubble flow velocity at that distance= H (z) Riax. Ifthe shocked gas
has a short cooling time, then its original kinetic enerdp# and is unavailable for
expanding the shell. Ignoring the gravitational effectlod host galaxy, deviations
from the Hubble flow, and cooling inside the cavity boundedtmsy shell, energy
conservation impliest = +Mv2, whereM; = 2ZpR3 . At z > 1, this gives
a maximum outflow distance,,.x ~ 50 kpc(FE/10%6 ergs)t/5[(1 + 2)/10]75/5.
The maximum radius of influence from a galactic outflow carrdéfage be es-
timated based on the total number of supernovae that poweadh releasing
~ 10°! ergs of which a substantial fraction may be lost by early coolingthe
massM,,;,, of the central black hole (typically releasing a fractionaopercent of
Mync? in mechanical energy). More detailed calculations giveilsinresults?®
Finally, the fraction of the IGM enriched with heavy elem&nan be obtained by
multiplying the density of galactic halos with their indiial volumes of influence.

Since the earliest galaxies represent high density peaksuantherefore clus-
tered, the metal enrichment process was inherently nofowumi The early evolu-
tion of the volume filling of metals in the IGM can be inferrediin the spectra of
bright high-redshift source¥. Even at late cosmic times, it should be possible to
find regions of the Universe that are composed of primordaal ghd hence could
make Population Il stars. Since massive stars produceiianphotons much more
effectively than low-mass stars, the transition from Pagiah Il to Population Il
stars had important consequences for the ionization lyistidhe cosmic gas. By a
redshift ofz ~ 5, the average metal abundance in the IGM is observed to b
of the solar value, as expected from the heavy element yfelldeosame massive
stars that reionized the Univerde.

The initial mass function of metal-free stars was likelyeafed by radiative feed-
back before it was influenced by metal enrichment feedbacklytn, ionizing
photons from the first stars are expected to travel farthan the metal-rich out-
flows from their associated supernovae. It is therefordylikeat a second genera-
tion of stars with an intermediate characteristic massl (/) formed in metal-
free regions that were photo-ionized by the very first staside of which molec-
ular chemistry was accelerated and cooling byadd HD was enhanced.
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5.2.3 Properties of the First Stars

Primordial stars that are hundreds of times more massivetieSun have an effec-
tive surface temperatufE g approaching- 10° K, with only a weak dependence
on their mass. This temperature~s17 times higher than the surface temperature
of the Sun,~ 5800 K. These massive stars are held against their self-grayitab
diation pressure, having the so-calleddington luminositysee derivation i§6.3)
which is strictly proportional to their mass,,

Lp=13x10%° ( -1 5.5
E 3x 10 <1OOM@ ergs -, (5.5)

and is a few million times more luminous than the Siip, = 4 x 1033 ergs—!.
Because of these characteristics, the total luminositycaat of a cluster of such
stars simply depends on its total mass and not on the masguligtn of stars
within it. The radii of these starR, can be calculated by equating their luminosity
to the emergent blackbody fluxI’%; times their surface aresér R? (whereo =
5.67 x 107° erg cm~2 s~ ! deg~* is the Stefan-Boltzmann constant). This gives

L 1/2 m 1/2
Ry = —t =43 x 10" - 5.6
<4mT§H> AT (100M@) - 69

which is~ 6 times larger than the radius of the Suty, = 7 x 10! cm.

The high surface temperature of the first stars makes theah fiaetories of ion-
izing photons. To free (ionize) an electron out of a hydrogésm requires an
energy of 13.6eV (equivalent, through a division by Boltzim'a constank gz, to a
temperature of 1.6 x 10°K), which is coincidentally the characteristic energy of
a photon emitted by the first massive stars.

The first stars had lifetimes of a few million years, indepemtdof their mass.
During its lifetime, a Population Il star produced 10° ionizing photons per
proton incorporated in it. This means that only a tiny frant{(> 10~°) of all the
hydrogen in the Universe needs to be assembled into Populdkistars in order
for there to be sufficient photons to ionize the rest of thendogyas. The actual
required star formation efficiency depends on the fractiballoionizing photons
that escape from the host galaxies into the intergalacBce|ff...) rather then
being absorbed by hydrogen inside these galaXigsor comparison, Population
Il stars produce on average 4,000 ionizing photons per proton in them. If the
Universe was ionized by such stars, then a much larger tnagtly a factor of
~ 25) of its gaseous content had to be converted into stars inr d¢odeave the
same effect as Population 11l stars.

The first stars had a large impact on their gaseous environrmbair UV emis-
sion ionized and heated the surrounding gas, and their windapernova explo-
sions pushed the gas around like a piston. Such feedbaaktsffentrolled the
overall star formation efficiency within each galaxfy,. This efficiency is likely
to have been small in the earlier galaxies that had shallaengial wells, and it is
possible that the subsequent Population Il stars domirtagepgroduction of ioniz-
ing photons during reionization. By today, the global fractof baryons converted
into stars in the Universe is 10%.34
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The accounting of the photon budget required for reionarais simple. If only
a fractionf, ~ 10% of the gas in galaxies was converted into Population Il stars
and only fosc ~ 10% of the ionizing radiation escaped into intergalactic space
then more thar- 1/(4000 x 10% x 10%) = 2.5% of the matter in the Universe
had to collapse into galaxies before there was one ionizhmgqn available per
intergalactic hydrogen atom. Reionization completed dheenumber of ionizing
photons grew by another factor of a few to compensate formédaations in dense
intergalactic regions.

It is also possible to predict the luminosity distributioftioe first galaxies as a
function of redshift and photon wavelength by “dressing thg mass distribution
of halos in Figure 3.2 with light. The simplest prescriptiould be to assume
that some fractiorf, (2, /2, ) of the total mass in each halo above the Jeans mass
is converted into stars with a prescribed stellar massidigton (Population Il or
Population 11l) over some prescribed period of time (redate the rotation time
of the disk). Using available computer codes for the comthisgectrum of the
stars as a function of time, one may then compute the luntindsstribution of
the halos as a function of redshift and wavelength and mad@igtions for future
observations® The association of specific halo masses with galaxies ofifft
luminosities can also be guided by their clustering prapsff

The end state in the evolution of massive Population llisstlepends on their
mass and rotation rate. Ignoring rotation, one finds thakbiwian intermediate
mass range of40—-260M, they were likely to explode as energepiair-instability
supernovagand outside this mass range they were likely to implode biack
holes3” A pair-instability supernova is triggered when the corehef very massive
low-metallicity star heats up in the last stage of its eviolut This leads to the pro-
duction of electron-positron pairs as a result of collisibetween atomic nuclei and
energetic gamma-rays, which in turn reduces thermal pregsside the star’s core.
The pressure drop leads to a partial collapse and then geeatklerated burning in
a runaway thermonuclear explosion which blows the star tpouit leaving a rem-
nant behind. The kinetic energy released in the explosiatda@ach~ 103 ergs,
exceeding the kinetic energy output of typical supernowaéam orders of mag-
nitude. Although the characteristics of these powerfullesipns were predicted
theoretically several decades ago, there has been no soreckvidence for their
existence so far. Because of their exceptional energy taitpair-instability su-
pernovae would be prime targets for future surveys of thé $iars with the next
generation of telescope$l2.1.4).

Where are the remnants of the first stars located toddy very first stars
formed in rare high-density peaks, hence their black haten@nts are likely to
populate the cores of present-day galaxies. However, thedfuhe stars which
formed in low-mass systems at later times are expected taveetimilarly to the
collisionless dark matter particles, and populate galaigh

Although the very first generation of local galaxies are &drieep in the core of
the Milky Way, most of the stars there today formed much |atexking the search
for rare old stars as impractical as finding needles in a balisBecause the outer
Milky Way halo is far less crowded with younger stars, it ischieasier to search
for old stars there. Existing halo surveys discovered a fadjmn of stars with
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exceedingly low iron abundance (10~° of the solar abundance of iron relative to
hydrogen), but these “anemic” stars have a high abundarateéerf heavy elements,
such as carbof We do not expect to find the very first population of massivessta
in these surveys, since these had a lifetime of only a fewianilyears, several
orders of magnitude shorter than the period of time that hegssed since the dark
ages.

5.2.4 Feedback (UV lllumination, Metal Enrichment, Remnarts)

5.3 LATER GENERATIONS OF STARS

5.4 GLOBAL PARAMETERS OF HIGH-REDSHIFT GALAXIES

5.4.1 Minimum Mass
5.4.2 Size Distribution

The net angular momenturh of a galaxy halo of masa/, virial radiusry;,, and
total energyE, is commonly quantified in terms of the dimensionless spiraipa
eter,

A= JIEV2G M2 (5.7)

Expressing the halo rotation speedias, ~ J/(Mr;) and approximating®'| ~
MV?2 with V2 ~ GM /7y, we find\ ~ Vi /Ve, i.e. X is roughly the fraction

of the maximal rotation speed beyond which the halo wouldabngp. As the
baryons cool and lose their pressure support, they setdedtationally-supported
disk, whose mass is a fraction, of the halo mass and its angular momentum is
a fractionj, of that of the halo. The scale radius of the disk is set by iartal
support3®

Ry = L <J—d) Avir - (5.8)

mq

At a fixed halo mass, the size of the associated disk is exppéatdecrease with
increasing redshift at > 1 asR; o (1 + z)~!. Observations indicate that the
luminous cores of galaxies follow this expected trend olierwide redshift range
of 2 < z < 8, as illustrated in Figure 5.6.

The observed distribution of disk sizes in local galaxieggasts that the specific
angular momentum of the disk is similar to that of the halad an we assume
ja/ma = 1. The distribution of disk sizes is then determined by thelaslundance
and by the distribution of spin parameters. N-body simatsf indicate that the
latter approximately follows a lognormal distribution,

1 1n2()\/5\)} d\
A)d\ = exp |[————| —, 5.9
PN = ——exp | 2| (5.9
with A = 0.05 andoy, = 0.5.

The distribution of disks is truncated at the low-mass ergtdithe fact that gas
pressure inhibits baryon collapse and disk formation inlghepotential wells, i.e.
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Figure 5.6 Observed evolution of the mean half-light radiigalaxies across the redshift
range2 < z < 8 in two bins of fixed intrinsic luminosity: (0.3-D.(z = 3)
(top) and (0.12-0.3)..(z = 3) (bottom), wherel.(z = 3) is the characteristic
luminosity of a galaxy at = 3 (Eq. 12.6). Different point types correspond
to different methods of analysing the data. The dashed iimdisate the scaling
expected for a fixed halo mass: ((1 + z)~*; black) or at fixed halo circular
velocity (x (1 + z)’3/2; gray). The central solid lines correspond to the best-fit
to the observed evolution describedday(1 + z) =™, withm = 1.12 £ 0.17 for
the brighter luminosity bin, anth = 1.32 £+ 0.52 at fainter luminosities. Figure
credit: Oesch, P. A., et aAstrophys. J709 L21 (2010).
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Figure 5.7 Theoretically predicted distribution of galaalisk sizes in various redshift in-
tervals. Each curve shows the fraction of the total numbantocontributed by
sources larger than an observed arjia arcseconds. The diametgis mea-
sured out to one scale lengtR,;. The label next to each curve indicates the
lower limit of the redshift interval; i.e. ‘0’ indicates soees with0 < z < 2, and
so forth for sources wit < z < 5,5 < z < 10, andz > 10. Figure credit:
Barkana, R., & Loeb, AAstrophys. J531, 613 (2000).

in halos with a low circular velocity.. In particular, photo-ionization heating by
the cosmic UV background heats the intergalactic gas to eactexistic tempera-
ture of~ 10* K and prevents it from settling into systems with a virial tesrgiure
below~ 10°K.

Figure 5.7 shows the fraction of the total number countsriauted by sources
with diameters greater thah as a function of), for a minimum circular velocity
of Vous = 50 km s~ 1.

Observationally, the star formation rate per unit area ilaxjas is correlated
(over~ 7 orders of magnitude) with the total surface mass density a@inular
and atomic gas to the power of 1.4 4+ 0.1. This so-calledKennicutt-Schmidt
relation*! can also be interpreted in terms of a fixed fraction of the galsl being
converted into stars per dynamical time in the associatedttiadisks. Itis unclear
whether star formation would obey the same relation at thentetallicity and low
initial magnetization of the gas within the first galaxies.



62 CHAPTER 5

5.5 GAMMA-RAY BURSTS: THE BRIGHTEST EXPLOSIONS

Gamma-ray bursts (GRBs) were discovered in the late 196@sdmerican Vela
satellites, built to search for flashes of high energy phe{gamma rays”) from
Soviet nuclear weapon tests in space. The United Stateedesithat the Soviets
might attempt to conduct secret nuclear tests after sigtiiegNuclear Test Ban
Treaty in 1963. On July 2, 1967, the Vela 4 and Vela 3 satsllitetected a flash
of gamma radiation unlike any known nuclear weapons sigeatlncertain of
its meaning but not considering the matter particularlyemty the team at the Los
Alamos Laboratory, led by Ray Klebesadel, filed the data afeayuture inves-
tigation. As additional Vela satellites were launched vii#tter instruments, the
Los Alamos team continued to find unexplained GRBs in theia.dBy analyzing
the different arrival times of the bursts as detected byeddiht satellites, the team
was able to estimate the sky positions of 16 bursts and deéilyitrule out either
a terrestrial or solar origin. The discovery was declassified published in 1973
(Astrophys. J182, L85) under the title “Observations of Gamma-Ray Bursts of
Cosmic Origin.”

The distance scale and nature of GRBs remained mysteriousdie than two
decades. Initially, astronomers favored a local origin tfeg bursts, associating
them with sources within the Milky Way. In 1991, the Comptoan@na Ray Ob-
servatory satellite was launched, and its “Burst and Teartsource Explorer”
instrument started to discover a GRB every day or two, irgirgathe total num-
ber of known GRBs up to a few thousand. The larger statistaaiple of GRBs
made it evident that their distribution on the sky is isotoopSuch a distribution
would be most natural if the bursts originate at cosmoldgigstances since the
Universe is the only system which is truly isotropic aroursd ievertheless, the
local origin remained more popular within the GRB commuifdtysix years, until
February 1997, when the Italian-Dutch satellite BeppoSA&¥edted a gamma-ray
burst (GRB 970228) and localized it to within minutes of asing its X-ray cam-
era. With this prompt localization, ground-based telegsopere able to identify a
fading counterpart in the optical band. Once the GRB aftevdaded, deep imag-
ing revealed a faint, distant host galaxy at the locatiomefdptical afterglow of the
GRB. The association of a host galaxy at a cosmologicalmistéor this burst and
many subsequent ones revised the popular view in favor oté&gting GRBs with
cosmological distances. This shift in popular view progidestimony to how a
psychological bias in the scientific community can be overtd by hard scientific
evidence'?

A GRB afterglow is initially brightest at short photon wagabths and then fades
away at longer wavelengths, starting in the X-ray band (tiweescales of minutes
to hours), shifting to the UV and optical band (over daysyl ending in the infrared
and radio (over weeks and monttis)Among the first detected afterglows, ob-
servers noticed that as the afterglow lightcurve fadedyidaration GRBs showed
evidence for a supernova flare, indicating that they are at¢sociated with core-

i For an extreme example of a GRB afterglow from a redshiét 0.94 that was bright enough to
be seen with the naked eye, see Bloom, J., ékgttophys. J691, 723 (2009).
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collapse supernova events. The associated supernovaelassiied as related
to massive stars which have lost their hydrogen envelopeviimd. In addition,
long-duration GRBs were found to be associated with staniiog regions where
massive stars form and explode only a million years aftemdpbiorn. These clues
indicated that long-duration GRBs are most likely assedatith massive stars.
The most popular model for long-duration GRBs became knawtha“collapsar”
modef? (see illustration 5.8). According to this model, the proig@rof the GRB
is a massive star whose core eventually consumes its nddlelaloses pressure
support, and collapses. If the core of the star is too massingake a neutron star,
it collapses to a black hole. As material is spiraling inte tilack hole, two jets
are produced at a speed close to that of light. So far, themetling spectacular
about this setting, since we see scaled-up versions of stehéing formed around
massive black holes in the centers of galaxies, as showrgimwé&i6.3. However,
when jets are generated in the core of a star, they have to thakeway out by
drilling a hole in the surrounding dense envelope. As soothashead of a jet
exits, the highly collimated stream of radiation emanatfiogn it would appear as
a gamma-ray flash to an observer who happened to line up wiibtiaxis. The
subsequent afterglow results from the interaction betwbkeret and the ambient
gas in the vicinity of the progenitor star. As the jet slowsvddoy pushing against
the ambient medium, the non-thermal radiation from acesdek relativistic elec-
trons in the shock wave in front of it gets shifted to longerlangths and fainter
luminosities. Also, as the jet makes its way out of the stapiston effect deposits
energy in the stellar envelope and explodes the star, soygpigng the GRB with
a supernova-like explosion. Because of their immense lasiiies, GRBs can be
observed out to the edge of the Universe. These bright signay be thought of as
the cosmic fireworks signaling the birth of black holes atehd of the life of their
parent massive stars. If the first stars produced GRBs (asisrcendants do in the
more recent Universe), then they would be detectable ottio highest redshifts.
Their powerful beacons of light can be used to illuminatedhek ages and probe
the cosmic gas around the time when it condensed to make shgdilaxies. As
this book was written, a gamma-ray burst was discovered dpthift Satellité* at

a redshift8.2, representing the most distant source known, originatirthetime
when the Universe was only 630 million years old*
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Figure 5.8 lllustration of a long-duration gamma-ray bimghe popular “collapsar” model.
The collapse of the core of a massive star (which lost itsdyelin envelope) to a
black hole generates two opposite jets moving out at a sgesed to the speed of
light. The jets drill a hole in the star and shine brightly tods an observer who
happens to be located within the collimation cones of the jElhe jets emanating
from a single massive star are so bright that they can be sgesssthe Universe
out to the epoch when the first stars formed. Figure creditSNA/PO.



Chapter Six

Supermassive Black holes

Why did the collapsed matter in the Universe end up makingpges and not black
holes?One would have naively expected a spherical collapse to @hdive forma-
tion of a point mass at its center. But, as it turns out, tidedqties from neighboring
objects torque the infalling material and induce non-sjglitgrand some spin into
the final collapse. The induced angular momentum preveatgdl from reaching
the center on a direct plunging orbit. After the gas coolslasds its pressure sup-
port against gravity, it instead assembles into a disk inctvine centrifugal force
balances gravity. The finite size of the luminous region déxgias is then dictated
by the characteristic spin acquired by galaxy halos, whyghically corresponds
to a rotational velocity that is- 5% of the virial circular velocity, with a negligi-
ble dependence on halo mass. This does not imply that no gamatates at the
center. In fact, galactic spheroids are observed to gemifricarbor a central black
hole, whose formation is most likely linked to a small masgfion the galactic gas
(< 0.1%) which has an unusually low amount of angular momentum. Thalls
mass fraction of the central black holes implies that theavigational effect is re-
stricted to the innermost cusp of their host galaxy. Newéess, these central black
holes are known to have a strong influence on the evolutioheaif host galaxies.
This state of affairs can be easily understood from the faat the binding energy
per unit mass in a typical galaxy correspond to velocitie$ hundreds ofim s—!
or a fraction~ (v/c)? ~ 10~ of the binding energy per unit mass near a black
hole. Hence a small amount of gas that releases its bindiagygmear a black
hole can have a large effect on the rest of the gas in the galaxy

We start this chapter with a short introduction to the préipsrof black holes in
general relativity.

6.1 BASIC PRINCIPLES OF ASTROPHYSICAL BLACK HOLES

Birkhoff’s theorem states that the only vacuum, sphernjcafmmetric gravitational
field is that described by the statichwarzschild metrjc

-1
ds? = — (1 - ’“S—h) Adt? + (1 - ’“S—h) dr? + 12dQ, (6.1)
r r
whered() = (d6? + sin? 0d¢?). The Schwarzschild radiuss related to the mass
M of the central (non-spinning) black hole,
GM

2 . M
T'Sch = 62 = 2.95 X 10° cm (m) ) (62)
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The black hole horizoryy., (= rsen here), is a spherical boundary from where
no particle can escape. (The coordinate singularity of tben@rzschild metric
atr = rgen Can be removed through a transformation to iraskal coordinate
system(r,t) — (u,v), whereu = (r/rgen — 1)1/2 e"/?rsencosh(ct /2rgen); v =

u tanh(ct/2rsc).) The existence of a region in space into which particles fathy
but never come out breakd time reversal symmetry that cteniaes the equations
of quantum mechanics. Any grander theory that would unifgrgum mechanics
and gravity must remedy this conceptual inconsistency.

In addition to its mas$/, a black hole can only be characterized by its spin
and electric charg€ (similarly to an elementary particle). In astrophysicataim-
stances, any initial charge of the black hole would be qyiddutralized through
the polarization of the background plasma and the prefiaidntall of electrons or
protons. The residual electric charge would exert an etefdrce on an electron
that is comparable to the gravitational force on a protgp,~ GMm,,, implying
(Q?/GM?) ~ Gm2/e* ~ 10730 and a negligible contribution of the charge to the
metric. A spin, however, may modify the metric considerably

The general solution of Einstein’s equations for a spinrbtagk hole was de-
rived by Kerrin 1963, and can be written most convenientlhieBoyer-Lindquist
coordinates,

c 2jrsent sin” 0 )8
5= (1= T e = 2T Dy
k

k A
rsChjzr sin®

29702
o )bln Odo”. (6.3)

where the black hole is rotating in thedirection,j = [J/M¢] is the normalized
angular momentum per unit mass (in units of c),= 2 — rrgq, + 52, and
Y, = 72 + j2cos? §. The dimensionless ratie = j/(GM/c?) is bounded by
unity, anda = 1 corresponds to a maximally rotating black hole. The horizon
radiusry,, iS now located at the larger root of the equatidn= 0, namelyr, =
2rgen[1+ (1 — a?)'/2]. The Kerr metric converges to the Schwarzschild metric for
a = 0. There is no Birkhoff's theorem for a rotating black hole.

Test particles orbits around black holes can be simply d@sdrin terms of an
effective potential. For photons around a Schwarzschiédlbhole, the potential
is simply V,n, = (1 — 7sen/7)/7?. This leads to circular photon orbits at a radius
Tph = %rsCh. For a spinning black hole,

+ Yrdf? + (r2 +43%+

Tph = T'Sch {1 + cos (g cosﬂ:l:a])} , (6.4)

where the upper sign refers to orbits that rotate in the ojpgdgection to the black
hole (retrograde orbits) and the lower sign to corotatinggpade) orbits. For a
maximally-rotating black hole/¢| = 1), the photon orbit radius is,;, = %rsch for
a prograde orbit antlrs, for a retrograde orbit.

Circular orbits of massive particles exist when the firsi\dive of their effec-
tive potential (including angular momentum) with respectadius vanishes, and
these orbits are stable if the second derivative of the piatiea positive. The ra-
dius of thelnnermost Circular Stable Orbit (ISCQefines the inner edge of any
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Figure 6.1 The left panel shows the radius of the black hotebo ri,. (dashed line) and
thelnnermost Circular Stable Orbit (ISC@Gyound itrisco (solid line), in units
of the Schwarzschild radiuss., (see equation 6.2), as functions of the black
hole spin parametet. The limiting value ofa = 1 (a = —1) corresponds to a
corotating (counter-rotating) orbit around a maximalpirsing black hole. The
binding energy of a test particle at the ISCO determines a@détive efficiency
e of a thin accretion disk around the black hole, shown on thletpanel.
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disk of particles in circular motion (such as fluid elememtsah accretion disk).
At smaller radii, gravitationally bound particles plunged the black hole on a
dynamical time. This radius of the ISCO is giverf'fly
1

TISCO = 5TSch {3 +Z+[3—-21)3+Z1+ 222)]1/2} , (6.5)
whereZ; = 14 (1 —a®)'3[(1 +a)Y/? + (1 — a)/?] and Zy = (3a® + Z7)'/2.
Figure 6.1 shows the radius of the ISCO as a function of spiire Ainding energy
of particles at the ISCO define their maximum radiative edficly because they
spend a short time on their plunging orbit interior to the G his efficiency is

given by,
7% = rgent F j/ 57Sch
. (6.6)
r(r? = 3rgenr F 251/ 37scnr) '/

The efficiency changes between a value ot (1 — 1/8/9) = 5.72% for a =
0, to (1 — +/1/3) = 42.3% for a prograde (corotating) orbit with = 1 and
(1 —+/25/27) = 3.77% for a retrograde orbit.

e=1-—

6.2 ACCRETION OF GAS ONTO BLACK HOLES

6.2.1 Bondi Accretion

Consider a black hole embedded in a hydrogen plasma of umiflensityp, =
mpno and temperaturéy. The thermal protons in the gas are moving around at
roughly the sound speedd ~ /kgT/m,. The black hole gravity could drive
accretion of gas particles that are gravitationally bowni, namely interior to the
radius of influencer;,,; ~ GM/c2. The steady mass flux of particles entering this
radius ispgcs. Multiplying this flux by the surface area associated wité tadius

of influence gives the supply rate of fresh gas,

: M \°/ n To \ /2
- _ 0 0 )
M ~ 712, pocs = 15 <108M®> (1 Cm_g) <104 K) My yr~t. (6.7)

In a steady state this supply rate equals the mass accrat®mto the black hole.

The explicit steady state solution to the conservationsigus of the gas (mass,
momentum, and energy) was first derived by Bondi (1952). Ttetesolution
introduces a correction factor of order unity to equatiori7}6 The solution is
self-similar. Well inside the sonic radius the velocity i®se to free-fallu ~
(2GM /r)Y/? and the gas density js ~ po(r/rine) ~>/2. The radiative efficiency
is small, because either the gas is tenuous so that its gaotire is longer than its
accretion (free-fall) time or the gas is dense and the dfutme of the radiation
outwards is much longer than the free-fall time. If the inflovgas contains near-
equipartition magnetic fields, then cooling through syttam emission typically
dominates over free-free emission.

A black hole that is moving with a velocity” relative to a uniform medium
accretes at a lower rate than a stationary black hole. At Wgbcities, the radius




SUPERMASSIVE BLACK HOLES 69

of influence of the black hole would be nowG M /V?2, suggesting that the sound
speed:, be crudely replaced with- (¢2 4+ V2)'/2 in equation (6.7).

6.2.2 Thin Disk Accretion

If the inflow is endowed with rotation, the gas would reach atdtugal barrier
from where it could only accrete farther inwards after itgalar momentum has
been transported away. This limitation follows from theegter radial scaling of
the centrifugal accelerationd »—3) compared to the gravitational acceleration
(< r72). Near the centrifugal barrier, where the gas is held agajravity by
rotation, an accretion disk would form around the black hoéstered on the plane
perpendicular to the rotation axis. The accretion time walbién be dictated by the
rate at which angular momentum is transported through visatress, and could
be significantly longer than the free-fall time for a nonatirtig flow (such as de-
scribed by the Bondi accretion model). As the gas settlesdisla the dissipation
of its kinetic energy into heat would make the disk thick ant] ith a proton tem-
perature close to the gravitational potential energy petger~ 102 K (7 /rgen) L.
However, if the cooling time of the gas is shorter than thewiss time, then a thin
disk would form. This is realized for the high gas inflow ratgidg the processes
(such as galaxy mergers) that feed quasars. We start byringlbe structure of
thin disks that characterize the high accretion rate of gigas

Following Shakura & Sunyaev (1973) and Novikov & Thorne (38% we
imagine a planar thin disk of cold gas orbiting a central klaole and wish to
describe its structure in polar coordinates¢). Each gas element orbits at the
local Keplerian velocity, = Q) = (GM/r)'/? and spirals slowly inwards with
v < Vg as viscous torques transport its angular momentum to thex patt of the
disk. The associated viscous stress generates heat, vghiatiated away locally
from the the disk surface. We assume that the disk is fedibfesad! so it manifests
a constant mass accretion rate at all radii. Mass conservatiplies,

M = 27rYv,. = const, (6.8)

whereX(r) is the surface mass density of the disk ands the radial (accretion)
velocity of the gas.

In the limit of geometrically thin disk with a scale height< r, the hydrody-
namic equations decouple in the radial and vertical dioesti We start with the
radial direction. The Keplerian velocity profile introdgcghear which dissipates
heat as neighboring fluid elements rub against each othes. cbhcept of shear
viscosity can be can be easily understood in the one dimealsaxample of a
uniform gas whose velocity along theaxis varies linearly with the: coordinate,
V =W + (dV,/dz)x. A gas particle moving at the typical thermal speetta-
verses a mean-free-pathalong thez-axis before it collides with other particles
and shares itg-momentum with them. Thg-velocity is different across a distance
A by an amounAV ~ AdV,,/dz. Since the flux of particles streaming along the
x-axis is~ nv, where n is the gas density, the net fluyyjafnomentum being trans-
ported per unit timex numAV/, is linear in the velocity gradienidV, /dx, with
a viscosity coefficienty ~ pv, wherep = mn is the mass density of the gas.
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Within a Keplerian accretion disk, the fluxmomentum which is transported
in the positiver-direction is given by the viscous strefis = %nQ, wheren is the
viscosity coefficient (ig cm ! s~!) andQ = (GM /r3)'/2 is the orbital frequency
at aradius'. The viscous stress is expected to be effective down to 6&|$rom
where the gas plunges into the black hole on a free fall time.thgrefore set the
inner boundary of the disk assco, depicted in Figure 6.1. Angular momentum
conservation requires that the net rate of its change wéhadius- be equal to the
viscous torque, namely

fo x (21 x 2h) x v = M [(GMr)l/Q - (GMnsco)l/ﬂ . (6.9

The production rate of heat by the viscous stress is give@ by fj/n. Substi-
tuting f, and equation (6.9) gives,
3M GM risco \ 1/2
AN - (o) ]

21 = (6.10)

47r? r

This power gives local flux that is radiated vertically frohettop and bottom sur-
faces of the disk,

1

o . 3M GM r1Isco 1/2
F=2x2hQ =202 {1 ( - ) . (6.11)
The total luminosity of the disk is given by,
L= / 2F x 2mrdr = EGJWM, (6.12)
T1SCO 2 TI1SCO

where we have ignored genral-relativistic correctionshte dynamics of the gas
and the propagation of the radiation it emits.

In the absence of any vertical motion, the momentum balamdbe vertical
z-direction yields,

ld_P:_G_Mf, (6.13)

p dz r2 r
wherez < r andP andp are the gas pressure and density. This equation gives a
disk scale height ~ ¢,/ wherec, ~ (P/p)'/? is the sound speed.

Because of the short mean-free-path for particles colisidhe particle-level
viscosity is negligible in accretion disks. Instead the netg-rotational instabil-
ity*®is likely to develop turbulent eddies in the disk which areammore effective
at transporting its angular momentum. In this casand v should be replaced
by the typical size and velocity of an eddy. The largest vahat these variables
can obtain are the scale heightand sound speed, in the disk. This implies
fs < (pcsh)Q = pc2 ~ P. We may then parameterize the viscous stress as some
fractiona of its maximum valuefy = aP.

The total pressur® in the disk is the sum of the gas pressig, = 2(p/m,)ksT,
and the radiation pressurg,,q = %aT“. We define the fractional contribution of
the gas to the total pressure as,

P, gas
P 3

g

(6.14)
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whereP = Praq + Peas. In principle, the viscous stress may be limited by the gas
pressure only; to reflect this possibility, we wrifg = aP3°, whereb is 0 or 1 if
the viscosity scales with the total or just the gas pressaspectively.

Since the energy of each photon is just its momentum timespked of light,
the radiative energy flux is simply given by the change in théiation pressure
(momentum flux) per photon mean-free-path,

dPrad
“Tar
where the optical-depthis related to the frequency-averaged (so-called, Rosdelan
mean) opacity coefficient of the gas,

Fe_ (6.15)

h
1
T :/ kpdz = =KX, (6.16)
0 2

whereX. = 2hp. For the characteristic mass densitand temperaturg’ encoun-
tered at the midplane of accretion disks around supermabsack holes, there are
two primary sources of opacitglectron scatteringvith

ar

Fes = —— = 0.4 cm?g 1, (6.17)
P
andfree-freeabsorption with
7\ /2
kg ~ 8 x 102cm? g™t (gcr€13) (E) , (6.18)

where we assume a pure hydrogen plasma for simplicity.

It is customary to normalize the accretion raté in the disk relative to the
so-called Eddington raté/y;, which would produce the maximum possible disk
luminosity, Lrqq (See derivation in equation 6.33 below). When the lumiryosit
approaches the Eddington limit, the disk bloates amgbproaches, violating the
thin-disk assumption. We writé, = (M /Mg), with Mgaq = (Lgaa/ec®), where
e is the radiative efficiency for converting rest-mass to asidn near the ISCO.

Based on the above equations, we are now at a position toediwévscaling
laws that govern the structure of the disk far away from th€ds For this pur-
pose we use the following dimensionless parameters= (r/10Rsc), Ms =
(M/108 M), m_1 = (/0.1), a1 = («/0.1) ande_; = (¢/0.1).

In local thermodynamic equilibrium, the emergent flux frame tsurface of the
disk (equation 6.11) can be written in terms of the tempeesaiti disk midplang”
asF =~ caT*/kX. The surface temperature of the disk is the roughly,

AF 1/4 B B 1/2
T~ <—> = 10° K Mg Vit e ? [1 - (L) . (6.19)
a TIsco

The accretion disk can be divided radially into three distiregions*®

1. Inner region: where radiation pressure and electron-scattering opdoity-
inate.

2. Middle region:where gas pressure and electron-scattering opacity déeina
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3. Outer region:where gas pressure and free-free opacity dominate.

The boundary between regions 1 and 2 is located at the radius

r 5402 oy Je_1) /P MEPY it b =1, (6.20)
58 a2 (1_1/e_1) /P M it b =0, (6.21)

and the transition radius between regions 2 and 3 is
rR 4 x 102 (1 fe_1)?/3. (6.22)

The surface density and scale-height of the disk are given by
Inner region:

. 3/5 L
S(r) ~ (3 x 10°gem™2)a}/® (E) MY53 i h =1, (6.23)
1

. —1
8 x 102gem=2)a_! M-t P2 i b = 0, (6.24)
1 1
€1
h(r) = Rsch (ml) : (6.25)
€—1
Middle region:
i~ 3/5
Y(r)= (3 x 106gcm*2)a:411/5 (6—11) M81/57"1_3/5, (6.26)
i\ 1/
h(r)~1.4 x 1072 Rga_1/"° (6—‘11> Mg VOp220 - (6.27)
Outer region:
i~ 7/10
Y(r) ~ (6 x 10° gcm*2)a:411/5 (ﬁ) M§/5r1_3/4, (6.28)
" 3/20
h(r) =102 Rga_}/*° (6—‘11> Mg 108, (6.29)

The mid-plane temperature is given by,

1/5
T (1) & (16772)71/5 ( mp ) / a_1/5/11/5M2/5(23/56_(1/5)(b_1).(6.30)
kpor

The above scaling-laws ignore the self-gravity of the dikis assumption is
violated at large radii. The instability of the disk to grational fragmentation due
to its self-gravity occurs when the so-called Toomre patemé = (c;Q/7GY),
drops below unity® For the above scaling laws of the outer disk, this occurset th
outer radius,

ry A 2 x 1042 (ih_y Je_y) T2/ M2 (6.31)

Outside this radius, the disk gas would fragment into stansl the stars may
migrate inwards as the gas accretes onto the black hole. férgyeoutput from
stellar winds and supernovae would supplement the visceatrty of the disk and
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might regulate the disk to hav@ ~ 1 outside the above boundary. We therefore
conclude that star formation will inevitably occur on largeales, before the gas
is driven into the accretion disk that feeds the centrallbteade. Indeed, the broad
emission lines of quasars display very high abundance ofyhelements in the
spectra out to arbitrarily high redshifts. Since the totabant of mass in the disk
interior to this radius makes only a small fraction of the ma$ the supermas-
sive black hole, quasars must be fed by gas that crossesahiglbry after being
vulnerable to fragmentation.

6.2.3 Radiatively Inefficient Accretion Flows

When the accretion rate is considerably lower than its Egtdim limit (A /Mg <
10~2), the gas inflow switches to a different mode, calleaaiatively Inefficient
Accretion Flow(RIAF) or an Advection Dominated Accretion FIOpADAF), in
which either the cooling time or the photon diffusion time anuch longer than the
accretion time of the gas and heat is mostly advected witlg#seinto the black
hole. At the low gas densities and high temperatures chanairtg this accretion
mode, the Coulomb coupling is weak and the electrons do radtupeto the proton
temperature even with the aid of plasma instabilities. &ty heats primarily
the protons since they carry most of the momentum. The otlagpmheat source,
compression of the gas, also heats the protons more effctivan the electrons.
As the gas infalls and its densityrises, the temperature of each spe@igscreases
adiabatically ag” o« p”~!, wherey is the corresponding adiabatic index. At radii
r < 10%rsq, the electrons are relativistic with = 4/3 and so their temperature
rises inwards with increasing density @5 ~ p'/? while the protons are non-
relativistic withy = 5/3 and soT}, « p*/3, yielding a two-temperature plasma
with the protons being much hotter than the electrons. Blpicodels® yield,
T, ~ 10" K(r/rsen) "1, Te ~ min(T},, 107! K). Because the typical sound
speed is comparable to the Keplerian speed at each radiugetimetry of the flow
is thick — making RIAFs the viscous analogs of Bondi accretio

Analytic models imply a radial velocity that is a factor €f « smaller than the
free-fall speed and an accretion time that is a factorof longer than the free-
fall time. However, since the sum of the kinetic and thernmedrgy of a proton is
comparable to its gravitational binding energy, RIAFs aqeexted to be associated
with strong outflows.

The radiative efficiency of RIAFs is smaller than the thigidvalue ¢. While the
thin-disk value applies to high accretion rates above sattiea value, i > 1he,it,
the anayltic RIAF models typically admit a radiative effivgy of,

L M
— e | — , (6.32)
M2 Meris

for M < My, wWith M, in the range 0f).01-0.1. Here M is the accretion rate
(in Eddington units) near the ISCO, after taking accounthef fact that some of
the infalling mass at larger radii is lost to outflows. For ewde, in the nucleus
of the Milky Way, massive stars shed 103 M, yr~! of mass into the radius of
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Figure 6.2 Simulated image of an accretion flow around a blaalk spinning at half its
maximum rate, from a viewing angle ab° relative to the rotation axis. The
coordinate grid in the equatorial plane of the spiraling flslows how strong
lensing around the black hole bends the back of the appaighug. The left
side of the image is brighter due its rotational motion ta¥gathe observer. The
bright arcs are generated by gravitational lensing. A ddtosette appears
around the location of the black hole because the light ethity gas behind it
disappears into the horizon and cannot be seen by an observke other side.
Recently, the technology for observing such an image froensilpermassive
black holes at the centers of the Milky Way and M87 galaxiestieen demon-
strated as feasible [Doeleman, S., etldhture455 78 (2008)]. To obtain the
required resolution of tens of micro-arcseconds, signa¥aing correlated over
an array (interferometer) of observatories operating atlhnmeter wavelength
across the Earth. Figure credit: Broderick, A., & Loeb, Jsurnal of Physics
Conf. Ser54, 448 (2006)Astrophys. J697 1164 (2009).
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influence of central black hole (SgrA*), but only a tiny frat ~ 10~° of this
mass accretes onto the black hole.

Since at low redshifts mergers are rare and much of the gaalaxigs has al-
ready been consumed in making stars, most of the local sgssime black holes
are characterized by a very low accretion rate. The regulow luminosity of
these dormant black holes, such as4he 10 M, black hole lurking at the center
of the Milky Way galaxy, is often described using RIAF/ADAFortels.

6.3 THE FIRST BLACK HOLES AND QUASARS

A black hole is the end product from the complete gravitaiawllapse of a ma-
terial object, such as a massive star. It is surrounded byriadrofrom which
even light cannot escape. Black holes have the dual virtligsing extraordinarily
simple solutions to Einstein’s equations of gravity (as/thee characterized only
by their mass, charge, and spin), but also the most dispficatetheir Newtonian
analogs. In Einstein’s theory, black holes represent ttimate prisons: you can
check in, but you can never check out.

Ironically, black hole environments are the brightest otgen the universe. Of
course, it is not the black hole that is shining, but rather skirrounding gas is
heated by viscously rubbing against itself and shining apiitals into the black
hole like water going down a drain, never to be seen again. drfggn of the
radiated energy is the release of gravitational bindinggnes the gas falls into
the deep gravitational potential well of the black hole. Asamas tens of percent of
the mass of the accreting material can be converted into(heat than an order of
maghnitude beyond the maximum efficiency of nuclear fusids}rophysical black
holes appear in two flavors: stellar-mass black holes thrat fshen massive stars
die, and the monstrous super-massive black holes thattsie atenter of galaxies,
reaching masses of up to 10 billion Suns. The latter type bserwed as quasars
and active galactic nuclei (AGN). It is by studying theserating black holes that
all of our observational knowledge of black holes has bedainbd.

If this material is organized into a thin accretion disk, whéhe gas can effi-
ciently radiate its released binding energy, then its teécal modelling is straight-
forward. Less well understood are radiatively inefficieatretion flows, in which
the inflowing gas obtains a thick geometry. It is generallglaar how gas mi-
grates from large radii to near the horizon and how, pregjsefalls into the black
hole. We presently have very poor constraints on how magfietds embedded
and created by the accretion flow are structured, and howsthatture affects the
observed properties of astrophysical black holes. Whikelieginning to be possi-
ble to perform computer simulations of the entire accretegjon, we are decades
away from trueab initio calculations, and thus observational input plays a crucial
role in deciding between existing models and motivating iosmas.

More embarrassing is our understanding of black hole jete {mages 6.3).
These extraordinary exhibitions of the power of black hales moving at nearly
the speed of light and involve narrowly collimated outflowlsoge base has a size
comparable to the solar system, while their front reachakescomparable to the
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Chandra X-Ray|

HST Optical

Figure 6.3 Multi-wavelength images of the highly colliméjet emanating from the super-
massive black hole at the center of the giant elliptical xalsl87. The X-ray
image (top) was obtained with the Chandra X-ray satellite,radio image (bot-
tom left) was obtained with the Very Large Array (VLA), ancetbptical image
(bottom right) was obtained with the Hubble Space Teles¢BiST).

distance between galaxigsUnresolved issues are as basic as what jets are made
of (whether electrons and protons or electrons and posifronprimarily electro-
magnetic fields) and how they are accelerated in the firseplBoth of these rest
critically on the role of the black hole spin in the jet-lativty process.

A quasar is a point-like (“quasi-stellar”) bright sourcetla¢ center of a galaxy.
There are many lines of evidence indicating that a quasaihieg a supermassive
black hole, weighting up to ten billion Suns, which is actrgtgas from the core
of its host galaxy. The supply of large quantities of fresks gaoften triggered
by a merger between two galaxies. The infalling gas heatstipspirals towards
the black hole and dissipates its rotational energy throtigtosity. The gas is
expected to be drifting inwards in an accretion disk whoseiri'drain” has the
radius of the ISCO, according to Einstein’s theory of gnavinterior to the ISCO,
the gas plunges into the black hole in such a short time thetstno opportunity
to radiate most of its thermal energy. However, as mention&é.1 the fraction
of the rest mass of the gas which gets radiated away justdeutise ISCO is high,
ranging between 5.7% for a non-spinning black hole to 42.8%@fmaximally-
spinning black hole (see Figure 6.1). This “radiative effitdy” is far greater than
the mass-energy conversion efficiency provided by nuclesiof in stars, which is
< 0.7%.

Quasar activity is observed in a small fraction of all ga¢es@t any cosmic epoch.
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Mammoth black holes weighing more than a billion solar masgere discovered
at redshifts as high as ~ 6.5, less than a billion years after the Big Bant.
massive black holes grow at early cosmic times, should teeinants be around
us today?Indeed, searches for black holes in local galaxies havedftiat every
galaxy with a stellar spheroid harbors a supermassive ilatkat its center. This
implies that quasars are rare simply because their actsvghort-lived. Moreover,
there appears to be a tight correlation between the blaak tmalss and the grav-
itational potential-well depth of their host spheroids tdrs (as measured by the
velocity dispersion of these stars). This suggests thabkhek holes grow up to
the point where the heat they deposit into their environnoerthe piston effect
from their winds prevent additional gas from feeding themttfar. The situation
is similar to a baby who gets more energetic as he eats mote atinner table,
until his hyper-activity is so intense that he pushes thel fofbthe table and cannot
eat any more. Thiprinciple of self-regulatiorexplains why quasars are short lived
and why the final black hole mass is dictated by the depth gbthential in which
the gas feeding it residé3. Most black holes today are dormant or “starved” be-
cause the gas around them was mostly used up in making teatéecause their
activity heated or pushed it away a long time ago.

What seeded the formation of supermassive black holes dnilljom years after
the Big BangaVe know how to make a black hole out of a massive star. When the
star ends its life, it stops producing sufficient energy ttdhtself against its own
gravity, and its core collapses to make a black hole. Longteefvidence for black
holes was observed, this process leading to their exist@asainderstood theoret-
ically by Robert Oppenheimer and Hartland Snyder in 1937Awéi@r, growing a
supermassive black hole is more difficult. There is a maxinuminosity at which
the environment of a black hole of ma&&s;; may shine and still accrete gaghis
Eddington luminosityL g, is obtained from balancing the inward force of gravity
on each proton by the outward radiation force on its compaeiectron (which
is the momentum flux carried by the radiation times the sdatieeross-section of
the electron) at a distanee

GMBj‘mp _te (6.33)
T 4dmric

wherem,, is the proton mass anely = 0.67 x 1072* cm? is the cross-section
for scattering a photon by an electron. Interestingly, tihdting luminosity is
independent of radius in the Newtonian regime. Since therigdon luminosity
represents an exact balance between gravity and radiatioed, it actually equals
to the luminosity of massive stars which are held at restregjgiravity by radiation
pressure, as described by equation (6.34). This limit imédly valid in a spherical

iWhereas the gravitational force acts mostly on the protttesyadiation force acts primarily on
the electrons. These two species are tied together by algidwdric field, so that the entire “plasma”
(ionized gas) behaves as a single quasi-neutral fluid whicdubject to both forces. Under similar
circumstances, electrons are confined to the Sun by aniel@dtential of about a kilo-Volt (corre-
sponding to a total charge ef 75 Coulombs). The opposite electric forces per unit volumégabn
electrons and ions in the Sun cancel out so that the totaspresorce is exactly balanced by gravity,
as for a neutral fluid. An electric potential of 1-10 kilo-¥lklso binds electrons to clusters of galaxies
(where the thermal velocities of these electrord).1c, are well in excess of the escape speed from the
gravitational potential). For a general discussion, seebl.@.Phys. RevD37, 3484 (1988).



78 CHAPTER 6

geometry, and exceptions to it were conjectured for otheredion geometries over
the years. But, remarkably, observed quasars for whictklilate masses can be
measured by independent methods appear to respect thts [8nbstituting all
constants, the Eddington luminosity is given by,

Lp=13x10% <1é\/6[7BMH®) ergs™ !, (6.34)
Interestingly?* the scattering cross section per unit mass for UV radiation o
dust is larger by two orders of magnitude thap/m,. Although dust is destroyed
within ~ 10*GMgg/c* by the strong illumination from an Eddington-limited
quasar?® it should survive at larger distances. Hence, the radigpi@ssure on
dust would exceed the gravitational force towards the blaalk and drive power-
ful outflows. Spectral lines could be even more effectiveattiast in their coupling
to radiation. The integral of the absorption cross-sectiba spectral line over

frequency,
2
/U(V)dv = fi (::c) , (6.35)

is typically orders of magnitude larger than-1o; wherewvs; is the transition fre-
guency andfis is the absorption oscillator strength. For example, the agm
transition of hydrogen, for whiclfi;o = 0.416, provides an average cross-section
which is seven orders of magnitude larger tlignwhen averaged over a frequency
band as wide as the resonant frequency itself. Therefores kould be even more
effective at driving outflows in the outer parts of quasarisments.

The total luminosity from gas accreting onto a black hdlecan be written as
some radiative efficiencytimes the mass accretion raté,

L = eMc?, (6.36)

with the black hole accreting the non-radiated componef; = (1 — €)M. The
equation that governs the growth of the black hole mass is the

. M,
Mpy = =22 (6.37)
tg
where (after substituting all fundamental constants),
-1
_ 7 e/l—e\ (L
tg =4 x 10"years < 0% s . (6.38)

We therefore find that as long as fuel is amply supplied, thekohole mass grows
exponentially in time Mgy « exp{t/tr}, with ane-folding time¢g. Since the
growth time in equation (6.38) is significantly shorter thha~ 10° years corre-
sponding to the age of the Universe at a redshift 6 — where black holes with

a mass~ 10°M,, are found, one might naively conclude that there is plenty of
time to grow the observed black hole masses from small seEdsexample, a
seed black hole from a Population Il starl@f0 A/, can grow in less than a billion
years up to~ 109M, for e ~ 10% andL ~ Lg. However, the intervention of
various processes makes it unlikely that a stellar masswéoe able to accrete
continuously at its Eddington limit with no interruption.
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For example, mergers are very common in the early Universengime two
gas-rich galaxies come together, their black holes ardylikcecoalesce. The coa-
lescence is initially triggered by “dynamical friction” dhe surrounding gas and
stars, and is completed — when the binary gets tight — as & oéshe emission of
gravitational radiatior?® The existence of gravitational waves is a generic predic-
tion of Einstein’s theory of gravity. They represent rippla space-time generated
by the motion of the two black holes as they move around ttainraon center
of mass in a tight binary. The energy carried by the wavesksrtaaway from
the kinetic energy of the binary, which therefore gets #ghtith time. Computer
simulations reveal that when two black holes with unequasea merge to make
a single black hole, the remnant gets a kick due to the ndmeigic emission of
gravitational radiation at the final plun§eThis kick was calculated recently using
advanced computer codes that solve Einstein’s equatiotaskahat was plagued
for decades with numerical instabilitie¥). The typical kick velocity is hundreds
of kilometer per second (and up to ten times more for spegial srientations),
bigger than the escape speed from the first dwarf gal&ki&his implies that con-
tinuous accretion was likely punctuated by black hole &aatvents)? forcing the
merged dwarf galaxy to grow a new black hole seed from scratch

If continuous feeding is halted, or if the black hole is temgsidy removed from
the center of its host galaxy, then one is driven to the ca@igiuthat the black
hole seeds must have started more massive than0M,. More massive seeds
may originate from supermassive stats.it possible to make such stars in early
galaxies? Yes, it is. Numerical simulations indicate that stars wéighup to
a million Suns could have formed at the centers of early dwathxies which
were barely able to cool their gas through transitions ofraéchydrogen, having
T.ir ~ 10*K and no H molecules. Such systems have a total mass that is several
orders of magnitude higher than the earliest Jeans-magiensations discussed
in §3.1. In both cases, the gas lacks the ability to cool well\Wwél;,, and so it
fragmentsinto one or two major clumps. The simulation shimigure 6.4 results
in clumps of several million solar masses, which inevitaig up as massive black
holes. The existence of such seeds would have given a jumicthe black hole
growth process.

The nuclear black holes in galaxies are believed to be feld gas in episodic
events of gas accretion triggered by mergers of galaxieg ertergy released by
the accreting gas during these episodes could easily uhéngas reservoir from
the host galaxy and suppress star formation within it. Ifeaclear black holes
regulate their own growth by expelling the gas that feedsthin so doing, they
also shape the stellar content of their host galaxy. This exgyain the observed

iThe gravitational waves from black hole mergers at high létiscould in principle be detected
by a proposed space-based mission called_teer Interferometer Space Anten(ldSA). For more
details, see http://lisa.nasa.gov/, and, for examplethWgyi). S. B., & Loeb, AAstrophys. J590, 691
(2003).

i These black hole recoils might have left observable sigeatin the local Universe. For example,
the halo of the Milky Way galaxy may include hundreds of fyeftbating ejected black holes with
compact star clusters around them, representing relickeokarly mergers that assembled the Milky
Way out of its original building blocks of dwarf galaxies (@ary, R. & Loeb, AMon. Not. R. Astron.
Soc.395, 781 (2009)).
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Figure 6.4 Numerical simulation of the collapse of an eavbad galaxy with a virial tem-
perature just above the cooling threshold of atomic hydnogied no H. The
image shows a snapshot of the gas density distribution 50myears after
the Big Bang, indicating the formation of two compact objentar the center of
the galaxy with masses @f2 x 10°Mg and3.1 x 10° M, respectively, and
radii < 1 pc. Sub-fragmentation into lower mass clumps is inhibitedduse
hydrogen atoms cannot cool the gas significantly below itg@lrtemperature.
These circumstances lead to the formation of supermastive that inevitably
collapse to make massive seeds of supermassive black fitlesimulated box
size is 200 pc on a side. Figure credit: Bromm, V. & Loeb A&trophys. J596,
34 (2003).
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tight correlations between the mass of central black holggésent-day galaxies
and the velocity dispersiGho, or luminosity! L, of their host spheroids of stars
(namely, Mgy o« o} or My o« Lsp). Since the mass of a galaxy at a given
redshift scales with its virial velocity a&/ ~ V2 in equation (3.29), the binding
energy of galactic gas is expected to scaléVBg? o V> while the momentum
required to kick the gas out of its host would scaleld¥, o« V. Both scalings
can be tuned to explain the observed correlations betwesk lole masses and
the properties of their host galaxi®%. Star formation inevitably precedes black
hole fueling, since the outer region of the accretion flonat fieed nuclear black
holes is typically unstable to fragmentat®dnThis explains the high abundance of
heavy elements inferred from the broad emission lines o$atsaat all redshifts.

The feedback regulated growth explains why quasars ma shirch brighter
than their host galaxies. A typical star like the Sun emitsimihosity, Lo =
4 %1033 erg s~1 which can also be written as a fractien3 x 10~ of its Eddington
luminosity Lz = 1.4 x 1038 erg s—!. Black holes grow up to a fraction 10~3 of
the stellar mass of their spheroid. When they shine closkeiv Eddington limit,
they may therefore outshine their host galaxy by up to a faste- (1073/3 x
10~?), namelyl-2 orders of magnitude. The factor is smaller during shortstest
episodes which are dominated by massive stars with largaingtbn fractions.

The inflow of cold gas towards galaxy centers during the ghopitase of their
black holes would naturally be accompanied by a burst of fetamation. The
fraction of gas not consumed by stars or ejected by superdovan winds will
continue to feed the black hole. It is therefore not surpgghat quasar and star-
burst activities co-exist in ultra-luminous galaxies, dmat all quasars show strong
spectral lines of heavy elements. Similarly to the abovexineed prescription for
modelling galaxies, it is possible to “dress up” the massrithistion of halos in
Figure 3.2 with quasar luminosities (relatediig, which is a prescribed function
of M based on the observédg—o, relation) and a duty cycle (related#g), and
find the evolution of the quasar population over redshifisEmple approach can
be tuned to give good agreement with existing data on quaséuten 5°

The early growth of massive black holes led to the supermaddack holes
observed today. In our own Milky Way galaxy, stars are obséite zoom around
the Galactic center at speeds of up to ten thousand kilomptsrsecond, owing
to the strong gravitational acceleration near the centeadkbhole®® But closer-in
observations are forthcoming. Existing technology shaaldn be able to image
the silhouette of the supermassive black holes in the Millay\&hd M87 galaxies
directly (see Figure 6.2).

6.4 BLACK HOLE BINARIES

Nearly all nearby galactic spheroids are observed to hostckear black hole.
Therefore, the hierarchical buildup of galaxies throughgaes must generically
produce black hole binaries. Such binaries tighten thradygtamical friction on

the background gas and stars, and ultimately coalesceghithe emission of grav-
itational radiation.
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In making a tight binary from a merger of separate galaxies,mass ratio of
two black holes cannot be too extreme. A satellite of miss in a circular orbit
at the virial radius of a halo of magd,.;, would sink to the center on a dynamical
friction time of ~ 0.1t g (Mhalo/Msat), Wherety is the Hubble time. If the orbit
is eccentric with an angular momentum that is a fractiaf a circular orbit with
the same energy, then the sinking time reduces by a factbrot%4. Therefore,
mostly massive satellites with/s,; > 0.1Mya1, bring their supermassive black
holes to the center of their host halos during the age of thieddse.

As a satellite galaxy sinks, its outer envelope of dark mattel stars is stripped
by tidal forces. The stripping is effective down to a radinside of which the
mean mass density of the satellite is comparable to the atnthémsity of the host
galaxy. Eventually, the two black holes are stripped dowih& cores of their
original galaxies and are surrounded by a circumbinary lepesof stars and gas.
As long as the binary is not too tight, the reservoir of staithiv the binary orbit
can absorb the orbital binding energy of the binary and aitdwshrink. However,
when the orbital velocity starts to exceed the local velodispersion of stars, a
star impinging on the binary would typically be expelledrfréhe galactic nucleus
at a high speed. This happens at the so-called the “hardeamings” of the binary,

Oy -2
hara = 0.1 fq>2Mﬁ (100 — S_l) pe, (6.39)
at which the binding energy per unit mass of the binary exséea, whereo is the
velocity dispersion of the stars before the binary tighteri¢ere M = (M7 + Ma),

Mg = (M/10°M), whereM; and M, are the masses of the two black holes,
q = M; /M is their mass ratio, and = M; M, /(M; + M>) is the reduced mass
of the binary.

A hard binary will continue to tighten only by expelling stawhich cross its
orbit and so unless the lost stars are replenished by new \stach are scattered
into an orbit that crosses the binary (through dynamicalxalion processes in the
surrounding galaxy) the binary would stall. This “final pacgproblem” is circum-
vented if gas streams into the binary from a circumbinark.dindeed, the tidal
torques generated during a merger extract angular momefintumany associated
cold gas and concentrate the gas near the center of the nrergeant, where its
accretion often results in a bright quasar.

If the two black holes are in a circular orbit of radids< ay,,q around each
other, their respective distances from the center of massae= (u/M;)a (i =
1,2). We define the parametér= 4./ (M, +Ms), which equals unity ifV; = Mo
and is smaller otherwise. The orbital period is given by,

P =2m(GM/d®)™/? =1.72 x 10" 2 yr a2} M /?, (6.40)
where,ai4 = (a/10* cm). The angular momentum of the binary can be expressed
in terms of the absolute values of the velocities of its menmbe andv, asJ =
Yi=1,2M;v;a; = pva, where the relative orbital speed is

v = + vy = (2ra/P) = 1.15 x 10* km s My 2a7}/? . (6.41)

In gas-rich mergers, the rate of inspiral slows down as s@tha gas mass
interior to the binary orbit is smaller thanand the enclosed gas mass is no longer
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sufficient for carrying away the entire orbital angular maruem of the binary,J.
Subsequently, momentum conservation requires that frashagll steadily flow
towards the binary orbit in order for it to shrink. The bindightens by expelling
gas out of a region twice as large as its orbit (similarly tobéehder” opening
a hollow gap) and by torquing the surrounding disk througinas@rms. Fresh
gas re-enters the region of the binary as a result of turtbatensport of angular
momentum in the surrounding disk. Since the expelled gaesa specific angular
momentum ofv va, the coalescence time of the binary is inversely propostitm
the supply rate of fresh gas into the binary region. In a stestate, the mass supply
rate of gas that extracts angular momentum from the bireryis proportional to
the accretion rate of the surrounding gas disk. Given thaaetibn of the mass
that enters the central gap accretes onto the BHs and fualsagactivity, it is
appropriate to expres¥/ in Eddington unitsM = M /Mg, corresponding to the
accretion rate required to power the limiting Eddington inasity with a radiative
efficiency of10%, Mg = 0.023M, yr—! M. We then find,

teas = (J/Muva) = p/M = 1.1 x 107 yr (ML (6.42)

For a steady\, the binary spends equal amounts of time perdamtil GWs start
to dominate its loss of angular momentum.

The coalescence timescale due to GW emission is given by,

5 cPat . at

= =253 x 10% yr % 6.43

256 G M2y SR VE: (6.43)
By settingtcw = tgas We can solve for the orbital speed, period, and separation at
which GWs take over,

taw

vaw =4.05 x 10% km s~ ¢~V4(MMg)'/® (6.44)
Pow =0.4 yr (34 M5 318 (6.45)
acw =2.6 x 10~* pc ¢V/2ME A M1/A, (6.46)

For a binary redshift, the observed period il + z)Pgw. The orbital speed
at which GWs take over is very weakly dependent on the supgty of gas,
vaw o M1/3. It generically corresponds to an orbital separation oord 103
Schwarzschild radiidG M /c?). The probability of finding binaries deeper in the
GW-dominated regime? « tqw, diminishes rapidly at increasing orbital speeds,
with P = 'Pc,w(v/vc,w)fg.

Black hole binaries can be identified visually or spectrpgcally. At large sepa-
rations the cores of the merging galaxies can be easilyifilths separate entities.
If both black holes are active simultaneously, then the &rgeparation between
the brightness centroids can in principle be resolved aty-optical, infrared,
or radio wavelengths. The UV illumination by a quasar uguploduces narrow
lines from gas clouds at kpc distances within its host galaxigroad lines from
denser gas clouds at sub-pc distances from it. Thereforexiséence of a binary
can be inferred from various spectroscopic offs¢fsbetween two sets of narrow
lines if the galaxies are separated by more than a few kpc atidtave quasar
activity at the same timdji) between the narrow emission lines of the gas and the
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absorption lines of the stars due to the tidal interactionvben the galaxies at a
multi-kpc separation(iii) between narrow lines and broad lines if the black hole
binary separation is between the kpc and pc scales. Theffast signature can
also be produced by a single quasar which gets kicked outatehter of its host
galaxy while carrying the broad-line region with it. Suchiekcould be produced
either by the anisotropic emission of gravitational wavesrd the coalescence of
a binary (producing a recoil of up t& 200 km s~! in a merger of non-spinning
black holes, and up te 4,000 km s~ for special spin orientation), or from triple
black hole systems that form when a third black hole is addeal galaxy center
before the binary there had coales@@dside from testing general relativity in the
strong field limit, fast recoils have an important feedbaff&a in forcing a fresh
start for the growth of black holes in small galaxies at higtishifts.



Chapter Seven

The Reionization of Cosmic Hydrogen by the First
Galaxies

7.1 IONIZATION SCARS BY THE FIRST STARS

The cosmic microwave background (CMB) indicates that hgdroatoms formed
400 thousand years after the Big Bang, as soon as the gasidutav 3,000K as
a result of cosmological expansion. Observations of thetspef early galaxies,
quasars, and gamma-ray bursts indicate that less thananhji#ars later the same
gas underwent a wrenching transition from atoms back to dwgistituent protons
and electrons in a process known as reionization. Indeedbtitk of the Uni-
verse’s ordinary matter today is in the form of free electr@amd protons, located
deep in intergalactic space. The free electrons have oilteeffects; for example,
they scatter the CMB and produce polarization fluctuatidriarge angles on the
sky! The latest analysis of the CMB polarization data from WMARdicates that
8.7+ 1.7% of the CMB photons were scattered by free electrons aftenotgical
recombination, implying that reionization took place atward a redshift ~ 10,
only 500 million years after the Big Bariglt is intriguing that the inferred reion-
ization epoch coincides with the appearance of the firstgdawhich inevitably
produced ionizing radiatiorHow was the primordial gas transformed to an ionized
state by the first galaxies within merely hundreds of milbdgears?

We can address this question using the formation rate of rméaxyg halos at var-
ious cosmic epochs. The course of reionization can be détethivy counting pho-
tons from all galaxies as a function of time. Both stars arathkholes contribute
ionizing photons, but the early Universe is dominated bylsgaaxies which, in
the local universe, have disproportionately small ceritlatk holes. In fact, bright
quasars are known to be extremely rare above redshift &atidg that stars most
likely dominated the production of ionizing UV photons chgithe reionization

iPolarization is produced when free electrons scatter atiadifield with a quadrupole anisotropy
Q. Consequently, reionization generates a fractional CMBumation of P ~ 0.17Q out of the
CMB quadrupole on scales of the horizon at reionization. eHer= [ n¢(z)or (cdt/dz)dz
is the optical depth for scattering by electrons of mean itens.(z), which provides a measure of
the redshift of reionizationz,.ion- (The scattering probabilityr < 1, is the chance that a photon
will encounter an electron within the volume associatedlile scattering cross-sectien- times the
photon path lengttf cdt.) For a sudden reionization of hydrogen and neutral helitiredshiftz,eion ,
T =475 %1073 x {[Qa + V(1 + Zreion)?]*/2 — 1}.

iThis number will be refined by forthcoming CMB data from theamik satellite
(http://Iwww.rssd.esa.int/index.php?project=planagd will be supplemented by constraints from 21-
cm observations [see Pritchard, J., Loeb, A., & Wyithe, B.Shttp://arxiv.org/abs/0908.3891 (2009)].
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epoch’® Since stellar ionizing photons are only slightly more eegigthan the
13.6 eV ionization threshold of hydrogen, they are absodfédiently once they
reach a region with substantial neutral hydrogen. This mdke inter-galactic
medium (IGM) during reionization a two-phase medium cheadzed by highly
ionized regions separated from neutral regions by shargation fronts. We can
obtain a first estimate of the requirements of reionizatipdemanding one stel-
lar ionizing photon for each hydrogen atom in the Univerdevd conservatively
assume that stars within the early galaxies were similahdosé observed locally,
then each star produced4, 000 ionizing photons per proton in it. Star formation
is observed today to be an inefficient process, but evenr stegalaxies formed
out of only a fractionf,, ~ 10% of the available gas, this amount was still sufficient
to assemble only a small fraction of the total mass in theemi¥ into galaxies in
order to ionize the entire IGM. This fraction would be 2.5%( fes./10%) ! for
an escape fractiofis. of ionizing UV photons out of galaxies. More detailed esti-
mates of the actual required fraction account for the foromadf some Population
[l stars (which were more efficient ionizers), and for redwnations of hydro-
gen atoms at high redshifts and in dense regions. At the ntekhdensity, the
recombination time of hydrogen is shorter than the age otthigerse at: > 8.

From studies of the processed spectra of quasats-at6, we know that the
IGM is highly ionized a billion years after the Big Bang. Thare hints, however,
that some large neutral hydrogen regions persist at theketieaes which suggests
that we may not need to go to much higher redshifts to begireéotise epoch of
reionization. We now know that the universe could not haWy feionized earlier
than an age of 300 million years, since WMAP observed thecetiethe freshly
created plasma at reionization on the large-scale pot@izanisotropies of the
CMB which limits the reionization redshift; an earlier raiaation, when the uni-
verse was denser, would have created a stronger scattégingtgre that would
have been inconsistent with the WMAP observations. In aisg cthe redshift at
which reionization ended only constrains the overall casefficiency for produc-
ing ionizing photons. In comparison, a detailed pictureedbnization in progress
will teach us a great deal about the population of the firsaxjak that produced
this cosmic phase transition.

7.2 PROPAGATION OF IONIZATION FRONTS

Astronomers label the neutral and singly ionized statesncditamic species as |
and II; for example, abbreviating neutral hydrogen as H | emdzed hydrogen
as H Il. The radiation output from the first stars ionizes H higrowing volume,
eventually encompassing almost the entire IGM within alsiridy [l bubble. In
the early stages of this process, each galaxy producediaatibt Il region, and
only when the overall H Il filling factor became significantigieighboring bubbles
begin to overlap in large numbers, ushering in the “overlapge” of reionization.
Thus, the first goal of a model of reionization is to descrheinitial stage, during
which each source produces an isolated expanding H Il region

Let us consider, for simplicity, a spherical ionized volugseparated from the
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surrounding neutral gas by a sharp ionization front. In theeace of recombina-
tions, each hydrogen atom in the IGM would only have to bezedionce, and the
ionized physical volumé&,, would simply be determined by

nuV, =N, (7.1)

wheren g is the mean number density of hydrogen awgdis the total number of
ionizing photons produced by the source. However, the &eh@ensity of the IGM
at high redshift implies that recombinations cannot be fgdo Just before World
War 11, the Danish astronomer Bengt Stromgren analyzedahee problem for hot
stars embedded in the interstellar medi(inhn the case of a steady ionizing source
(and neglecting the cosmological expansion), he foundalsiéady-state volume
(now termed a ‘Stromgren Sphere’) would be reached, thnomgich recombina-
tions are balancing ionizations:
dN,
dt ’
where the recombination rate depends on the square of thetyland on the re-
combination coefficietit (to all states except the ground energy level, which would
just recycle the ionizing photon) = 2.6 x 1073 cm® s~! for hydrogen at
T = 10* K. The complete description of the evolution of an expandihy re-
gion, including the ingredients of a non-steady ionizingrse, recombinations,
and cosmological expansion, is givern'by

_ [(aV, dN
g (d—tp — 3HV,,) = dt” —ap{ni)V,. (7.3)

OéBfL%IV = (7.2)

In this equation, the mean density; varies with time ad /a3(t). Note that the
recombination rate scales as the square of the density.efdrer if the IGM is
not uniform, but instead the gas which is being ionized is tiyadistributed in
high-density clumps, then the recombination time will bersér. This is often
accommodated for by introducing a volume-averaged clumfaiotorC (which is,
in general, time dependent), defined'by

C = (ng) /0y . (7.4)
If the ionized volume is large compared to the typical scédlelumping, so that
many clumps are averaged over, then equation (7.3) can bedsby supplement-
ing it with equation (7.4) and specifying. Switching to the comoving volumg,
the resulting equation is

av 1 dN, C _,
—_— = = —ap— 7.5
i R ar etV (73)

where the present number density of hydrogen is
7% =21x10""cm™? . (7.6)

il See§2 in Osterbrock, D. E., & Ferland, G. Astrophysics of Gaseous Nebulae and Active Galactic
Nuclei University Science Books, Sausalito (2006).

VThe recombination rate depends on the number density diretes and in using equation (7.4)
we are neglecting the small contribution made by partiatljudly ionized helium.
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This number density is lower than the total number densitparf/onsi? by a
factor of ~ 0.76, corresponding to the primordial mass fraction of hydragéne
solution forV/ (¢) around a source which turns ontat ¢; is "3

Y1 AN, g
_ (t",t) g4/ 7.7
V(t) /t T e dt’, (7.7)
where
Lo
_ =0
F(',t) = —apnjy /t B dt’ . (7.8)

At high redshifts ¢ > 1), the scale factor varies as

2/3
a(t) ~ (;MHOt) , (7.9)

and with the additional assumption of a constahtthe functionF' simplifies as
follows. Defining

ft)=a(t)™?, (7.10)
we derive
’ 2 O‘Bﬁ(l)ﬁl ’ C ’
F(,0) = =5 ot CIW) = f(0)] = ~026 (E) F(E) = F(0) - (7.11)

The size of the resulting H Il region depends on the halo whiduces it. Let
us consider a halo of total mad$ and baryon fractiofi?, /<2,,,. To derive a rough
estimate, we assume that baryons are incorporated inte ittt an efficiency
of f, = 10%, and that the escape fraction for the resulting ionizingatah is
also fosc = 10%. As mentioned irg5.2.2, Population Il stars produce a total of
N, =~ 4,000 ionizing photons per baryon in them. We may define a parameter
which gives the overall number of ionizations per baryoreassled into the halo,

NionEN'yf*fesc~ (712)

If we neglect recombinations then we obtain the maximum ocongpradius of the
region which the halo of mas¥/ can ionize as,

o (3NN (3 Niw 9 MNP
mae \dr aY \dr 2l Q my,

Nion M 1/3
40 108M®)

However, the actual radius never reaches this size if themnbmation time is
shorter than the lifetime of the ionizing source.

We may obtain a similar estimate for the size of the H Il reqdoound a galaxy
if we consider a quasar rather than stars. For the typicasauspectrumy- 10*
ionizing photons are produced per baryon incorporatedtimdlack hole, assum-
ing a radiative efficiency ofv 6%. The overall efficiency of incorporating the
collapsed fraction of baryons into the central black holéig (< 0.01% in the
local Universe), butf.s. is likely to be close to unity for powerful quasars which

=680kpc ( (7.13)
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ionize their host galaxy. If we take the limit of an extremblyght source, char-
acterized by an arbitrarily high production rate of iongiphotons, then equation
7.3 would imply that the H Il region expands faster than ligfttis result is clearly
unphysical and must be corrected for bright sources. Aydarles, the ionization
front around a bright quasar would have expanded at neaglgpleed of lightg,
but this only occurs when the H Il region is sufficiently smelth that the produc-
tion rate of ionizing photons by the central source excebds tonsumption rate
by hydrogen atoms within this volume. It is straightforwaoddo the accounting
for these rates (including recombination) by taking thétigropagation delay into
account. The general equation for the relativistic expamef thecomovingadius
R = (1+ z)r, of a quasar H Il region in an IGM with neutral filling fractiafi
(fixed by other ionizing sources) is given By

ar _ c(1+2) N, — apCryr (ﬁ%)Q (1+2)° (%R
dt J\.frY + 47 R? (1 +Z) CLL’HIFL%

, (7.14)

whereN7 is the rate of ionizing photons crossing a shell of the H lioegt radius

R and timet. Indeed, forNW — oo the propagation speed of the physical radius
of the H Il regionr, = R/(1 + z) approaches the speed of light in the above
expression(dr,/dt) — c.

The process of the reionization of hydrogen involves sewdistinct stageg®
The initial “pre-overlap” stage consists of individual inimg sources turning on
and ionizing their surroundings. The first galaxies formhe most massive ha-
los at high redshift, which are preferentially located ie tiighest-density regions.
Thus, the ionizing photons which escape from the galaxyfiteest then make
their way through the surrounding high-density regionsarelterized by a high
recombination rate. Once they emerge, the ionization rpmbpagate more easily
through the low-density voids, leaving behind pockets aftred, high-density gas.
During this period, the IGM is a two-phase medium charazéetiby highly ion-
ized regions separated from neutral regions by ionizationts. Furthermore, the
ionizing intensity is very inhomogeneous even within theized regions.

The central, relatively rapid “overlap” phase of reionipatbegins when neigh-
boring H Il regions begin to overlap. Whenever two ionizedlbles are joined,
each point inside their common boundary becomes exposezhipirig photons
from both sources. Therefore, the ionizing intensity ieditlll regions rises rapidly,
allowing those regions to expand into high-density gas tiiad previously re-
combined fast enough to remain neutral when the ionizingnisity had been low.
Since each bubble coalescence accelerates the processnifaton, the overlap
phase has the character of a phase transition and is exgeabedur rapidly. By
the end of this stage, most regions in the IGM are able to “seeéral unobscured
sources, therefore the ionizing intensity is much highet amore homogeneous
than before overlap. An additional attribute of this rapalérlap” phase results
from the fact that hierarchical structure formation modeiedict a galaxy forma-
tion rate that rises rapidly with time at these high redshifthis is because most
galaxies fall on the exponential tail of the Press-Scheahtess function at early
cosmic times, and so the fraction of mass that gets incotpoiato stars grows
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exponentially with time. This process leads to a final statghich the low-density

IGM has been highly ionized, with ionizing radiation reauieverywhere except
gas located inside self-shielded, high-density cloudsis Timoment of reioniza-

tion” marks the end of the “overlap phase.”

Some neutral gas does, however, remain in high-densitgtanes, which are
gradually ionized as galaxy formation proceeds and the meaiging intensity
grows with time. The ionizing intensity continues to growddsecome more uni-
form as an increasing number of ionizing sources is visibleuvery point in the
IGM.

Analytic models of the pre-overlap stage focus on the ewmtudf the H Il filling
factor, i.e., the fraction of the volume of the Universe whigfilled by H Il regions,
Qu - The modelling of individual H Il regions can be used to urstiend the
development of the total filling factor. Starting with egjoat(7.5), if we assume
a common clumping factaf' for all H 1l regions, then we can sum each term of
the equation over all bubbles in a given large volume of thévéhse and then
divide by this volume. Therv can be replaced by the filling factor ad, by
the total number of ionizing photons produced up to some tirper unit volume.
The latter quantityn, equals the mean number of ionizing photons per baryon
multiplied by the mean density of baryons. Following the arguments leading to
equation (7.13), we find that if we include only stars
@ = NionFcol ) (715)

np
where the collapse fractiof,,; is the fraction of all the baryons in the Universe
which are in galaxies, i.e., the fraction of gas which haestinto halos and cooled
efficiently inside them. In writing equation (7.15) we ars@®ing instantaneous
production of photons, i.e., that the timescale for the fation and evolution of
the massive stars in a galaxy is relatively short comparelediubble time at the
formation redshift of the galaxy. The total number of ioniaas equals the total
number of ionizing photons produced by stars, i.e., allaong photons contribute
regardless of the spatial distribution of sources. Alse,ttital recombination rate
is proportional to the total ionized volume, regardlessteftopology. Thus, even
if two or more bubbles overlap, the model remains a good figpr@ximation for
Qu 11 (at least until its value approaches unity).

Under these assumptions we convert equation (7.5), whisbribes individual
H 1l regions, to an equation which statistically descrild@stransition from a neu-
tral Universe to a fully ionized one:

dQH 11 Nion chol c

T T L L (7.16)
which admits the solution (in analogy with equation 7.7),
¢ Nion chol F(t
Quul(t) =/0 o6 dr © 0 gt (7.17)

whereF' (¢, t) is determined by equation (7.11).
A simple estimate of the collapse fraction at high redsisiftie mass fraction
(given by equation (3.35) in the Press-Schechter modeRlimshabove the cooling
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threshold, which gives the minimum mass of halos in which ¢@s cool effi-
ciently. Assuming that only atomic cooling is effective thgrthe redshift range of
reionization, the minimum mass corresponds roughly to a b&Virial temperature
T.ir = 10* K, which can be converted to a mass using equation (3.30).

Although many models yield a reionization redshift arouné- 10, the exact
value depends on a number of uncertain parameters affdmbithgthe source term
and the recombination term in equation (7.16). The sourcarpeters include the
formation efficiency of stars and quasars and the escapt#oinaaf ionizing photons
produced by these sources.

The overlap of H Il regions is expected to have occurred dewifit times in
different regions of the IGM due to the cosmic scatter duthegyprocess of struc-
ture formation within finite spatial volumes. Reionizatishould be completed
within a region of comoving radiu® when the fraction of mass incorporated into
collapsed objects in this region attains a certain critigdlie, corresponding to a
threshold number of ionizing photons emitted per baryone ibmization state of
a region is governed by the factors of its enclosed ionizimgihosity, its over-
density, and dense pockets of neutral gas within the redianare self shielding
to ionizing radiation. There is an offsét between the redshift at which a region
of mean over-densityz achieves this critical collapsed fraction, and the redshif
at which the Universe achieves the same collapsed fracti@average. This offset
may be computed from the expression for the collapsed &madti,, within a re-
gion of over-densityr on a comoving scal&, within the excursion-set formalism
described ir§3.3.1,

F., = erfc _ et =0r , (7.18)
2[ %{min _0.1%4]
giving,’®
N 2
R S Y O (7.19)
(1+2)  Oeit(2) of

whered.it(Z) o (1 + Z) is the collapse threshold for an over-density at a redshift
Z, andog andog,,, are the variances in the power spectrum linearly extrapdlat
to z = 0 on comoving scales corresponding to the region of interedtta the
minimum galaxy mass/,,;,,, respectively. The offset in the ionization redshift of a
region depends on its linear over-density As a result, the distribution of offsets
may be obtained directly from the power spectrum of primak@ihomogeneities.
As can be seen from equation (7.19), larger regions have #esrsaatter due to
their smaller cosmic variance. Interestingly, equatior1 97 is independent of the
critical value of the collapsed fraction required for reimation.

The size distribution of ionized bubbles can also be catedlavith an approxi-
mate analytic approach based on the excursion set forméafigiar a region to be
ionized, galaxies inside it must produce a sufficient nunab@nizing photons per
baryon. This condition can be translated to the requirenterttthe collapsed frac-
tion of mass in halos above some minimum maks;,, will exceed some threshold,
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namelyF,. > ¢~!. For example, requiring one ionizing photon per baryon wloul
correspond to setting = Nion, Where N, is defined in equation (7.12). We
would like to find the largest region around every point whoskapse fraction sat-
isfies the above condition on the collapse fraction, theauate the abundance of
ionized regions of this size. Different regions have défatrvalues ofF.,; because
their mean density is different. Writing the collapse frantin a region of mean
overdensityyr as equation (7.18), we may derive the barrier condition emtiean
overdensity within a region of masqd = %”R%m in order for it to be ionized,

5R > 5B(Ma Z) = 5crit - \/ﬁK(C)[JIQHin - JQ(Mv Z)]I/Q’ (720)

where K (¢) = erf *(1 — ¢~ ') anderf(z) = 1 — erfc(z). The barrier in equa-
tion (7.20) is well approximated by a linear dependence ®wf the form,ép ~
B(M) = By+ B1o?(M), in which case the mass function has an analytic solution,

dlno | By B2(M)
dn _ /2 o |- B
aM ~ N a2 |dm | o) P | 202 (M) )

wherep,, is the mean comoving mass density. This solution(tbt/dM )dM
provides the comoving number density of ionized bubblef \W&M mass in the
range betweerl/ and M + dM. The main difference between this result and
the Press-Schechter mass function is that the barrier indéise becomes more
difficult to cross on smaller scales becadges a decreasing function of mass.
This gives bubbles a characteristic size. The size evoltesradshift in a way that
depends only og and M in.

A limitation of the above analytic model is that it ignoreg thon-local influence
of sources on distant regions (such as voids) as well as thsilgje shadowing
effect of intervening gas. Radiative transfer effects ia thal Universe are inher-
ently three-dimensional and cannot be fully captured bysphl averages as done
in this model. Moreover, the value @f/,,,;,, is expected to increase in regions that
were already ionized, complicating the expectation of Whethey will remain
ionized later. Nevertheless, refined versions of this madete well with rigorous
radiative transfer simulatiors.

dn 2 pm

(7.21)

7.3 SWISS CHEESE TOPOLOGY

Detailed numerical simulations which evolve the formatidmalaxies along with
the radiative transfer of the ionizing photons they prodwéttin a representative
cosmological volume, can provide a more accurate repragentof the process
of reionization than our approximate description above.e Tésults from such
simulations, illustrated in Figure 7.1, demonstrate that $patial distribution of
ionized bubbles is indeed determined by clustered grougmlaixies and not by
individual galaxies. At early times, galaxies were strgngjlustered even on very
large scales (up to tens of Mpc), and these scales theredandte the structure of
reionization. The basic idea is simplat high redshift, galactic halos are rare and
correspond to high density peaks. As an analogy, imaginelsieg on Earth for
mountain peaks above 5,000 meters. The 200 such peaks aataibdistributed
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uniformly, but instead are found in a few distinct clustenstop of large mountain
ranges. Given the large-scale boost provided by a mouraaige;, a small-scale
crest need only provide a small additional rise in order todmee a 5,000 meter
peak. The same crest, if it formed within a valley, would nothe anywhere near
5,000 meters in total height. Similarly, in order to find therlg galaxies, one
should look in regions with large-scale density enhancaswhere galaxies are
found in abundance.

The ionizing radiation emitted by the stars in each galaxyailly produces an
isolated bubble of ionized gas. However, in a region densle gadlaxies, the bub-
bles quickly overlap into one large bubble, completing n&ation in this region
even while the rest of the universe is still mostly neutralodtlimportantly, since
the abundance of rare density peaks is very sensitive td simahges in the den-
sity threshold, even a large-scale region with a small dgresihancement (say,
10% above the mean density of the Universe) can have a mugdr lewncentration
of galaxies than in other regions (characterized, for eXampy a 50% enhance-
ment). On the other hand, reionization is more difficult tbiage in dense regions
since the protons and electrons collide and recombine niftea o such regions,
and newly-formed hydrogen atoms need to be reionized age@bitional ioniz-
ing photons. However, the overdense regions still end wmizing first since the
increase in the number of ionizing sources in these regiateeaghs the higher re-
combination rate. The large-scale topology of reionizatothereforanside out
with underdense voids reionizing only at the very end ofmeation using the help
of extra ionizing photons coming in from their surroundirfgdich have a higher
density of galaxies than the voids themselves). This is alkegretical prediction
awaiting observational testing.

Detailed analytical models accounting for large-scalétamns in the abundance
of galaxies confirm that the typical bubble size starts welbty a Mpc early in
reionization, as expected for an individual galaxy, rise$+10 Mpc during the
central phase (i.e., when the Universe is half-ionized), famally increases by an-
other order of magnitude towards the end of reionizationesehscales are given
in comoving units that scale with the expansion of the ursigesuch that the actual
sizes at a redshift were smaller than these numbers by a factqef z). Numer-
ical simulations have only recently begun to reach the eposiscales needed to
capture this evolution. Accounting precisely for gravitagl evolution on a wide
range of scales, but still crudely for gas dynamics, stanftion, and the radiative
transfer of ionizing photons, the simulations confirm thme karge-scale topology
of reionization is inside out, and that this “swiss cheesgblogy can be used to
study the abundance and clustering of the ionizing soufcigsifes 7.1).

The characteristic observable size of the ionized bubli¢beaend of reion-
ization can be calculated based on simple considerati@sittpend only on the
power spectrum of density fluctuations and the redshift. hssize of an ionized
bubble increases, the time it takes a photon emitted by lyairto traverse it gets
longer. At the same time, the variation in the time at whidfedént regions reion-
ize becomes smaller as the regions grow larger. Thus, teegeriaximum region
size above which the photon-crossing time is longer tharctsenic variance in
reionization time. Regions larger than this size will beizea at their near side
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Figure 7.1 Snapshots from a numerical simulation illugtgathe spatial structure of cosmic
reionization in a slice of 140 comoving Mpc on a side. The $ation describes
the dynamics of the dark matter and gas as well as the ragliméinsfer of ioniz-
ing radiation from galaxies. The first four panels (readingpas from top left to
bottom left) show the evolution of the ionized hydrogen dignsur normalized
by the mean proton density in the IGiu) = 0.76p when the simulation
volume is 25%, 50%, 75%, and 100% ionized, respectivelygéarcale over-
dense regions form large concentrations of galaxies whaseing photons pro-
duce joint ionized bubbles. At the same time, galaxies asewdthin large-scale
voids in which the IGM is mostly neutral at early times. Thetbm middle
panel shows the temperature at the end of reionization whéebottom right
panel shows the redshift at which different gas elementseaomized. Higher-
density regions tracing the large-scale structure arergnaeionized earlier
than lower density regions far from sources. At the end adniziation, regions
that were last to get ionized and heated are still typicatijtédr because they
have not yet had time to cool through the cosmic expansiore r€hulting in-
homogeneities in the temperature of the IGM introduce apaéiriations in the
cosmological Jeans mass, which in turn modulate the distoib of small galax-
ies (Babich, D., & Loeb, AAstrophys. J640, 1 (2006)) and the Lyman-forest
(Cen, R., McDonald, P., Trac, H., & Loeb, Astrophys. J.submitted (2009)) at
lower redshifts. Figure credit: Trac, H., Cen, R., & Loeb,Astrophys. J689,
L81 (2009).
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by the time a photon crosses them towards the observer freinfdr side. They
would appear to the observer as one-sided, and hence signahtl of reioniza-
tion. Usings (M) in Figure 2.1, these considerations imfily characteristic size
for the ionized bubbles of 10 physical Mpc at: ~ 6 (equivalent to 70 Mpc to-
day). This result implies that future observations of theized bubbles (such as
the low-frequency radio experiments described10) should be tuned to a char-
acteristic angular scale of tens of arcminutes for an ogtiatection of brightness
fluctuations in the emission of hydrogen near the end of izadion.

7.4 REIONIZATION HISTORY
7.5 GLOBAL IONIZATION HISTORY

7.6 STATISTICAL DESCRIPTION OF SIZE DISTRIBUTION AND TOPOL -
OGY OF IONIZED REGIONS

7.7 RADIATIVE TRANSFER
7.8 RECOMBINATION OF IONIZED REGIONS

7.9 THE SOURCES OF REIONIZATION

7.9.1 Massive Stars
7.9.2 Quasars

7.9.3 Exotic Reionization Scenarios

7.10 HELIUM REIONIZATION






Chapter Eight

Feedback in the Early Universe

8.1 RADIATIVE FEEDBACK

8.1.1 Heating of the Intergalactic Medium: Mini-halos and the Clumping Fac-
tor

8.1.2 Photo-Heating and the Suppression of Low-Mass Galaes

After the ionized bubbles overlapped in each region, thézing background in-
creased sharply, and the IGM was heated by the ionizingtiadito a temperature
Ticm > 10* K. Due to the substantial increase in the IGM pressure, thallest
mass scale into which the cosmic gas could fragment, theabedcJeans mass,
increased dramatically, changing the minimum mass of foghgialaxies.

Gas infall depends sensitively on the Jeans mass. When artak massive
than the Jeans mass begins to form, the gravity of its darkemavercomes the
gas pressure. Even in halos below the Jeans mass, althaughslis initially held
up by pressure, once the dark matter collapses its incregseity pulls in some
gas. Thus, the Jeans mass is generally higher than the diatitalg mass for
accretion. Before reionization, the IGM is cold and neyteadd the Jeans mass
plays a secondary role in limiting galaxy formation comphte cooling. After
reionization, the Jeans mass is increased by several ooflenagnitude due to
the photoionization heating of the IGM, and hence beginddg @ dominant role
in limiting the formation of stars. Gas infall in a reionizadd heated Universe
has been investigated in a number of numerical simulatidrgee dimensional
numerical simulations found a significant suppression af igéall in even larger
halos {/, ~ 75 km s~ '), but this was mostly due to a suppression of late infall at
z < 2.

When a volume of the IGM is ionized by stars, the gas is heatedtempera-
tureTigm ~ 10% K. If quasars dominate the UV background at reionizatioairth
harder photon spectrum leadsTa;y; > 2 x 10% K. Including the effects of dark
matter, a given temperature results in a linear Jeans masssponding to a halo
circular velocity of

1/2

V; =~ 80 <ﬂ> / km s~ L. (8.1)
1.5 x 104K

In halos with a circular velocity well abovE}, the gas fraction in infalling gas

equals the universal mean @Qf,/(2,,,, but gas infall is suppressed in smaller halos.

A simple estimate of the limiting circular velocity, belowhich halos have essen-

tially no gas infall, is obtained by substituting the vir@lerdensity for the mean
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density in the definition of the Jeans mass. The resultiriase is

Ticm 1/2 -1
This value is in rough agreement with the numerical simataimentioned before.

Although the Jeans mass is closely related to the rate ohfglkat a given time,
it does not directly yield the total gas residing in halos giween time. The latter
guantity depends on the entire history of gas accretion bakos, as well as on the
merger histories of halos, and an accurate description inuive a time-averaged
Jeans mass. The gas content of halos in simulations is wél fn expression
which depends on the filtering mass, given by equation (3.12)

The reionization process was not perfectly synchronizedutphout the Uni-
verse. Large-scale regions with a higher density than thanntended to form
galaxies first and reionized earlier than underdense regidrhe suppression of
low-mass galaxies by reionization is therefore modulatedhe fluctuations in
the timing of reionization. Inhomogeneous reionizatiopimt a signature on the
power-spectrum of low-mass galaxies. Future high-retighifixy surveys hoping
to constrain inflationary parameters must properly modeldffects of reioniza-
tion; conversely, they will also place new constraints aattiermal history of the
IGM during reionization.

The increase in the minimum mass of star forming galaxiepgsed the global
star formation rate per comoving volume after reionizafibrin addition, the in-
homogeneous nature of the reionization process modulagedistribution of the
lowest-mass galaxies, and distorted their clustering gutigs relative to the under-
lying matter distributiorf? The production and mixing of heavy elements was also
modulated on the- 100 comoving Mpc scale of the largest H Il regiofts.

8.1.3 Recombination Radiation

8.2 LARGE-SCALE MECHANICAL FEEDBACK

8.3 CHEMICAL ENRICHMENT



Chapter Nine

The Lyman-«a Line as a Probe of the Early

Universe

9.1 HYDROGEN

Hydrogen is the most abundant elementin the Universe. Iststhe simplest atom
possible, containing a proton and an electron held togdtpéreir mutual electric
attraction. Because of its simplicity, the detailed untierding of the hydrogen
atom structure played an important role in the developmegtantum mechanics.
Since the lifetime of energy levels with principal quantunmbern greater

than 1 is far shorter than the typical time it takes to exditen in the rarefied
environments of the Universe, hydrogen is commonly fountéan its ground
state (lowest energy level) withh = 1. This implies that the transitions we should
focus on are those that involve the = 1 state. Below we describe two such
transitions, depicted in Figure 9.1.

9.2 THE LYMAN- o TRANSITION

The most widely discussed transition of hydrogen in cosiglis the Lymane
spectral line, which was discovered experimentally in 1893Harvard physicist
Theodore Lyman. This line has been traditionally used tetbhe ionization state
of the IGM in the spectra of quasars, galaxies, and gamméuegts. Back in
1965, Peter Scheu¥rand, independently, Jim Gunn & Bruce PetefSaralized
that the cross-section for Lyman-absorption is so large that the IGM should be
opaque to it even if its neutral (non-ionized) fraction issasall as~ 10~°. The
lack of complete absorption for quasars at redshifts 6.4 is now interpreted as
evidence that the diffuse IGM was fully ionized within lekan a billion years after
the Big Bang. Quasar spectra do show evidence for a so-Cédlex$t” of Lyman-
absorption features, which originate from slight enhaneetsin the tiny fraction
of hydrogen within overdense regions of the cosmic web. Ty mman« forest
has so far been observed in the spectrum of widely separakehvéers” pointing
towards individual quasars. Since the cosmic web providesasure of the power
spectrumP(k), there are plans to observe a dense array of skewers agsbwiii
a large number of quasars and map the related large-scatés® it delineates in
three dimensions.

If a source were to be observed before or during the epochafization, when
the atomic fraction of hydrogen was more substantial, tHiephetons with wave-
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HYDROGEN
n=2

Lyman - a
A =1.216 %10 cm
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Figure 9.1 Two important transitions of the Hydrogen atonihe 21-cm transition of hy-
drogen is between two slightly separated (hyperfine) statd®e ground energy
level (principal quantum number = 1). In the higher energy state, the spin
of the electron (e) is aligned with that of the proton (p), &mthe lower energy
state the two are anti-aligned. A spin flip of the electromutssn the emission of
a photon with a wavelength of 21-cm (or a frequency of 1420 MHhe second
transition is between the = 2 and then = 1 levels, resulting in the emission
of a Lymane photon of wavelength, = 1.216 x 1075 c¢m (or a frequency of
2.468 x 10'° Hz).

lengths just short of the Lyman-wavelength at the source (observediat =
1216(1 + zs)/f\, where z, is the source redshift) would redshift into resonance,
be absorbed by the IGM, and then get re-emitted in other tilimex. This would
result in an observed absorption trough shortward ofin the source spectrum,
known as the “Gunn-Peterson effect”. Often, quasars orighsgalaxies have a
Lyman-« emission line, but the Gunn-Peterson effect is expectetirtorate the
short-wavelength wing of the line (and potentially dampéehére Lymane emis-
sion feature if the line is sufficiently narrow).

The Gunn-Peterson trough serves as a robust indicatordoettshift of quasars,
galaxies, and gamma-ray bursts during the epoch of reitiaiza Since it rep-
resents a broad spectral feature, its existence can beddfey binning photons
across broad frequency bands, a techniques labeled byastsss as “ photom-
etry” (see Figure 9.2). This approach is particularly hafwlyfaint galaxies that
supply a small number of photons during an observing rurgesfime binning of
their frequency distribution (commonly termed as “spestapy”) is impractical.
In this context, the rarer bright sources have an importaat rhe Lymanx cross-
section is so large that absorption extends to wavelengtrsgightly longer than
A, Creating the appearance of a smooth wing with a charatiteslsape. A spec-
troscopic detection of the detailed shape of this Lymadamping wing can be
used to infer the neutral fraction of hydrogen in the IGM dgrieionizatiorf®

The spectra of the highest-redshift quasars at 6.4 show hints of a Gunn-
Peterson effect (see Figure 9.2), but the evidence is natlgsine since the ob-
served high opacity of the Lymam+transition can also result from trace amounts of
hydrogen. A more fruitful approach would be to image hydrmodeectly through
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Figure 9.2 Observed spectra (flux per unit wavelength) ofd&sqrs with redshifts.74 <
z < 6.42 from the Sloan Digital Sky Survey. For some of the highesisteft
quasars, the spectrum shows no transmitted flux shortwahe dfymane wave-
length at the quasar redshift, providing a possible hinhefgo-called “ Gunn-
Peterson trough” and indicating a slightly increased ratitaction of the IGM.
Itis evident from these spectra that broad-band photonigaglequate for infer-
ring the redshift of sources during the epoch of reionizatiBigure credit: Fan,
X., et al. Astron. J.128 515 (2004).
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a ground-state transition with a weaker opacity, a possilvile explore next.

9.3 LYMAN- oo EMISSION FROM GALAXIES

9.4 LYMAN- o SCATTERING IN THE DIFFUSE IGM

9.4.1 Basic Principles

The scattering cross-section of the Lymamesonance line by neutral hydrogen is
given by

7o) = TR A2 (v — va)? 1 (A2 /) (1] ve)S

whereA, = (8m2e2f,/3mecA2) = 6.25 x 108 s~ is the Lymane (2p — 1s)
decay rate,f, = 0.4162 is the oscillator strength, and, = 1216A and Vo =
(¢/Aa) = 2.47 x 105 Hz are the wavelength and frequency of the Lymaline.
The term in the numerator is responsible for the classicgld®gh scattering.

We consider a source at a redshiftbeyond the redshift of reionization,ion,
and the corresponding scattering optical depth of a uniforeutral IGM of hy-
drogen density.i1,0(1 + 2)* between the source and the reionization redshift. The
optical depth is a function of the observed wavelengjf,

9.1)

Zs cdt
7One) = / 4= o1+ 20 [ons(1 + 2)] 9.2)

wherev,ps = ¢/ Aobs and

dt

dz

At wavelengths longer than Lymam-at the source, the optical depth obtains a
small value; these photons redshift away from the line gealteng its red wing and
never resonate with the line core on their way to the obse@®nsidering only the
regime in whichv—v,| > A, we may ignore the second term in the denominator
of equation (9.1). This leads to an analytical result forreedamping wing of the
Gunn-Peterson trough,

[+ 2)H(2)] = —Hy ' [ (1 + 2)° + Qa(1+2)2] 2. (9.3)

) = 7 (g ) R02 [ = 100+ 2o 1+ 200558 ©)

4m2p,

for Aobs > 1, where we define
Aobs

)\obs (1 + zs))\a

(9.5)

'We define the reionization redshift to be the redshift at White individual H Il regions overlapped
and most of the IGM volume was ionized. In most realistic sci@s, this transition occurs rapidly on a
time-scale much shorter than the age of the universe. Thigisly due to the short distances between
neighboring sources.
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and

2229 L, 9 9. [14+a'/?
— J.7/2 2,.5/2 3/2 1/2 < -
I(x)_l_l_—i-?a: +5x +3z°/° 4+ 9z 2ln{1—x1/2]' (9.6)
The total optical depth is obtained from the integral (1(y)substitutingdz =
[(1 + 2)/vs]dv, by taking out of the integral all components evaluated atr#so-
nance redshift except the sharply-peakgdv), and by using equation (6.35). This
gives,

me? fadanut (2s) 5 Quh Qo —1/2 1+ 2z 3/2
L= ~ 6.45 x 10%2y; (20 ) (Zm .
7 mocH (z5) 645 x 10%2m1 (0.03) <0.3> < 10 )
9.7)

Here, H ~ 100h Qx/*(1 + 2,)%2 km s~! Mpc~! is the Hubble parameter at the
source redshift, >> 1, f, = 0.4162 and\, = 1216A are the oscillator strength
and the wavelength of the Lymantransition; ny 1 (2,) is the neutral hydrogen
density at the source redshift (assuming primordial aboods);(2,, and(2;, are
the present-day density parameters of all matter and ofdoeryrespectively; and
xy1 is the average fraction of neutral hydrogen.

At wavelengths corresponding to the Lymarresonance between the source
redshift and the reionization redshiftl + zrcion) Ao < Aobs < (1 + 25)Aq, the
optical depth is given by equation (9.7). Singe~ 10°, the flux from the source
is entirely suppressed in this regime. Similarly, the Lyngaresonance produces
another trough at wavelengtii$ + zeion)Ag < A < (1 + z5)Ag, Wheredg =
(27/32)A, = 1026 A, and the same applies to the higher Lyman series lings 4if
zs) > 1.18(1 4+ 2reion) then the Lymanx and the Lyman3 resonances overlap and
no flux is transmitted in-between the two troughs. The saniéshior the higher
Lyman-series resonances down to the Lyman limit waveleofyth = 912A.

At wavelengths shorter thax., the photons are absorbed when they photoionize
atoms of hydrogen or helium. The bound-free absorptionszsextion from the
ground state of a hydrogenic ion with nuclear chaZgend an ionization threshold
huy, is given by,

4 e4—(4 tan"1e€)/e

6.30 x 10718
el B em? x (@) for v > 1y, (9.8)

opp(v) = 73 ”

e=./X -1 (9.9
\ vo

For neutral hydroger¥, = 1 anduvy,o = (¢/.) = 3.29 x 1015 HZ (hyg,0 = 13.60
eV); for singly-ionized heliumZ = 2 andv 11,0 = 1.31 x 106 Hz (hvge 11,0 =
54.42 eV). The cross-section for neutral helium is more compédatvhen aver-
aged over its narrow resonances it can be fitted to an accofacfew percent up
to hv = 50 keV by the fitting functiorf’

1 —e—27/¢

where

obf e 1(V) =9.492 x 1071% em? x [(z — 1)® 4 4.158] x
—3.188
Y1953 (1 + 0.825y1/4) , (9.10)



104 CHAPTER 9

wherez = [(v/3.286 x 10° Hz) — 0.4434], y = 2 + 4.563, and the threshold for
ionization isvye 1,0 = 5.938 x 10'° Hz (hvie 1,0 = 24.59 eV).

For rough estimates, the average photoionization cros$esefor a mixture of
hydrogen and helium with cosmic abundances can be apprtedhrathe range of
54 < hv < 103 eV asops ~ oo(v/vno) >, Whereoy =~ 6 x 10717 cm?. The
redshift factor in the cross-section then cancels exabidyredshift evolution of
the gas density and the resulting optical depth dependsaomtlze elapsed cosmic
time, t(zreion) — t(2s). At high redshifts this yields,

Zs dt
be(Aobs) :/ dz(;—zno(l + Z)go'bf [Vobs(l + Z)]

Zreion

3
~1.5 x 10? A . ! — — ! —1.(9.12)
1004 ) | (14 zreion)?/? (1 + 24)3/2

The bound-free optical depth only becomes of order unithéextreme UV to soft
X-rays, aroundhv ~ 0.1 keV, a regime which is unfortunately difficult to observe
due to absorption by the Milky Way galaxy.

The transmitted flux between the Gunn-Peterson troughsalugman« and
Lyman-3 absorption is suppressed by the Lymaffierest in the post-reionization
epoch. Transmission of flux due to ionized bubbles in therpi@nization epoch is
expected to be negligible. The redshift of reionization barinferred in principle
from the spectral shape of the red damping wing or from thestratted flux be-
tween the Lyman series lines. However, these signaturesoanplicated in reality
by damped Lymanx systems along the line of sight or by the inhomogeneity or
peculiar velocity field of the IGM in the vicinity of the sowec Moreover, bright
sources, such as quasars, tend to ionize their surroundingament and the re-
sulting H 1l region in the IGM could shift the Lymaa-trough substantially.

The inference of the Lyman-transmission properties of the IGM from the ob-
served spectrum of high-redshift sources suffers from tiasgies about the pre-
cise emission spectrum of these sources, and in partidGwdattape of their Lyman-

« emission line. The first galaxies and quasars are expectbdvi® pronounced
recombination lines of hydrogen and helium due to the lacklust in their in-
terstellar medium. Lines such aswor the He 1l 164Q line should reach the
observer unaffected by the intervening IGM, since theirelargth is longer than
that of the Lymana transition which dominates the IGM opacity. However, as
described above, the situation is different for the Lymahne photons from the
source. As long as; > z.eion, the intervening neutral IGM acts like a fog and ob-
scures the view of the Lyman-ine itself [in contrast to the situation with sources
at zs < Zreion, Where most of the intervening IGM is ionized and only the fidix
photons with wavelengths shorter than Lymars suppressed by the Lymanfor-
est]. Photons which are emitted at the Lymahine center have an initial scattering
optical depth ofv 10° in the surrounding medium.

The Lymane line photons are not destroyed but instead are absorbedeand r
emitted. Due to the Hubble expansion of the IGM around the sourcdrélggency

i At the redshifts of interest;s ~ 10, the low densities and lack of chemical enrichment of the
IGM make the destruction of Lymaan-photons by two-photon decay or dust absorption unimpartant
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Figure 9.3 Halo of scattered Lymaniine photons from a galaxy embedded in the neutral
IGM prior to reionization (also calleloeb-Rybicki halp The line photons dif-
fuse in frequency due to the Hubble expansion of the suriognehedium and
eventually redshift out of resonance and escape to infifitglistant observer
sees a Lymamr halo surrounding the source, along with a characteridyical
asymmetric line profile. The observed line should be broadeand redshifted
by about one thousariim s~! relative to other lines (such aschi emitted by
the galaxy.
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of the photons is slightly shifted by the Doppler effect itleacattering event. As

a result, the photons diffuse in frequency to the red sida®tymanea resonance.
Eventually, when their net frequency redshift is sufficiemdrge, they escape and
travel freely towards the observer (see Figure 9.3). As altethe source creates
a faint Lymane: halo on the sk¥f. The well-defined radiative transfer problem
of a point source of Lymai photons embedded in a uniform, expanding neutral
IGM was solved by Loeb & Rybicki (1999F The Lymane halo can be simply
characterized by the frequency redshift relative to the tentery, = |v — v,],
which is required in order to make the optical depth from thrse [equation (9.4)]
equal to unity. At high redshifts, the leading term in eqortf9.4) yields

3/2
v, = 8.85 x 10'2 Hz x ( hh ) (1 + Z) , (9.12)
0.05v/ 10

as the frequency interval over which the damping wing afféioé source spectrum.
A frequency shift ofv, = 8.85 x 10'? Hz relative to the line center corresponds
to a fractional shift of(v, /v.) = (v/c) = 3.6 x 1073 or a Doppler velocity of

v ~ 103 km s~!. The Lymane halo size is then defined by the corresponding
proper distance from the source at which the Hubble velquitwides a Doppler

shift of this magnitude,
Q,/0.05
L =1.1 Mpe. 1
T (Qm/O.S) pc (9.13)

Typically, the Lymane: halo of a source at; ~ 10 occupies an angular radius of
~ 15" on the sky (corresponding te 0.1r,) and yields an asymmetric line profile
as shown in Figures 9.3 and 9.4. The scattered photons arly Ipiglarized and so
the shape of the halo would be different if viewed through &pration filter.

Detection of the diffuse Lyman-halos around bright high-redshift sources (which
are sufficiently rare so that their halos do not overlap) wqurbvide a unique tool
for probing the distribution and the velocity field of the mel IGM before the
epoch of reionization. The Lymas-sources serve as lamp posts which illuminate
the surrounding H | fog. On sufficiently large scales where iHubble flow is
smooth and the gas is neutral, the Lymairightness distribution can be used to
determine the cosmological mass densities of baryons attémmue to their low
surface brightness, the detection of Lymatalos through a narrow-band filter is
much more challenging than direct observation of their sesiat somewhat longer
wavelengths. The disappearance of Lymahalos below a certain redshift can be
used to determing.cion-

i The photons absorbed in the Gunn-Peterson trough are aksmiteed by the IGM around the
source. However, since these photons originate on the leeo$ the Lymane resonance, they travel
a longer distance from the source, compared to the Lymdine photons, before they escape to the
observer. The Gunn-Peterson photons are therefore smhtbeym a larger and hence dimmer halo
around the source. The Gunn-Peterson halo is made even direlaitéve to the Lymanx line halo by
the fact that the luminosity of the source per unit frequeisayften much lower in the continuum than
in the Lymane line.
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Figure 9.4 Monochromatic photon luminosity of a Lymarhalo as a function of normal-
ized frequency shift from the Lyman-resonancey = (vo — v)/v«. The ob-
served spectral flux of photonE(v) (in photons cm? s™* Hz™') from the
entire Lymane halo is F(v) = (L(7)/4nd?)(Na/vi)(1 + 25)? where N,
is the production rate of Lyman- photons by the source (iphotons s™?),

v = v, /(1 + z5), anddy, is the luminosity distance to the source [from Loeb,
A. & Rybicki, G. B. Astrophys. J524, 527 (1999); see alsgR0, L79 (1999)].
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Figure 9.5 Top: A false color image of a Lyman-blob (LAB) at a redshift: = 2.656. The
hydrogen Lymanxz emission is shown in blue, and images in the optical V-band
and the near-infrared J and H bands are shown in green andesgkctively.
Note the compact galaxies lying near the northern (top) dritieo LAB. The
Lyman- image was obtained using the SuprimeCam imaging cameraeon th
Subaru Telescope, and the V, J, and H band images were abtaimg the ACS
and NICMOS cameras on the Hubble Space Telescope. This LABriginally
discovered by the Spitzer Space Telescope. Image credschtt, M., & Dey, A.
(2010). Bottom: A false color image of an LAB at a redshift= 6.6, obtained
from a combination of images at different infrared wavektisg Image credit:
Ouchi, M. et al.Astrophys. J696, 1164 (2009).

9.4.2 Lyman- Blobs

Since their initial discover§? several tens of Lyman-blobs (LABs) have been
found® in the redshift range ~ 2-7. Bright LABs are typically located near mas-
sive galaxies that reside in dense regions of the Universati-Mavelength studies
of LABs reveal a clear association of the brighter blobs veitib-millimeter and
infrared sources which form stars at exceptional fites~ 103M, yr—!, or with
obscured active galactic nuclei (AGR) However, other blobs have been found
that are not associated with any source powerful enough ptaiexthe observed
Lyman- luminosities®® The observed LABs have a large spatial extent]50
kpc, and a diffuse elliptical or filamentary morphology. Btowere observed at
redshifts as high 8 » = 6.6, as illustrated in Fig. 9.5.
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The origin of LABs is still being debated. Some models relad®s to cooling
radiation from gas assembling into the cores of gala¥ie®ther models invoke
photoionization of cold{ ~ 10* K), dense, spatially extended gas by an ob-
scured AGNE or extended X-Ray emissiofi;the compression of ambient gas by
superwinds to a dense Lymanemitting shell?® or star formation triggered by rel-
ativistic jets from AGN®® The latest modet&° relate LABs to filamentary flows of
cold (~ 10*K) gas into galaxies, which are generically found in numargmu-
lations of galaxy formatiod®! These cold flows contait 5—-15% of the total gas
content®in halos as massive ad},a;, ~ 102-10'3 M.






Chapter Ten

The 21-cm Line

10.1 ATMOIC PHYSICS

The radiative transfer equation for a spectral line reads,
dl,  ¢(v)hv
at — 4x

whered/ is a path length element(v) is the line profile function normalized by

[ ¢(v)dv = 1 (with an amplitude of order the inverse of the frequency tvioltthe

line), subscripts 1 and 2 denote the lower and upper lewetienotes the number

density of atoms at the different levels, addand B are the Einstein coefficients
for the transition between these levels. We can then makeoiiee standard
relations in atomic physicsBa; = (g1/92)Bi12 and By = Ag (c?/2hi3), where

g is the spin degeneracy factor of each state. For the 21cmsiti@m Ay, =

2.85 x 107 1°s~! andgs/g1 = 3. The relative populations of hydrogen atoms in

the two spin states defines the so-called spin temperdaturérough the relation,

n2 o g2 E
B)-()lale) e

whereE/kp = 68 mK is the transition energy. In the regime of intereSk is
much smaller than the CMB temperatuigas well as the spin temperatufg, and
so all related exponentials can be expanded to leading.dfdemay also replace
AT, with 2kgTy,/\?, since the frequencies of interest are on the Rayleighslean
wing of the CMB blackbody spectrum. By substituting all tHeoee relations in
equation (10.1), we get the observed deviation from the Cighiness tempera-
ture Ty, in terms of the optical depth in the 21cm linex 1,
T
T, = ) (T, —T). (10.3)
In an expanding Universe with a uniform hydrogen number itens;; and with
a velocity gradient equal to the Hubble parameterthe 21-cm optical depth can
be derived similarly to equation(9.7). Writing(v) ~ 1/(Av) we getAl, «
Alp(v)v = |edt/dz|(vdz/dv) = ¢/ H, giving
o 3 h363A21 NHI
T 32 B2 Hkpl,
In the presence of inhomogeneities;; should include the density fluctuations
and H should be replaced by the full velocity gradient, which ud#s the line-of-
sight derivative of the line-of-sight component of the geouwelocity. The latter
introduces an anisotropy to the power spectrum of 21-crmhibmigss fluctuations.

[neAs1 — (n1Biz —n2Baoi1) L], (10.1)

(10.4)
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Figure 10.1 Evolution of the global (spectral) 21-cm sigfaal different scenarios.Solid
blue curve: no stars;solid red curve: Ts > T.,; black dotted curve:no
heating;black dashed curveno ionization;black solid curve:full calculation.
Figure credit: Pritchard, J., & Loeb, A. Phys. Ref, in press (2010).

The right-hand-side of equation (10.3) is proportional(1y — T’,), yielding
an emission signal i, > T, and an absorption signal otherwise. In addition,
equations (10.3) and (10.4) imply that as longlas>> T, the magnitude of
the emission signdl}, is not dependent on the existence of the CMB (or even the
particular value off, ast o< T, 1).

10.2 INTERACTION WITH GAS AND UV/X-RAY RADIATION BACKGROUN DS
10.3 STATISTICAL AND IMAGING TOOLS

10.4 OBSERVATIONAL PROSPECTS

In difference from interferometric arrays, single dipolg@eriments which integrate

over most of the sky, can search for the global (spectrajr@kignal shown in Fig-

ure 10.1. Examples of such experiments are CoRE or ED@&HS{www.haystack.mit.edu/ast/arrays/Edyes/
Rapid reionization histories which span a redshift radge < 2 can be con-

strained, provided that local foregrounds (see Figure)l€ap be well modelled
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by low-order polynomials in frequency. Observations in flegjuency range 50-

100 MHz can potentially constrain the Lymanand X-ray emissivity of the first
stars forming at redshifts ~ 15-25, as illustrated in Figure 10.3.

10.5 THE TRANSITION TO THE POST-REIONIZATION UNIVERSE
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sky at 100 MHz

2.3 —— 5.0 Log (T)

dipole response at 100 MHz

Figure 10.2Top panel: Radio map of the sky at 100 MHzZBottom panel: Ideal dipole
response averaged over 24 houFgure credits: Pritchard, J., & Loeb, A.
Phys. Rev.D, in press (2010); de Oliveira-Costa, A. et al. Mon. Not. R.
Astron. Soc.388 247 (2008).
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Figure 10.3 Dependence of global 21-cm signal on the X-i@yganel) and Lymae (bot-
tom panel) emissivity of stars. Each case depicts examplbstine character-
istic emissivity reduced or increased by a factor of up to.1Bigure credit:
Pritchard, J., & Loeb, A. Phys. Rel, in press (2010).






Chapter Eleven

The 21-cm Line: Additional Notes (by A.L.)

In quantum mechanics, elementary particles possess arherdal property called
“spin” (classically thought of as the rotation of a partieleund its axis), which
has a half-integer or integer magnitude, and an up or dowa.stée ground state
of hydrogen is split into two very close (“hyperfine”) states upper energy level
(triplet state) in which the spin of the electron is lined uighwthat of the proton, and
a lower energy level (singlet state) in which the two are-afigned. The transition
to the lower level is accompanied by the emission of a phofitimawavelength of
21 centimeter (see Figure 9.1). The 21-cm transition wasrétieally predicted by
Hendrick van de Hulstin 1944 and detected in 1951 by Haroldife& Ed Purcell,
who put a horn antenna out of an office window in the Harvardspisydepartment
and saw the 21-cm emission from the Milky Way.

The existence of neutral hydrogen prior to reionizatiorrdfthe prospect of de-
tecting its 21-cm emission or absorption relative to the CNBThe optical depth
is only ~ 1% in this case for a fully neutral IGM, making the 21-cm line anmo
suitable probe for the epoch of reionization than the Lymdine. By observing
different wavelengths of 21cm(1 + z), one is slicing the Universe at different
redshiftsz. The redshifted 21-cm emission should display angulacsire as well
as frequency structure due to inhomogeneities in the gasitgietme hydrogen ion-
ized fraction, and the fraction of excited atoms. A full mdghee distribution of
atomic hydrogen (denoted by astronomers as H ) as a funofioadshift would
provide a three-dimensional image of the swiss-cheesetstaiof the IGM during
reionization, as illustrated in image 11.1. The cavitiethiem hydrogen distribution
are the ionized bubbles around groups of early galaxies.

The relative population of the two levels defines the soeckdpin (excitation)
temperaturewhich may deviate from the ordinary (kinetic) temperatof¢he gas
in the presence of a radiation field. The coupling betweengtie and the mi-
crowave background (owing to the small residual fractiorfrek electrons left
over from the hydrogen formation epoch) kept the gas tentper&qual to the ra-
diation temperature up to 10 million years after the Big BaSgibsequently, the
cosmic expansion cooled the gas faster than the radiatihcallisions among
the atoms maintained their spin temperature at equilibrith their own kinetic
temperature. At this phase, cosmic hydrogen can be detecadaborptionagainst
the microwave background sky since it is colder. Regionsdtasomewhat denser
than the mean will produce more absorption and underdegsen®will produce
less absorption. The resulting fluctuations in the 21-crghiriess simply reflects
the primordial inhomogeneities in the g&4. A hundred million years after the
Big Bang, cosmic expansion diluted the density of the gabegobint where the
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Figure 11.1 21-cm imaging of ionized bubbles during the @pfaeionization is analogous
to slicing swiss cheese. The technique of slicing at intersaparated by the
typical dimension of a bubble is optimal for revealing diéfat patterns in each
slice.

collisional coupling of the spin temperature to the gas bexweaker than its cou-
pling to the microwave background. At this stage, the spimyerature returned to
equilibrium with the radiation temperature, and it becampassible to see the gas
against the microwave background brightness. Once thegfilaixies lit up, they
heated the gas (mainly by emitting X-rays which penetrabedthick column of
intergalactic hydrogen) as well as its spin temperatun@(ibh UV photons which
couple the spin temperature to the gas kinetic temperatlihg)increase of the spin
temperature beyond the microwave background temperagqreres much less en-
ergy per atom than ionization, so this heating occurred beflbre the Universe was
reionized. Once the spin temperature had risen above thewage background
(CMB) temperature, the gas could be seen against the migeogky inemission
At this stage, the hydrogen distribution is punctuated withbles of ionized gas
which are created around groups of galaxies. Below we desthiese evolutionary
stages more quantitatively.

The basic physics of the hydrogen spin transition is deteechias follows. The
ground-state hyperfine levels of hydrogen tend to therraalith the CMB, making
the IGM unobservable. If other processes shift the hypeldvied populations away
from thermal equilibrium, then the gas becomes observagdaat the CMB either
in emission or in absorption. The relative occupancy of thie gevels is usually
described in terms of the hydrogen spin temperaiyralefined by

T
ﬂ=3exp{——} , (11.2)
no Ts
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whereng andn, refer respectively to the singlet and triplet hyperfine Isvie
the atomic ground statex(= 1), andT, = 0.068 K is defined bykpT, = Fo1,
where the energy of the 21 cm transitionAs; = 5.9 x 10~° eV, corresponding
to a photon frequency of 1420 MHz. In the presence of the CMB@&| the spin
states reach thermal equilibrium wily = 7., = 2.73(1 + z) K on a time-scale
of ~ T\ /(TyA10) = 3 x 105(1 + 2)~! yr, whereA;y = 2.87 x 1071° s~ ! is the
spontaneous decay rate of the hyperfine transition. This sicale is much shorter
than the age of the Universe at all redshifts after cosmoldgecombination.

The IGM is observable only when the kinetic temperatli®f the gas (defined
by the motion of its atoms) differs froffi,, and an effective mechanism couples
T, to Ty,. At early times, collisions dominate this coupling becatimegas density
is still high, but once a significant galaxy population foringhe Universe, the
spin temperature is affected also by an indirect mechanisnédcts through the
scattering of Lymarw photons, the so-called Wouthuysen-Field effect, namex aft
the Dutch physicist Siegfried Wouthuysen and Harvard aslysicist George Field
who explored it first%> Here continuum UV photons produced by early radiation
sources redshift by the Hubble expansion into the local Lymdine at a lower
redshift and mix the spin states.

A patch of neutral hydrogen at the mean density and with aoamif’; produces
(after correcting for stimulated emission) an optical d¢egt an observed wave-
length of21(1 + z) cm of

1/2
7(2) = 1.1 x 102 <%> (1;52) , (11.2)

where we have assumeds> 1. The observed spectral intensify relative to the
CMB at a frequency is measured by radio astronomers as an effective bright-
ness temperaturé, of blackbody emission at this frequency, defined using the
Rayleigh-Jeans limit of the Planck formulg, = 2kpTyv? /2.

The brightness temperature through the IGMis= T e ™ + T,(1 — e™7),

so the observed differential antenna temperature of tgiererelative to the CMB
ileG

Ty=(1+2)""Ts —T))(1—e"7)

1 V2 oo
:zng< ;:)Z) (Tﬂ , (11.3)

where we have made use of the fact that. 1 andT}, has been redshifted to= 0.
The abbreviated unit ‘mK’ stands for milli-degree K r—3K.

In overdense regions, the obsergds proportional to the overdensity, while in
partially ionized region§, is proportional to the neutral fraction. Also/if > 7.,
then the IGM is observed in emission at a level that is inddpahof7,. On
the other hand, iff; <« T’,, then the IGM is observed in absorptiShat a level
enhanced by a factor @, /T. As aresult, a number of cosmic events are expected
to leave observable signatures in the redshifted 21-cméiseliscussed below.

Figure 11.2 illustrates the mean IGM evolution for threerapées in which
reionization is completed at different redshifts= 6.47 (thin lines),z = 9.76
(medium thickness lines), and= 11.76 (thick lines). The top panel shows the
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Figure 11.2Top panel: Evolution with redshiftz of the CMB temperatur@cump (dotted

curve), gas kinetic temperatuf®, (dashed curve), and spin temperatie
(solid curve). Following cosmological recombination aedshiftz ~ 103, the
gas temperature tracks the CMB temperatuxe(( + z)) down to a redshift
z ~ 200 and then declines below itq (1 + z)?), until the first X-ray sources
(accreting black holes or exploding supernovae) heat it etbabove the CMB
temperature. The spin temperature of the 21-cm transititerpolates between
the gas and CMB temperatures; initially it tracks the gasperature through
atomic collisions, then it tracks the CMB through radiatbeipling, and even-
tually it tracks the gas temperature once again after théymtion of a cosmic
background of UV photons that redshift into the Lymamesonance Middle
panel: Evolution of the gas fraction in ionized regions (solid curve) and the
ionized fraction outside these regions (due to diffuse ysya. (dotted curve).
Bottom panel: Evolution of mean 21-cm brightness temperatiize The hor-
izontal axis at the top provides the observed photon frecuéor the different
redshifts shown at the bottom. Each panel shows curves fee tinodels in
which reionization is completed at different redshifts:= 6.47 (thin lines),
z = 9.76 (medium thickness lines), and= 11.76 (thick lines). Figure credit:
Pritchard, J. & Loeb, APhys. RevD78, 103511 (2008).
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global evolution of the CMB temperatufE-ys (dotted curve), the gas kinetic
temperaturel’, (dashed curve), and the spin temperatiife(solid curve). The
middle panel shows the evolution of the ionized gas fractiond the bottom panel
displays the mean 21 cm brightness temperafiie,

The prospect of studying reionization by mapping the distibn of atomic hy-
drogen across the Universe through its 21-cm spectral lagwerhotivated several
teams to design and construct arrays of low-frequency raciennae. These teams
plan to assemble arrays of thousands of dipole antennaearelate their elec-
tric field measurements. Although the radio technology ferfrequency range of
interest is the same as used in past decades for TV or radionoaination, the
experiments have never been done before because competerset sufficiently
powerful to analyze and correlate the large volume of datdpced by these arrays.
The planned experiments include the Low Frequency A&ythe Murchison
Wide-Field Array shown in Figure 11.8°the Primeval Structure Telescop€the
Precision Array to Probe the Epoch of Reionizattéhand ultimately the Square
Kilometer Array*!? These low-frequency radio observatories will search oker t
next decade for redshifted 21-cm emission or absorptiom fredshiftsz ~ 6.5—
15, corresponding to observed wavelengths of 1.5-3.4 smiétemparable to the
height of a person). Current observational projects in 2lleosmology are at the
same status as CMB research was prior to the first statistetelction of the sky
temperature fluctuations by the COsmic Background ExpiZ&BE) satellite.

Because the smallest angular size that can be resolved bgsadpe is of or-
der the observed wavelength divided by the telescope dameidio astronomy
at wavelengths as large as a meter has remained relativdgvaloped. Produc-
ing resolved images even of large sources such as cosmalagitzed bubbles
requires telescopes which have a kilometer scale. It is nmugte cost-effective
to use a large array of thousands of simple antennas distdmwer several kilo-
meters, and to use computers to cross-correlate the measntgof the individual
antennae and combine them effectively into a single largst¢epe. The new ex-
periments are located mostly in remote sites, becausedhadncy band of interest
overlaps with more mundane terrestrial telecommunication

Detection of the redshifted 21-cm signal is challenginglaRéstic electrons
within our Milky Way galaxy produce synchrotron radio enissas they gyrate
around the Galactic magnetic figldThis results in a radio foreground that is larger
than the expected reionization signal by at least a factéermthousand. But not
all is lost. By shifting slightly in observed wavelength aseslicing the hydrogen
distribution at different redshifts and hence one is seaidgferent map of its bub-
ble structure, but the synchrotron foreground remainsipe¢lae same. Theoretical
calculations demonstrate that it is possible to extracstgeal from the epoch of

iIThese experiments will bring a new capability to search éakhge of TV/radio signals from a
distant civilization (Loeb, A., & Zaldarriaga, Ml. of Cosm. and Astro-Part. Phyd, 20 (2007)).
Post World-War 1l leakage of radio signals from our civilioe could have been detected by the same
experiments out to a distance of tens of light years. Sincecivilization produced its brightest radio
signals for military purposes during the cold war, it is géale that the brightest civilizations out there
are the most militant ones. Therefore, if we do detect a sigvebetter not respond.

i For a pedagogical description of synchrotron radiatioe,§6ein Rybicki, G. B., & Lightman, A.
P.Radiative Processes in Astrophysiggiley, New York (1979).
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Figure 11.3Top: Atrtificial illustration of the expected MWA experiment with12 tiles
(white spots) of 16 dipole antennae each, spread acrosseamfr.5 km in
diameter in the desert of western Australia. With a collegtarea of 8,000
square meters, the array will be sensitive to 21-cm emisamn cosmic hy-
drogen in the redshift range af =6-15 by operating in the radio frequency
range of 80-300 MHz.Bottom: An actual image of one of the tiles. Image
credits: Bowman, J. & Lonsdale, C. (2009).
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Figure 11.4 Map of the fluctuations in the 21 cm brightnesspenaiture on the sky\T}
(mK), based on a numerical simulation which follows the dyies of dark
matter and gas in the IGM as well as the radiative transfeomizing photons
from galaxies. The panels show the evolution of the signal slice of 140
comoving Mpc on a side, in three snapshots correspondingeaimulated
volume being 25, 50, and 75 % ionized. These snapshots pomdgo the top
three panels in Figure 7.1. Since neutral regions correspmstrong emission
(i.e., a highTy), the 21-cm maps illustrate the global progress of reidivora
and the substantial large-scale spatial fluctuations irrétamization history.
Figure credit: Trac, H., Cen, R., & Loeb, Astrophys. J689, L81 (2009).

reionization by subtracting the radio images of the sky ighsly different wave-
lengths. In approaching redshifted 21-cm observatiortspagh the first inkling
might be to consider the mean emission signal in the bottomelpaf Figure 11.2
(and this is indeed the goal of some single-antenna expet8id, the signal is or-
ders of magnitude fainter than the synchrotron foregrogeeé figure 11.5). Thus,
most observers have focused on the expected characteasiétions inT}, both
with position on the sky and especially with frequency, whgignifies redshift
for the cosmic signal. The synchrotron foreground is expé¢d have a smooth
frequency spectrum, so it is possible to isolate the cosgicdd signal by taking
the difference in the sky brightness fluctuations at sligdifferent frequencies (as
long as the frequency separation corresponds to the cleaistitt size of ionized
bubbles). Large-scale patterns in the 21-cm brightness fedonization are driven
by spatial variations in the abundance of galaxies; ther@fhactuations reach a
root-mean-square amplitude 6 mK in brightness temperature on a scale of 10
comoving Mpc (Figure 11.4). While detailed maps will be diffit to extract due
to the foreground emission, a statistical detection ofétirgtuations (through the
power spectrum) is expected to be well within the capabdgitf the first-generation
experiments now being built. Current work suggests thakéygnformation on the
topology and timing of reionization can be extracted stiatidly.*'*

While numerical simulations of reionization are now reachihe cosmological
box sizes needed to predict the large-scale topology ofahizéd bubbles, they
often do so at the price of limited small-scale resolutione3e simulations cannot
yet follow in any detail the formation of individual stars thvin galaxies, or the
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feedback from stars on the surrounding gas, such as heatimgdmation or the
piston effect of supernova explosions, which blow hot bebldf gas enriched with
the chemical products of stellar nucleosynthesis. The Isitimns cannot directly
predict whether the stars that form during reionizationsangilar to the stars in the
Milky Way and nearby galaxies or to the primordi@0 1/, stars. They also cannot
determine whether feedback prevents low-mass dark madies lfrom forming
stars. Thus, models are needed to make it possible to vatlyesle astrophysical
parameters of the ionizing sources and study the effect tfasg on the 21-cm
observations.

The current theoretical expectations for reionization fmmdhe 21-cm signal are
based onrather large extrapolations from observed ga#xi@educe the properties
of much smaller galaxies that formed at an earlier cosmickpdConsiderable
surprises are thus possible, such as an early populatiamesfgs, or even unstable
exotic particles that emitted ionizing radiation as thegaled. The forthcoming
observational data in 21-cm cosmology should make the remedk a very exciting
time.

It is of particular interest to separate signatures of tmelamental physics, such
as the initial conditions from inflation and the nature of tteek matter and dark en-
ergy, from the astrophysics, involving phenomena relatestar formation, which
cannot be modeled accurately from first principles. Thisadipularly easy to do
before the first galaxies formed ¢ 25), at which time the 21-cm fluctuations are
expected to simply trace the primordial power spectrum oftenalensity pertur-
bations which is shaped by the initial conditions from inflatand the dark matter.
The same simplicity applies after reionizatien{ 6) —when only dense pockets of
self-shielded hydrogen (associated with individual gedaxsurvive, and those be-
have as test particles and simply trace the matter disioibit® During the epoch
of reionization, however, the 21-cm fluctuations are mastigped by the topology
of ionized regions, and thus depend on uncertain astropalydetails involving
star formation. However, even during this epoch, the impoindeviations from
the Hubble flow (i.e., peculiar velocity fluctuatiomswhich are induced gravita-
tionally by density fluctuation8; see equations 2.3-2.4), can in principle be used
to separate the signatures of fundamental physics fromstinepysics.

Deviations from the smooth Hubble flow imprint a particulamh of anisotropy
in the 21-cm fluctuations caused by gas motions along thedfngight. This
anisotropy, expected in any measurement of density basad@sonance line (or
on any other redshift indicator), results from velocity qumession. Consider a
photon traveling along the line of sight that resonates \atisorbing atoms at a
particular point. In a uniform, expanding universe, theapton optical depth en-
countered by this photon probes only a narrow strip of at@imge the expansion
of the universe makes all other neighboring atoms move witblaive velocity
which takes them outside the narrow frequency width of tteamance line. If,
however, there is a density peak near the resonating positie increased gravity
will reduce the expansion velocities around this point aridgomore gas into the
resonating velocity width. The associated Doppler effestinsitive only to the line
of sight component of the velocity gradient of the gas, and ttauses an observed
anisotropy in the power spectrum even when all physicalesao$the fluctuations



THE 21-CM LINE: ADDITIONAL NOTES (BY A.L)

125

v[MHz] 500

10° T
B~
L T~ k=0.01 Mpc-! ]
102 3 102
— 10F 108
=] E-. 4
E f ,
E L e k=10Mpc" .............. 1¢
S 3100
i e k=10.0 Mpe-! ]
0.1 3 108
E T k=100.0 Mpc! ]
0.01 Ll Ll L 108
1 10 100 108

zZ

Figure 11.5Top: Predicted redshift evolution of the angle-averaged annbditof the 21-cm

power spectrum|Q7,| = [k*P21—cm(k)/27%]"/?) at comoving wavenum-
bersk = 0.01 (solid curve), 0.1 (dotted curve), 1.0 (short dashed cyri@)0
(long dashed curve), and 100/@c~! (dot-dashed curve). In the model shown,
reionization is completed at = 9.76. The horizontal axis at the top shows
the observed photon frequency at the different redshifte diagonal straight
lines show various factors of suppression for the syncbrotBalactic fore-
ground, necessary to reveal the 21-cm sigriadttom: Redshift evolution of
the angular scale on the sky corresponding different congpwavenumbers,
© = (27/k)/da. The labels on the right-hand side map angles to angular
moments (often used to denote the multipole index of a sgdlehiarmonics
decomposition of the sky), using the approximate relatien=/©. Along the
line of sight (the third dimension), an observed frequeraydwidthAv corre-
sponds to a comoving distance-6f1.8 Mpc(Av/0.1 MHz)[(1 + z)/10]"/2.
Figure credit: Pritchard, J. & Loeb, &Rhys. RevD78, 103511 (2008).
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are statistically isotropic. This anisotropy implies tlla¢ observed power spec-
trum in redshift spac® (k) depends on the angle between the line of sight and the
k-vector of a Fourier mode, not only on its amplitukleThis angular dependence
allows to separate out the simple gravitational signatdrdemsity perturbations
from the complex astrophysical effects of reionizatiorgtsas star and black hole
formation, and feedback from supernovae and quéasérs.

11.1 OBSERVING MOST OF THE OBSERVABLE VOLUME

In general, cosmological surveys are able to measure theakpawer spectrum
of primordial density fluctuationsP(k), to a precision that is ultimately limited
by Poisson statistics of the number of independent regittresgo-called “cosmic
variance”). The fractional uncertainty in the amplitudeasfy Fourier mode of
wavelength) is given by~ 1/\/N, whereN is the number of independent ele-
ments of size\ that fit within the survey volume. For the two-dimensionalnad
the CMB, N is the surveyed area of the sky divided by the solid angle pieclLby

a patch of area? at z ~ 10%. 21-cm observations are advantageous because they
access a three-dimensional volume instead of the two-difoeal surface probed
by the CMB, and hence cover a larger number of independeintre@n which the
primordial initial conditions were realized. Moreovergtlexpected 21-cm power
extends down to the pressure-dominated (Jeans) scaleafsh@c gas which is or-
ders of magnitude smaller than the comoving scale at whielC¥B anisotropies
are damped by photon diffusion. Consequently, the 21-cmgpisocan trace the
primordial inhomogeneities with a much finer resolutioe (imnany more indepen-
dent pixels) than the CMB. Also, 21-cm studies promise terdtto much higher
redshifts than existing galaxy surveys, thereby coveringuah bigger fraction of
the comoving volume of the observable Universe. At thesé hégishifts, small-
scale modes are still in the perturbative (linear growtg)mee where their statistical
analysis is straightforward®.1). Altogether, the above factors imply that the 21-
cm mapping of cosmic hydrogen may potentially carry thedatghumber of bits
of information about the initial conditions of our Universempared to any other
survey method in cosmolody’

The limitations of existing data sets (on which the cosmilalgparameters in
Table 1.1 are based) are apparentin Figure 1.3, whichridltest the comoving vol-
ume of the Universe out to a redshiftas a function of:. State-of-the-art galaxy
redshift surveys, such as the spectroscopic sample of wmsired galaxies (LRGS)
in the first Sloan Digital Sky Survey (SDSS), extended onlytow: ~ 0.3 (only
one tenth of our horizon) and probed0.1% of the observable comoving volume
of the Universe. Surveys of the 21-cm emission (or a largeberof quasar skew-
ers through the Lyman-forest) promise to open a new window into the distribution
of matter through the remaining 99.9% of the cosmic volunmeeske ambitious ex-
periments might also probe the gravitational growth ofatinee through most of the
observable universe, and provide a new test of Einsteigerthof gravity across
large scales of space and time.



Chapter Twelve

Observations of High-Redshift Galaxies and

Implications for Reionization

12.1 GENERAL BACKGROUND

The study of the first galaxies has so far been mostly theadethut it is soon to
become an observational frontier. How the primordial casgas was reionized
is one of the most exciting questions in cosmology today. tNfeesorists associate
reionization with the first generation of stars, whose witket radiation streamed
into intergalactic space and broke hydrogen atoms apartlinbdbbles that grew
in size and eventually overlapped. Others conjecture tbatetion of gas onto
low-mass black holes gave off sufficient X-ray radiationaaize the bulk of the
IGM nearly simoultaneously. New observational data is nexguto test which
of these scenarios describes reality better. The timingiohization depends on
astrophysical parameters such as the efficiency of makarg st black holes in
galaxies.

Let us summarize quickly what we have learned in the prevaapters. Ac-
cording to the popular cosmological model of cold dark nrattievarf galaxies
started to form when the Universe was only a hundred milliearg old. Com-
puter simulations indicate that the first stars to have farmet of the primordial
gas left over from the Big Bang were much more massive tharstire Lacking
heavy elements to cool the gas to lower temperatures, thenywamordial gas
could have only fragmented into relatively massive clumpsciv condensed to
make the first stars. These stars were efficient factoriesriZing radiation. Once
they exhausted their nuclear fuel, some of these stars @gglas supernovae and
dispersed the heavy elements cooked by nuclear reactidhsiminteriors into the
surrounding gas. The heavy elements cooled the diffuseogas/er temperatures
and allowed it to fragment into lower-mass clumps that méeesecond genera-
tion of stars. The ultraviolet radiation emitted by all geatens of stars eventually
leaked into the intergalactic space and ionized gas faidaithe boundaries of
individual galaxies.

The earliest dwarf galaxies merged and made bigger galagigme went on. A
present-day galaxy like our own Milky Way was constructedraxosmic history by
the assembly of a million building blocks in the form of thestidwarf galaxies. The
UV radiation from each galaxy created an ionized bubble énabsmic gas around
it. As the galaxies grew in mass, these bubbles expandedénasid eventually
surrounded whole groups of galaxies. Finally, as more gesformed, the bubbles
overlapped and the initially neutral gas in between thexdatawas completely
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reionized.

Although the above progression of events sounds plausibtiis time it is only
a thought floating in the minds of theorists that has not yetiked confirmation
from observational data. Empirical cosmologists woule lik actually see direct
evidence for the reionization process before accepting itaanmon knowledge.
How can one observe the reionization history of the Univeieetly?

One way is to search for the radiation emitted by the firstxjakusing large
new telescopes from the ground as well as from space. Anethgiis to image
hydrogen and study the cavities of ionized bubbles withinTihe observational
exploration of the reionization epoch promises to be onb@hhost active frontiers
in cosmology over the coming decade.

12.1.1 Luminosity and Angular-Diameter Distances

When we look at our image reflected off a mirror at a distance ofeter, we see
the way we looked 6 nano-seconds ago, the time it took ligtrateel to the mirror
and back. If the mirror is spacedd!® cm = 3pc away, we will see the way we
looked twenty one years ago. Light propagates at a finitedspseby observing
distant regions, we are able to see how the Universe lookedrithe past, a light
travel time ago (see Figure 1.3). The statistical homodgruithe Universe on
large scales guarantees that what we see far away is a fagtist representation
of the conditions that were present in our region of the Urtigea long time ago.

This fortunate situation makes cosmology an empiricalrsme We do not need
to guess how the Universe evolved. By using telescopes wsicaly see the way
distant regions appeared at earlier cosmic times. Sinceatgrdistance means
a fainter flux from a source of a fixed luminosity, the obsdorabf the earliest
sources of light requires the development of sensitivemsénts, and poses tech-
nological challenges to observers.

We can image the Universe only if it is transparent. Earlmmnt 400 thousand
years after the Big Bang, the cosmic gas was sufficientlydibgtfully ionized (i.e.,
atoms were broken into free nuclei and electrons), and thedtse was opaque due
to scattering by the dense fog of free electrons that filled'litus, telescopes can-
not be used to image the infant Universe at earlier timese@ghifts> 103). The
earliest possible image of the Universe can be seen in thmicasicrowave back-
ground, the thermal radiation left over from the transittortransparency (Figure
1.1).

How faint will the earliest galaxies appear to our telescep®@/e can easily ex-
press the flux observed from a galaxy of luminoditat a redshift. The observed
flux (energy per unit time per unit telescope area) is obtalmespreading the en-
ergy emitted from the source per unit timg, over the surface area of a sphere
whose radius equals to the effective distance of the source,

L
47rd%7

f (12.1)

wheredy, is defined as theuminosity distancén cosmology. For a flat Universe,
the comoving distance of a galaxy which emitted its photdrestanet.,, and is
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Figure 12.1 The solid line (corresponding to the label ori¢fftehand side) shows Lag of
the conversion factor between the luminosity of a sourcei@mbserved flux,
4rd? (in Gpd), as a function of redshift;. The dashed-dotted line (labeled
on the right) gives the angk (in arcseconds) occupied by a galaxy of a 1 kpc
diameter as a function of redshift.
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observed at timé,,s is obtained by summing over infinitesimal distance elements
along the path length of a photorjt, each expanded by a factor + =) to the

present time:
tobs z l
= [ ] & L 22
tem 0(1)  HoJo /Qu(1+2)3+ Qs

wherea = (1 + z)~!. Theangular diameter distancé,, corresponding to the
angular diametet = D /d4 occupied by a galaxy of siz@, must take into account
the fact that we were closer to that galaky a factor(1 + z) when the photons
started their journey at a redshiftso it is simply given byls = rem/(1+ 2). But
to find dr, we must take account of additional redshift factors.

If a galaxy has an intrinsic luminositl, then it would emit an energ¥dten,
over a time intervalit.,,. This energy is redshifted by a factor f + z) and is
observed over a longer time intervéib,s = dtem (1 + 2) after being spread over a
sphere of surface argarr2,_ . Thus, the observed flux would be

em*

_ Ldten/(142) L
o 4mr? dtens 42 (1 +2)2

em

(12.3)

implying that

dy, = rem(1 + 2) = da(1 + 2)°. (12.4)
The area dilution factotrd? is plotted as a function of redshift in the bottom panel
of Figure 12.10. If the observed flux is only measured overraomaband of fre-
guencies, one needs to take account of the additional csinwdactor of(1 +z) =
(dvem/dvons) between the emitted frequency interdad.,,, and its observed value
dvons. This yields the relatiodf /dvops) = (14 2) X (dL/dvem)/(47d?). Figure
12.9 compares the predicted flux per unit frequénfipm a galaxy at a redshift
zs = 10 for a Salpeter IMF and for massive-(100M) Population 111 stars, in
units of nJy pen0°M, in stars (where 1 ndy 10732 erg cm ™2 s~! Hz~!). The
observed flux is an order of magnitude larger in the Populdticcase. The strong
UV emission by massive stars is likely to produce bright rebaation lines, such
as Lymane and He Il 1640, from the interstellar medium surrounding these
stars.

Theoretically, the expected number of early galaxies ded#nt fluxes per unit
area on the sky can be calculated by dressing up the darkmhattes in Figure 3.2
with stars of some prescribed mass distribution and formnatistory, then finding
the corresponding abundance of galaxies of different lasities as a function of
redshift!18 There are many uncertain parameters in this approach (suth A,
the stellar mass function, the star formation time, the feitg, and feedback), so
one is tempted to calibrate these parameters by observérgkifi®

iIn a flat Universe, photons travel along straight lines. Thgla at which a photon is seen is
not modified by the cosmic expansion, since the Universeraigat the same rate both parallel and
perpendicular to the line of sight.

il A simple analytic fitting formula forl;, (=) was derived by Pen, U.-lAstrophys. J. Suppll20,
49 (1999); http://arxiv.org/pdf/astro-ph/9904172v1 .

i The observed flux per unit frequency can be translated to aivagnt AB magnitude using the
relation, AB = —2.5log;[(df /dvobs)/erg s~! cm™2 Hz 1] — 48.6.
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12.1.2 The Hubble Deep Field and its Follow-ups

In 1995, Bob Williams, then Director of the Space Telescopiei®e Institute, in-
vited leading astronomers to advise him where to point thieliiSpace Telescope
(HST) during the discretionary time he received as a Dirggthich amounted to a
total of up to 10% of HST’s observing timé Each of the invited experts presented
a detailed plan for using HST's time in sensible, but comptdserving programs
addressing their personal research interests. After médhmeoday had passed, it
became obvious that no consensus would be reached. “WHhhinghdo?” asked
one of the participants. Out of desperation, another ppait suggested, “Why
don’t we point the telescope towards a fixed non-speciattor and burn a hole
in the sky as deep as we can go?” — just like checking how fast yew car can
go. This simple compromise won the day since there was nde=as$ for choos-
ing among the more specialized suggestions. As it turnedloigt“hole burning”
choice was one of the most influential uses of HST as it praditiedeepest image
we have so far of the cosmos.

The Hubble Deep Field (HDF) covered an area of 5.3 squarediautes and
was observed over 10 days (see Figure 12.2). One of its pimgdandings was the
discovery of large numbers of high-redshift galaxies angetiwhen only a small
number of galaxies at > 1 were known’ The HDF contained many red galaxies
with some reaching a redshift as hightasr even highet?° The wealth of galaxies
discovered at different stages of their evolution allowstlanomers to estimate the
variation in the global rate of star formation per comovimjume over the lifetime
of the universe.

Subsequent incarnations of this successful approachdeadlthe HDF-South
and the Great Observatories Origins Deep Survey (GOODSctm of GOODS,
occupying a tenth of the diameter of the full moon (equivaieri1 square arcmin-
utes), was then observed for a total exposure time of a milexonds to create the
Hubble Ultra Deep Field (HUDF), the most sensitive deep figldge in visible
light to date’ Red galaxies were identified in the HUDF image up to a redshift
z ~ 7, and possibly even higher, showing that the typical UV lupsity of galax-
ies declines with redshift at > 4.1?! The redshifts of galaxies are inferred either
through a search for a Lymam-emission line (identifying so-called “Lymat-
galaxies”)!?2 or through a search for a spectral break associated withidberp-
tion of intervening hydrogen (so-called “Lyman-break gada”).*2% For very faint
sources, redshifts are only identified crudely based ongbketsal trough produced
by hydrogen absorption in the host galaxy and the IGM {Sge

The abundance of Lyman-galaxies shows a strong decline between 5.7 and
z = 7, as expected from a correspondingly rapid increase in thiralefraction
of the IGM (which would scatter the Lymadm-line photons and make the line
emission from these galaxies undetectabféhut this interpretation is not unique.

VTurner, E. private communication (2009).

VJust prior to the HDF, an important paper about high-redglaifaxies was declined for publication
because the referee pointed out the “well-known fact” thate are no galaxies beyond a redshift of 1.

Viln order for galaxy surveys to be statistically reliableeytmeed to cover large areas of the sky.
Counts of galaxies in small fields of view suffer from a largsmic variance owing to galaxy clustering.
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Figure 12.2 The first Hubble Deep Field (HDF) image taken i8519The HDF covers an
area 2.5 arcminute across and contains a few thousand esléxith a few
candidates up to a redshift~ 6). The image was taken in four broadband fil-
ters centered on wavelengths of 3000, 4500, 6060, andﬁem an average
exposure time of- 0.127 million seconds per filter.
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Figure 12.3 The observed evolution in the cosmic mass deofstars (in solar masses per
comoving Mp¢) as a function of redshift [data compiled by Eyles, L. P.leta
Mon. Not. R. Astron. Soc374, 910 (2007); for additional recent data, see
Labbe, I., et al Astrophys. J708 L26 (2010).]. The estimates at> 5 should
be regarded as lower limits due to the missing contributiblow-luminosity
galaxies below the detection threshold [Stark, D., et Aktrophys. J659
84 (2007)]. Nevertheless, the data shows that less than gpéegent of all
present-day stars had formedzat- 5, in the first 1.2 billion years after the Big
Bang. A minimum densityo 1.7 x 10° fo.d Mg Mpce =2 of Population Il stars
(corresponding t6), ~ 1.25 x 107° 1) is required to produce one ionizing
photon per hydrogen atom in the Universe.

The mass budget of stars at~ 5—6 has been inferred from complementary
infrared observation with the Spitzer Space TelescopeKgpee 12.3). The mean
age of the stars in individual galaxies implies that they fathed atz ~ 10
and could have produced sufficient photons to reionize ti\d.[The advantage of
measuring the cumulative stellar density rather than tefstmation rate density
(see Figure 12.12) is that the cumulative density providesrassus of stars that
were made in faint galaxies below the detection threshblt, were incorporated
at a later time into detectable galaxies. This method woaldiqularly effective
with JWST.

Another approach adopted by observers benefits from maggifjevices pro-
vided for free by nature, so-called “gravitational lensé&&ch clusters of galaxies
have such a large concentration of mass that their gravitg®#he light-rays from
any source behind them and magnifies its image. This allowerebrs to probe
fainter galaxies at higher redshifts than ever probed leefdrhe redshift record
from this method is currently associatétwith a strongly lensed galaxy at= 7.6.

As of the writing of this book, this method has provided caladié galaxies with
possible redshifts up te ~ 10, but without further spectroscopic confirmation that
would make these detections robt&t.

So far, we have not seen the first generation of dwarf galatie=dshifts: > 10
that were responsible for reionization.
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12.1.3 Observing the First Gamma-Ray Bursts

Explosions of individual massive stars (such as superjaaaealso outshine their
host galaxies for brief periods of time. The brightest amtrgse explosions are
Gamma-Ray Bursts (GRB®)bserved as short flashes of high-energy photons fol-
lowed by afterglows at lower photon energies (as discussé#.b). These after-
glows can be used to study the first stars directly. Also, lailyito quasars, these
beacons of light probe the state of the cosmic gas througib#srption line sig-
natures on their spectra along the line of sight. GRBs weseodiered by th&wift
satellite out to a record redshift ef= 8.3, merely 620 million years after the Big
Bang, and significantly earlier than the farthest known qués= 6.4, see Figure
9.2). Itis already evident that GRB observations hold tlwmpse of opening a new
window into the infant Universe.

Standard light bulbs appear fainter with increasing reftishut this is not the
case with GRBs which are transient events that fade with.tiWikeen observing a
burst at a constant time delay, we are able to see the souareearlier time in its
own frame. This is a simple consequence of time stretchirgtdthe cosmologi-
cal redshift. Since the bursts are brighter at earlier tintéarns out that detecting
them at high redshifts is almost as feasible as finding thelowatedshifts, when
they are closer to u¥” Itis a fortunate coincidence that the brightening assediat
with seeing the GRB at an intrinsically earlier time rougblynpensates for the
dimming associated with the increase in distance to theenigédshift, as illus-
trated by Figure 12.4.

In contrast to bright quasars, GRBs are expected to resitypical small galax-
ies where massive stars form at those high redshifts. Orceahsient GRB after-
glow fades away, observers may search for the steady buteveatission from its
host galaxy. High-redshift GRBs may therefore serve aspsigts of high-redshift
galaxies which are otherwise too faint to be identified orirtben. Also, in con-
trast to quasars, GRBs (and their faint host galaxies) haeghgible influence on
the surrounding intergalactic medium. This is because tlghbUV emission of
a GRB lasts less than a day, compared with tens of millionsafyfor a quasar.
Therefore, bright GRBs are unique in that they probe theibnization state of the
surrounding medium without modifying 18 Unfortunately, the ability of GRBs
to probe the neutral fraction of the IGM is very often compised by damped
Lyman- absorption of hydrogen within their host galaxy.

As discussed ir§5.5, long-duration GRBs are believed to originate from the
collapse of massive stars at the end of their lives (FiguBg Since the very first
stars were likely massive, they could have produced GRBE.they did, we may
be able to see them one star at a time. The discovery of a GRBj&flv whose
spectroscopy indicates a metal-poor gaseous environeaut potentially signal
the first detection of a Population Ill star. The GRB redshdh be identified
from the Lymane break in its otherwise power-law UV spectrum. A photomaetri
detection can then be followed up with spectroscopy on a&ltetgscope. Various
space missions are currently proposed to discover GRB dateti at the highest
possible redshifts.

GRBs are expected to trace the star formation history betéer galaxy surveys
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Figure 12.4 Detectability of high-redshift GRB aftergloas a function of time since the
GRB explosion as measured by the observer. The GRB afterfilowin Jy)
is shown at the redshifted Lyman-wavelength (solid curves). Also shown
(dotted curves) is a crude estimate for the spectroscopiectien threshold
of JWST assuming an exposure time equal to 20% of the time since the
GRB explosion. Each set of curves spans a sequence of redshif=
5,7,9,11,13, 15, respectively (from top to bottom). Figure credit: Barkana
R., & Loeb, A.Astrophys. J601, 64 (2004).



136 CHAPTER 12

L (b)
100.0= ,——., -
E /! '\.\_ ]
\.
.
Ly \ ]
i \_‘
;T—| ‘IO.OE; -.\.,‘ _f
5 j N Pop I/l
2 i ]
o i
m 1.0f E
14 3 ]
O | -
i § N \ 7
0.1= :-' Pop 1Nl .. =
f P ]
a
L :' A |
0 5 10 15 20 25

Figure 12.5 Theoretically predicted rate of observable GRB a function of redshift (as-
suming that the GRB rate is proportional to the cosmic stan&tion rate at all
redshifts). Dotted lines: Contribution to the observed GRB rate from Pop /1l
and Pop Il for the case of slow metal enrichment of the |IG@shed lines:
Contribution to the GRB rate from Pop I/Il and Pop Il for thase of rapid
metal enrichment of the IGMFilled circle: GRB rate from Pop Il stars if
these, in an extreme scenario, were responsible for réfanthe universe at
z ~ 17. Figure credit: Bromm, V., & Loeb, AAstrophys. J642, 382 (2006).

since they flag the typical sites of star formation irrespeatf how faint their host
galaxy is. The survey method selects galaxies above sonegvaasflux threshold
and miss stars in low-luminosity galaxies. This introduaesrtificial suppression
(whose magnitude increases with redshift) in the inferresihtic star formation
rate per comoving volume. Even though the observed GRB rags dot suffer
from this redshift-dependent suppression, it is natuedlyected to decline sharply
with increasing redshift as illustrated in Figure 12.5.

12.1.4 Future Telescopes

The first stars emitted their radiation primarily in the UVrak but because of
intergalactic absorption and their exceedingly high rétistheir detectable radia-
tion is mostly observed in the infrared band. The successting Hubble Space
Telescope, the James Webb Space Telescope (JWST), wildimeln aperture 6.5
meters in diameter, made of gold-coated beryllium and desigo operate in the
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Figure 12.6 A full scale model of the James Webb Space Tabes@tWST), the successor
to the Hubble Space Telescope (http://www.jwst.nasa)gdWWVST includes a
primary mirror 6.5 meters in diameter, and offers instrutngamsitivity across
the infrared wavelength range of 0.6+28 which will allow detection of the
first galaxies. The size of the Sun shield (the large flat scireéhe image) is 22
meters<10 meters (72 29 ft). The telescope will orbit 1.5 million kilometers
from Earth at the Lagrange L2 point.

infrared wavelength range of 0.6—2& (see illustration 12.6). JWST will be po-
sitioned at the Lagrange L2 point, where any free-floatirsgj tdject stays in the
opposite direction to that of the Sun relative to Earth. Tadiest galaxies are ex-
pected to be extremely faint and compact, for two reasorss; firey are associated
with the smallest gaseous objects to have condensed o pfithordial gas, and
second they are located at the greatest distances from usgeati@alaxies3° En-
dowed with a large aperture and positioned outside the Batmospheric emis-
sions and opacity, JWST is ideally suited for resolving thiatfglow from the first
galaxies. It would be particularly exciting if JWST finds spescopic evidence
for metal-free (Population Ill) stars. As shown in Figure4,2he smoking gun
signature would be a spectrum with no metal lines, a strongcbiinuum consis-
tent with a blackbody spectrum ef 10° K truncated by an IGM absorption trough
(at wavelengths shorter than Lymanin the source frame; s€g.2), and showing
strong helium recombination lines, including a line at 1446 which the IGM is
transparent, from the interstellar gas around these hst’Sta

Several initiatives to construct large infrared telessope the ground are also
underway. The next generation of ground-based telescojiebave an effec-
tive diameter of 24-42 meters; examples include the Eunofedremely Large
Telescopé?? the Giant Magellan Telescopé and the Thirty Meter Telescogé?
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which are illustrated in Figure 12.7. Along with JWST, thei}iwe able to image
and survey a large sample of early galaxies. Given that thalsies also created
ionized bubbles during reionization, their locations dddae correlated with the
existence of cavities in the distribution of neutral hydeagWithin the next decade
it may become feasible to explore the environmental infleesfcgalaxies by us-
ing infrared telescopes in concert with radio observawtiet will map diffuse
hydrogen at the same redshift3(see§10). Additional emission at submillimeter
wavelengths from molecules (such as CO), ions (such as @ttds (such as O
1), and dust within the first galaxies would potentially beedtable with the future
Atacama Large Millimeter/Submillimeter Array (ALMA}3®

What makes the study of the first galaxies so exciting is thaivblves work
in progress. If all the problems were solved, there would b#img left to be
discovered by future scientists, such as some of the yousders of this book.
Scientific knowledge often advances like a burning frontyimich the flame is more
exciting than the ashes. It would obviously be rewardinguif current theoretical
ideas are confirmed by future observations, but it might éxemore exciting if
these ideas are modified. In the remaining sections of ttapten, we describe the
basic tools that can be used to derive the implications obbserved properties of
high-redshift galaxies to reionization.

12.2 MASS FUNCTION OF STARS

Present-day stars were traditionally classified into two pepulations. Population
| stars like the Sun are luminous, hot, metal-rich, youngsstammonly found in
the disks of spiral galaxies. Population Il stars are oldepler, less luminous,
metal-deficient stars commonly found in globular clusterd the nuclei of galax-
ies. The initial mass function (IMF) of present-day stars st parameterized by
Ed Salpeter in 1995 as a single power-law for the number of $fa as a function
of stellar massn,

dN,

dm,
with o &~ 2.35 for stars much more massive than the Sun. The related p@wer-|
indexI" = « — 1 relates to the number of stars geg m,. Figure 12.8 shows data
for the value ofl" as a function ofn, as well as the derived present-day IMF in
different samples of stars.

The dependence of the IMF on the heavy element abundancalljoitst) or
redshift is not known. As discussed #5.2.2, ab-initio simulations of the first
metal-free stars, so-called Population IIl, suggest they tvere likely massive with
a top-heavy IMF. The corresponding IMF can be simply paranwdd by a func-
tional form similar to that of present-day stars but witHeli€nt characteristic mass
and different low-mass and high-mass cut-offs. Since mass$ars have short life-
times, the first massive stars did not survive to the pregmetand might have been
qualitatively distinct from the stars that are observedijodut even after galaxies
were enriched with heavy elements, the IMF might have sti#rbredshift depen-
dent because the characteristic density and temperattine @fiterstellar medium

m, <, (12.5)
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Figure 12.7 Artist’s conception of the designs for threeufatgiant telescopes that will be
able to probe the first generation of galaxies from the grouhd European
Extremely Large Telescope (EELT, top), the Giant Magellate3cope (GMT,
middle), and the Thirty Meter Telescope (TMT, bottom). lraagredits: the
European Southern Observatory (ESO), the GMT Partnersinig,the TMT
Observatory Corporation.
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Figure 12.8Upper panel:The derived power-law indeX;, of the IMF in nearby star form-
ing regions, clusters and associations of stars within tilkyMWVay galaxy, as
a function of sampled stellar mass (points are placed in émtec of log m
range used to derive each index, with the dashed lines italictne full range
of masses sampled). The colored solid lines represent trekytical IMFs.
Bottom panel:The present-day IMF in a sample of young star-forming regjion
open clusters spanning a large age range, and old globukstecs. The dashed
lines represent power-law fits to the data. The arrows shexicharacteristic
mass of each fit, with the dotted line indicating the meanattaeristic mass of
the clusters in each panel, and the shaded region showirsggtheard deviation
of the characteristic masses in that panel. The obsengtimnconsistent with
a single underlying IMF. Figure credit: Bastian, N., CoM€yR., & Meyer, M.
R.,Ann. Rev. Astr. & Astrophy48(2010).
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Figure 12.9 Comparison of the observed flux per unit frequdéram a galaxy at a redshift
zs = 10 for a Salpeter IMF dotted line Tumlinson, J., & Shull, M. JAstro-
phys. J.528 L65 (2000)) and a purely massive IMBq(id line Bromm, V.
Kudritzki, R. P. & Loeb, A.Astrophys. J552 464 (2001)). The flux in units
of nJy per10°My, of stars is plotted as a function of observed wavelength in
pm. The cutoff below an observed wavelengthidt6 A (14 z,) = 1.34um is
due to hydrogen Lyman-absorption in the IGM (the so-called Gunn-Peterson
effect; segGPT). For the same total stellar mass, the observable flacget
by an order of magnitude for stars biased towards having @asd00M .

were different than they are today. In particular, sincetédrmeperature floor of the
gas in galaxies is set by the cosmic microwave backgroudrakK x (1 + z),

it is reasonable to expect that the characteristic massaoé stad been higher at
z ~ 10 than it is today, irrespective of the metallicity. Spectmgic observations
with JWST will be able to constrain the IMF of the first galaias illustrated in

Figure 12.9.

At any given redshift, the brightest among the common stargalaxies are
those stars whose lifetime is comparable to the age of theddse. While this
selects Sun-like stars in the present-day Universe, itréagostellar mass of
3Mg|[(1 + 2)/10]%° during the epoch of reionization.
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12.3 GALAXY EVOLUTION

For a given IMF and metallicity, it is possible to calculdte evolution of the spec-
tral luminosity of a galaxy with time. A library of galaxy spea computed by G.
Bruzual and S. Charlot using their Isochrone Synthesis t&gdevolutionary Code
137 A related codeStarburst99 for calculating spectra of star-forming galaxies
was compiled by Leitherer et al. (1999¥8 The evolution of the luminosity of a
galaxy also depends on its star formation rate (SFR) hisﬂéﬂ;g(t). The simplest
models involve:

e Constant star formation: M, =const, starting at the formation redshift of
the galaxy. In this model, the constant SFR equals the stelss of the
galaxy, M,, divided by the age of the galax{ty — tr). Since this age
must be smaller than the age of the Univetse~ 10° yr[(1 + z)/7]~3/2,
an observed SFR lower thavl, /¢ would falsify this model and imply an
alternative model in whictiZ, was higher in the past.

e Starburstactivity: M, = (M, /t,) exp{—(t—to)/t.} with a short duration
t, (often much shorter than a Gyr) after the starting tigeA startburst may
be regarded as instantaneous ( 0) if star formation was limited to a
period shorter than the evolutionary timescale of the mosssive stars (a
few million years). Starburst activity is ocassionallygtyered by a merger of
two galaxies, during which gas is funneled to their centgridal torques.

The high-redshift Universe is characterized by frequemgaes whose time av-
erage may resemble the steady mode of star formation, busevimstantaneous
SFR fluctuates over short time intervals. Although massikdes experience
roughly one major merger per Hubble timezat< 2, low mass galaxies are ex-
pected to experience 4 major mergers per Hubble time at> 10. The excursion
set formalism, described §8.3.1, can be used to quantify the merger rate of galax-
ies at these early time.

A galaxy luminosity depends on the initial mass function F\f its stars. Most
of the UV is emitted by massive stars with a lifetime of 1-10liom years. There-
fore the UV luminosity traces the SFR of massive stars, whienfrared emission
measures the stellar mass budget of the galaxy.

12.4 METHODS FOR IDENTIFYING HIGH-RESHIFT GALAXIES

Most of the baryonic mass in the Universe assembled intofetaring galaxies
after the first billion years in cosmic history. Consequentthe highest-redshift
galaxies are a rarity among all faint galaxies on the sky. Ahwoe for isolating
candidate high-redshift galaxies from the foreground paipen of feeble lower-
redshift galaxies is required in order to identify targetsfbllow-up spectroscopic
confirmation. One technique makes use of narrow-band ingagirdentify galax-
ies for which highly-redshifted line emission falls withihe selected band. This
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method is typically applied to the Lymamdine, whose strength is highly sensi-
tive to the gas geometry and kinematics and can be extingdibly dust. The
galaxies detected by this technique are termed Lymamitters (LAES). The sec-
ond observational technique adopts several broad bandsimoege of the redshifts

of galaxies, based on the strong spectral break arising &ibsorption by inter-
galactic (or galactic) neutral hydrogen along the linesigft to the source. From
the observed spectra of quasars and GRBs at redshiftss it is known that the
intergalactic Lymanx absorption is so high that no flux should be detected just
shortward of the observed Lymanwavelength 121@(1 + z) (irrespective of the
history of reionization). For example, to identify a galeaty: = 6, one needs two
filters, one above and the other below the Lymabreak at7 x 1216 = 8512A.

The relevant bands arg (centered at- 9000,&) and:’ (centered at- 8000,&) of
HST, as illustrated in Figure 12.10. This method was firstiedower redshifts,

z ~ 3—4, where the neutral hydrogen column is smaller and so théacklayman-
limit break at 912 was instead adopted to photometrically identify galaxiEise
912A break is not observable at source redshifts 6, because it is washed out
by the strong Lymanx absorption at lower redshifts. The sources detected by this
techniques are termed Lyman-break galaxies (LBGS).

The key challenge of observers is to obtain a sufficientiflsignal-to-noise ra-
tio that the Lymana dropout galaxies can be safely identified through the dietect
of a single redder band. Figure 12.11 illustrates how a coloof (i’ — ") ap > 2.3
is effective at selecting sources at redshifts- 6. The reliability of this dropout
technique in rejecting low-redshift interlopers can ong/tested through spectro-
scopic observations. Thé&-drop spectra typically show a single emission line at
the Lymane: wavelength, with no significant continuum. The Lymanine is
asymmetric with a sharp cut-off on the blue wing, as expetit@u intergalactic
absorption. The Lymaline emission does not emerge from some galaxies. The
lengthy trajectory of Lymarne photons due to resonant scattering makes them par-
ticularly vulnerable to absorption by dust, although theelef absorption depends
on the geometry and clumpiness of the interstellar meditfm.

The NIRSpec spectrograph on JWST covers observed wavakeimgthe range
0.8 — 5um and is ideally suited for the task of identifying the redishof distant
galaxies. This instruments will have the sensitivity toad¢the rest-frame UV and
optical continuum emission over the full range of emissimes from Lymane
(12164) to Ho (6563A) for galaxies at: ~ 6. Analogous HST studies of galaxies
atz ~ 3 constrained the initial mass function of stars as well asrik&llicity and
kinematics of the interstellar medium in them.

12.5 LUMINOSITY FUNCTION

The luminosity function (LF) of galaxiesy(L)dL, provides the number of galaxies
per comoving volume within the luminosity bin betweerandL + dL. A popular
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Figure 12.10Top panel:Thei’ andz’ bands of HST (shaded regions) on top of the generic
spectrum from a galaxy at a redshift= 6 (solid line). The Lymanx wave-
length at various redshifts is also showBottom panel:Models of the color-
redshift tracks for different types of galaxies with noreling stellar popula-
tions. The bump at ~ 1-2 arises when the Balmer break or the 4A@eak
redshift beyond the’-filter. Synthetic models indicate that that the Balmer
break takes- 10® years to establish, providing a measure of the galaxy age.
Figure credit: Bunker, A. et al., preprint arXiv:0909.156¢3009).
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fitting form is provided by th&schechter functign

P(L) = ¢ (Li)a exp (—L£> (12.6)

where the normalization, corresponds to the volume density at the characteristic
luminosity L,., andc is the faint-end slope which controls the relative abunéanc
of faint and bright & L,) galaxies. The total number density of galaxies is given
by, ngal = f0°° ¢(L)dL = ¢,.I'(o + 1), and the total luminosity density i8g. =

IS #(L)LdL = ¢, L,I'(a +2), wherel is the incomplete Gamma function. Note
that at the faint endp,, diverges ifo < —1 andug. diverges ifa < —2. In
reality, the integrals converge because there is a mininwmirosity for galaxies.
This minimum is set by the threshold for the assembly of g&s dark matter
halos (Jeans mass) or by the cooling threshold of the gas~elg* K for atomic
hydrogen transitions), required for fragmentation and fetamation.

Attempts to reproduce the evolution in the LF of galaxiesragsmic time re-
quire various mechanisms of feedback from reionizatiopgsnovae, and gas ac-
cretion onto a central black hole. A comprehensive undeditey of the physical
details of these feedback processes (often used in senyitiamaodels of the LF
as a function of redshift) is lacking.

The luminosity functiondn/dL, is related to the comoving density of halos per
unit halo mass¢dn/dM, discussed ir§3.3. A variety of semi-analytic modeling
with different levels of complexity can be employed to deriv(M). The sim-
plest model“®involves two free parameter§) fraction of baryons converted into
stars within a host halgf,; and(ii) duty cycle of vigorous star formation activ-
ity during which the host halo is luminous. This model defittes star formation
timescalet,, as the product of the star formation duty cyelge, and the cosmic
time, ti;(z) = 2/3H(z) at the redshift of interest. The star formation ratd/, is
then related to halo magd as follows

fo X (/) x M
t, '

For comparison to data on Lyman-break galaxies (LBGs), threfermation rate
can be converted to the luminosity per unit frequency at efrase wavelength of
1500A based onthe relatiof! L. _ o = 8.0x10%"(M, /Mg yr~*) erg s 'Hz ™",
This conversion factor assumes a Salpeter initial massitm¢{MF) of stars; if
the IMF is more top-heavy than the Salpeter IMF, the faravilet luminosity will
be greater for a give/,. Comparison to surveys of Lymanemitters (LAES) re-
quires a conversion of the star formation rate to a Lymaliminosity. This can
be achieved by assuming that two-thirds of all recombinihgtpns result in the
emission of a Lymanx photon (so-called, ‘case-B’ recombination). The ioniz-
ing photon production rate is calculated from the star fdromarate for a given
IMF and metallicity. For a metallicity of 0.05 the solar valand a Salpeter IMF,
one find$*2 N, = 3 x 10° ionizing photons per second per star formation rate in
Mg, yr~!. Atop-heavy Population Ill IMF produces beyond an order afymitude
more ionizing photons. Since the Lymarphotons are assumed to be produced via
recombinations, only the fraction of ionizing photons whato not escape into the

M, (M) =

(12.7)
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intergalactic medium,1(— fosc), produce Lymanx photons. Furthermore, only a
fraction, 71y, Of the emitted Lymanx photons escape the galaxy and are transmit-
ted through the intergalactic medium (IGM). With this pnéistion, the Lymane
luminosity is related to the halo mass as follows,

2 .
LLya = g 'yTLyoz(l - fesc)M*- (128)

A substantial change in the IGM transmission paramnigtgy, is expected to signal
the end of reionization.

A more sophisticated model might incorporate the effecsuplernova feedback
on the luminosity function of star-forming galaxies. Sirstgernova feedback can
significantly reduce the efficiency of star formation in ldmminosity galaxies, it
is particularly important to consider when predicting ttiicéency of future sur-
veys for high-redshift galaxies aimed at detecting inidaBy fainter systems. Fol-
lowing the scaling relations inferred for local dwarf gakes!*® one may define a
critical halo mass at each redshift below which the star &iram efficiency begins
to decrease due to feedback. The star formation efficiefi@y,), is a function of
halo mass,

* M Mcri 2/3 M < Mcri
U(Mhalo) — f ( / t) t
f* M > Mcrit

whereM..;; represents the critical halo mass. At a given redshift, titecal halo
mass can be related to a critical circular velocity. In thealainiverse, observations
suggest a critical halo velocity ef 100 km s~!; the same value may apply at high
redshifts if the physics of supernova feedback depends amlthe depth of the
gravitational potential well of the halos.

(12.9)

12.6 HISTORY OF THE STAR FORMATION RATE DENSITY

The star formation rate (SFR) of a galaxy is commonly gaugeskt on the fol-
lowing four probe&* (under the assumption of a Salpeter IMF):

e The rest-frame UV continuum (1250—1500°A) - provides a direct measure
of the abundance of high-mass 5M main-sequence stars. Since these
stars are short lived, with a typical lifetime 2 x 10® yr(m, /5Mg) =25,
they provide a good measure of the star formation rate, with

L, )
SFR~13 (1028 v Hz1> Mg yr~ L. (12.10)

e Nebular emission lines such as k and[Oll] - measure the combined lu-
minosity of gas clouds which are photo-ionized by very massitars ¢
10M). Dust extinction can be evaluated from higher-order Balfimes,
but this estimator is highly sensitive to the assumed IMIFtRe Milky-Way
IMF,

L(Ha)

SFR~=08| —F/——
(1041 erg s~ !

) Mg yr~t, (12.11)
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and

L([Om]) 1
FR~14|——"— | M . 12.12
SER <1O41 ergs—! oy ( )
e Far-infrared emission (10-300.:m) - measures the total emission from dust
heated by young stars,

L(FIR)

SFR~ 045 ———
(1043 ergs™!

) Mg yr—t. (12.13)

e Radio emission for example at a frequency df4 GHz — measures the
synchrotron emission from relativistic electrons prodiizesupernova rem-
nants. The supernova rate is related to the “instantanqmosluction rate
of massive starsX 8M), because these have a short lifetime, giving on
timescales longer than 108 yr,

L,(1.4GHz)
1028 erg s—1 Hz~1

SFR~1.1 < ) Mg yr~ L. (12.14)

Intergation of the luminosity function of galaxies with arkel that measures
their star formation rate yields the star formation rate g@noving volume in the
Universe (also known as thdadau Plot*%). Figure 12.12 shows the latest deter-
mination of this rate based on the UV luminosity function darection of redshift
for all galaxies brighter thaf.07L, at z = 3 (corresponding to an AB magnitude
of -18.3). In assessing the true history, it is necessarptrect the inferred curve
for extinction by dust and feeble galaxies below the detadiireshold — which is
increasingly important at higher redshifts.

An integral over the luminosity per stellar mass times thenaig star formation
history yields the related radiation background. The flatiins in this background
reflect the clustering and Poisson fluctuations of the aasetigalaxies.

12.7 GALAXY SEARCHES AND THE IONIZING PHOTON BUDGET DUR-
ING REIONIZATION

The production rate of ionizing photons per galaXy,., can be derived from the
galaxy’s luminosity per unit frequency,,, above the ionization threshold, >

Vion (= 3.28 x 10! Hz for hydrogen), weighted by the frequency dependence of
the cross-section for photo-ionizatian,; (v),

1 foo L,opi(v)dy

Vion

Nioll - _OO—'
h fy. opi(v)dv

(12.15)
ApproximatingL, o« v~% andoy; o< v=3, yields Nion ~ [2/ (s + 2)] Ly, /h.
The spectral luminosity at an observed frequeihgy, needs to be extrapolated
to other frequency > v,s USing a template spectrum of the galaxy, in order to
derive Ni,,.. Note that ionizing photons are produced mainly by masdies sand

so the relation between the global star formation ratelsipg depends on the mass
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Figure 12.12 The star formation rate density as functiongd$hift (lower horizontal axis)
and cosmic time (upper axis), for galaxies brighter than3¥8 magnitude
(corresponding t®.07L, atz = 3). The conversion from observed UV lu-
minosity to star formation rate assumed a Salpeter IMF ferdtars. The
upper curves includes dust correction based on estimatttrap slopes of
the observed UV continuum. Figure credit: Bouwens, R., et@eprint
http://arxiv.org/pdf/0912.4263v2 (2009).
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function of stars. It also depends on the average escap®frax ionizing photons
from galaxies fesc.

If a fraction fes.(L) of the ionizing photons escape from each galaxy of lumi-
nosity L, then the average production rate of ionizing photon peraong volume
is given by,

Fion = / feSC(L)Nion(L)ﬁdL. (12.16)
0

Before reionizationj;,, dictates the expansion rate of ionized regions. The
Universe can be reionized only when the time integral of this gives more than
one ionizing photon per proton in the IGM,

/ n|%|dz >2x 107" em ™3, (12.17)
where|dt/dz| = [(1+ z)H(2)]™" ~ [v/QnHo] 7' (1 + 2)~*/2. To produce one
ionizing photon per baryon requires a minimum comoving dgres$ Population 11
stars of,

ps A 1.7 x 10°f2.L Mg, Mpe ™2, (12.18)
or equivalently, a cosmological density parameter in stéf, ~ 1.25x 10751
More typically, the threshold for reionization involveslaast a few ionizing pho-
tons per proton (with the right-hand-side beiagl0—% cm—2), since the recombi-
nation time at the mean density is comparable to the age ddtheerse at: ~ 10.

After reionization ., balances the average recombination rate per unit comov-
ing volume in the IGM,

Nion = Cap(ne(z = 0))2(1 + 2)3, (12.19)
whereC' = (n2)/(ny)? is the volume-averaged clumpiness factor of the elec-
tron density up to some threshold overdensity of gas whiokaras neutral (and is
redshift dependent, based Nilm)- The value ofC(z) needs to be calculated self-
consistently with a numerical simulation that incorposatee empirically-derived
function,nion (2). For a Salpeter IMF of Population |l stars at solar metailiche
star formation rate per unit comoving volume that is reqiifer maintaining an
ionized IGM according to condition (12.19)&

1 1+ =z 3
esc C ( 10

Note that conditions (12.17) and (12.19) place differemjuieements on the
UV luminosity function of galaxies. Some papers interpretarrectly condition
(12.20) as a requirement for achieving reionization, iadtef its actual meaning
as the requirement for keeping the post-reionization IGMzZed.

The flux sensitivity limit of galaxy searches implies thagyhare missing the
faint end of the luminosity function. At high redshifts, stproblem becomes acute.
Barkana & Loeb (2000) used the mass function of halos andnede assump-
tions about star formation within them to show that most &f star formation at
z > 10 will be in galaxies an order of magnitude fainter than the fely sensitiv-
ity limit of JWST.24’ This would limit the utility of galaxy surveys in accounting
for the full ionizing photon budget during reionization.t&tnative probes, such as
21-cm tomography, could calibrate the ionizing photon kidigdirectly, based on
the growth rate of ionized regions during reionization.

fe 2% 1073 Mg yr~! Mpe™3. (12.20)
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12.8 BIASED CLUSTERING OF HIGH-REDSHIFT GALAXIES

Since high-redshift galaxies represent rare high peak&enunderlying density
field, their clustering is expected to be enhanced or ‘biasEde bias parameter,
defined as the enhancement in the fluctuation amplitude afuhgber density of
galaxies relative to the matter density, could be a functibhalo mass (in liner
theory) and spatial scale (when non-linear effects arewatted for). The depen-
dence of clustering on halo mass can be used to infer halcematatistically from
galaxy surveys.

Most simply, the bias can be calculated from linear theorgsgtit is dictated by
the underlying clustering of peaks in the density field. Tikelihood of observing
a galaxy at a random location is proportional to the local handensity of its
corresponding halos. Given a large scale overdemsitficomoving radiusik, the
observed overdensity of galaxies is written as

5y = bg(M, 2)5. (12.21)

In the Press-Schechter formalism, the bias fagtas simply the ratio between
the number density of halos in a large-scale region of ovesitied and the number
density of halos in the background univeté&For small values of§| << 1,

1+ by = (1 +9) {d—n(ﬂﬁ o (D)%g] [d_n(p)}l

dM dMdv dM
N (72 —1)
~1+6 [1 + 7| (12.22)

wherev = (derit — 0)/[0(M)], 7 = ve = Oerit/[0(M)], derit 1S the critical linear
overdensity for collapse, ang( M) is the variance of the density field smoothed
with a top-hat window of radiug corresponding to the halo maas (whereR is
much smaller than the size of the region associated withalyeiscale overden-
sity). Here,(dn/dM)(v) and (dn/dM)(v) are the average and perturbed mass
functions of halos. The Press-Schechter bias is therefore,

beS(M,z) =1+ [7” —1]. (12.23)

5c1’it

The value of biag, for a halo masg/ may be calculated more accurately based
on the Sheth-Tormen extension of the Press-Schechter fisrménat accounts for
non-spherical collaps?

1
bST(M,z) =14+ — [1/’2 + by2(=¢)

crit

12¢
A /Va . (12.24)
v'2¢ +b(1 —c)(1—¢/2)

wherev’ = /ap,a = 0.707,b = 0.5 andc = 0.6. Within linear theory, the bias in
equations (12.22) and (12.24) is a function of halo massnbtbf overdensity or
spatial scale.

The clustering of galaxies on scales of up~t0100 comoving Mpc affects the
evolution and size distribution of HII regions during reipation. Since ionized
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regions form around groups of galaxies, the distributioneditral hydrogen is ex-
pected to be anti-correlated with the distribution of gaa*>® Moreover, because
of Lyman- scattering, the gravitational clustering of Lymaremitting galaxies

is expected to be further modulated by the punctuated bligidn of hydrogen in

the IGM 15! The strong bias of early galaxies implies that the metalolmient of

the IGM is highly inhomogeneous, with pockets of prestinetahpoor) gas left
over at late times, capable of forming post-reionizatiolagigs with Population-II|

stars.

Clustering also affects the statistical uncertainty in bemcounts of galaxies
within surveys of limited volume, the so-calledsmic varianceThe total variance
in a survey is the sum of contributions from cosmic varianu&RBoisson shot noise,

2 2 2 2

Utot2 — <N > 2<N> _ O'hh2 T L7 (12_25)

(N) (N) (N> (N)
where(N) is the mean number of galaxies within the survey volume. Tdsernic
(or sample) variance, which is the first term on the right haitk of equation
(12.25), results from the survey field sometimes lying in gioa of high galaxy
density and sometime lying in an under-dense region or a. voliis contribution
can be calculated from linear perturbation theory (i.e.edasn the linear power-
spectrum,P(k), evaluated at = 0 with D(z = 0) = 1) as a function of the
minimum halo mass)/, hosting observed galaxies as,

ota,2) = O [ pyws, o

(12.26)

growth factor evaluated, for simplicity, at the midpointtbé given redshift range,
andb(> M) is the linear bias integrated over all masses alidvand weighted by
the halo mass function. The window functidir,(k;), is the Fourier transform of a
top-hat in thei-th dimension and is given by:

bll’l(lﬁ a7/2)
kl‘ CLZ‘/Q ’

In equation (12.27), = a, = (/1’) (7/180 x 60’) x(z) are the narrow dimen-
sions of the skewer-shaped survey of angular witivaluated at. The subscript
w refers to coordinates along the line-of-sight. The lendtthe survey,a.,, is
given by the comoving distance between the limits braakgtthe redshift range
of interest. According to linear theory, the probabilityttibution of the count of
galaxies is a Gaussian with variance given by the sum of teenmoand Poisson
components.

Figure 12.13 compares the contributions from cosmic andd@ai variance as
calculated by linear theory (equation 12.25 and 12.26)for= a, = 3.4’ as a
function of the opening angle of the survéy= a,./x(z). This plot can be used
to calculate the effectiveness of future surveys with Idigkls of view. Figure
12.14 shows the variance for surveys of Lyman-break gagatiBGs) in the red-
shift rangez = 6 — 8. In both figures, adopted from Munoz et al. (2009), each

whereW,,, = W(ky) W(ky) W(ky), k = /kZ + k2 + k2, D(z) is the linear

W(k;) = (12.27)
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Figure 12.13 The theoretically predicted contribution#h®total variance (equation 12.25;
solid lines) in LBG dropout surveys as a sum of cosmic vaegdashed lines)
and Poisson shot noise (dotted lines) contributions (he. first and second
terms, respectively, on the right-hand-side of equatior2d2 The top and
bottom panels show results for surveys extending from za@&éz=8-10, re-
spectively. Thin lines assume a luminosity thresholdggf, ns=29, while for
thick ones, the cut is aiss0,ap=27. Figure credit: Munoz, J., Trac, H., &
Loeb, A.Mon. Not. R. Astron. Sadn press (2010).
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halo is assigned an LBG luminosity based on a simple pragmnipvith a duty
cycle of 25% and star formation efficiency of 16%. When coredap numerical
simulations, the galaxy count statistics are well appr@tad by the linear-theory
expressions at the low luminosity limits.

One may define the skewness in galaxy statistics as the thirdent of the
probability distribution normalized by the variance to 8y power:

(N =(V))°)
The skewness as a function of minimum luminosity is pregkiriethe bottom
panel of figure 12.14. The seemingly large amplitude vanegiin the skewness
at low luminosity forz = 6-8 are due to small numerical fluctuations around the
nearly zero skewness from numerical simulations, plotte@ ¢og scale. The nu-
merical simulations indicate that the probability distrion of bright LBGs has a
non-Gaussian shape. Deviations between the analytic endation values of the
sample variance grow when the skewness becomes signifiChistbehavior is a
manifestation of nonlinear clustering on the small scatebged by the narrowness
of the survey skewer.

12.9 MOLECULES, DUST AND THE INTERSTELLAR MEDIUM
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Figure 12.14 Upper panel: predicted relative contributions to the fractional vadarin
the number counts of galaxies as a function of UV luminositgraemission
wavelength of 1508, z-band AB magnitude, or host halo mass in counts of
LBGs within a dropout survey spanning the redshift inteevak 6-8 with a
3.4" x 3.4’ field-of-view (matching HUDF and approximately that of JWST
Solid lines show the total variance, while long-dashed avtted lines show
the contributions from sample variance and Poisson noespectively. Up-
per curves show the results from numerical simulations Jeviower curves
were calculated analytically based on linear perturbatiaory. Vertical lines
brackett the region where the variance is higher than erpledite to the skew-
ness of the full count probability distribution but is noti®mn-dominated.
Lower panel: the skewness of the full galaxy count probability distribot
calculated from a numerical simulation based on equati@2@). Figure
credit: Munoz, J., Trac, H., & Loeb, AMon. Not. R. Astron. Sadn press
(2010).
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Fundamental Constants

6.67 x 108 cm? g~ s72

3.00 x 109 cm st

6.63 x 10727 erg s

9.11 x 10728 g = 511 keV /c?
4.80 x 10~ 1%su

1.67 x 10724 g = 938.3 MeV /2
1.38 x 1076 erg K1

5.67x 107 % ergem =2 s 1 K4
7.56 x 10715 erg em =3 K4
6.65 x 10725 cm?

Newton’s constant)

Speed of light ¢)

Planck’s constanti)

Electron massif.)

Electron charged)

Proton massi,)
Boltzmann’s constant(z)
Stefan-Boltzmann constant)
Radiation constant
Thomson cross-sectioa)

Astrophysical numbers

1.99 x 1033 g

6.96 x 10'° cm

3.9 x 103 ergs~!

100h km s~ Mpc~!

3.09 x 101"h=1 s = 9.77 x 10°h~L yr = 3h=! Gpc/c
1.88 x 1072%h2 g em™3 = 1.13 x 107 °h?*m,cm 3

Solar massi/y)

Solar radius Rg)

Solar luminosity {.¢)
Hubble constant todayH)
Hubble time ;)

critical density p.)

Unit conversions

1 parsec (pc) 3.086 x 10™8 cm

1 kilo-parsec (kpc) 103 pc

1 mega-parsec (Mpc) =10% pc

1 giga-parsec (Gpc) =107 pc

1 Astronomical unit (AU) = 1.5 x 10" cm

1 year (yr) = 3.16x10"s

1 light year (ly) = 9.46 x 10" cm

leVv = 1.60x 107 '? ergs = 11,604 K x kg
1erg = 1077J

Photon wavelength\(= c¢/v) = 1.24 x 10~ cm (photon energy/1 eV) ™!
1 nano-Jansky (nJy) =102 ergcm™2s71 Hz ™!

1 Angstrom f) = 10~%cm

1 micron (xm) = 107%em

1kms™? = 1.02 pc per million years

1 arcsecond’/) 4.85 x 1076 radians

1 arcminute {) 60"
1 degree) = 3.6x10%
1 radian = 57.3°
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Glossary

e Baryons: strongly interacting particles made of three quarks, s.scthe pro-
ton and the neutron from which atomic nuclei are made. Bagyamry most
of the mass of ordinary matter, since the proton and neut@sses are nearly
two thousand times higher than the electron mass. Elecandseutrinos
are calledeptonsand are only subject to the electromagnetic, gravitational
and weak interactions.

e Big Bang: the moment in time when the expansion of the Universe starte
We cannot reliably extrapolate our history before the Bign@&ecause the
densities of matter and radiation diverge at that time. Agitoon through the
Big Bang could only be described by a future theory that wilifyaquantum
mechanics and gravity.

e Blackbody radiation: the radiation obtained in complete thermal equilib-
rium with matter of some fixed temperature. The intensityheftadiation as
a function of photon wavelength is prescribed by the Plapgcsum. The
best experimental confirmation of this spectrum was obthinethe COBE
satellite measurement of the Cosmic Microwave Backgro@iR).

e Black hole: a region surrounded by avent horizonfrom where no par-
ticle (including light) can escape. A black hole is the enddarct from the
complete gravitational collapse of a material object, sash massive star or
a gas cloud. It is characterized only by its mass, chargespimd(similarly
to elementary particles).

e Cosmology the scientific study of the properties and history of theudnse.
This research area includebservationalandtheoretical sub-fields.

e Cosmic inflation: an early phase transition during which the cosmic expan-
sion accelerated, and the large-scale conditions of theepteday Universe
were produced. These conditions include the large-scateoheneity and
isotropy, the flat global geometry, and the spectrum of titelrdensity fluc-
tuations, which were all measured with exquisite precisioer the past two
decades.

e Cosmic Microwave Background (CMB): the relic thermal radiation left
over from the opaque hot state of the Universe before cosgieabrecom-
bination.



168

APPENDIX D

Cosmological constant (dark energy) the mass (energy) density of the
vacuum (after all forms of matter or radiation are removddiis constituent
introduces a repulsive gravitational force that accetsréihe cosmic expan-
sion. The cosmic mass budget is observed to be dominatedslmotimponent
at the present time (as it carries more than twice the condhim&ss density
of ordinary matter and dark matter).

Cosmological principle a combination of two constraints which describe
the Universe on large scalg) homogeneity (same conditions everywhere),
and(ii) isotropy (same conditions in all directions).

Dark matter: a mysterious dark component of matter which only reveals it
existence through its gravitational influence and leavesther clue about its
nature. The nature of the dark matter is unknown, but searafeeunderway
for an associated weakly-interacting particle.

Gamma-Ray Burst (GRB): a brief flash of high-energy photons which is of-
ten followed by an afterglow of lower energy photons on langeescales.
Long-duration GRBs (lasting more than a few seconds) atievas to orig-
inate from relativistic jets which are produced by a blacletafter the grav-
itational collapse of the core of a massive star. They arendivllowed by

a rare (Type Ib/c) supernova associated with the exploditimeoparent star.
Short duration GRBs are thought to originate also from tha&lescence of
compact binaries which include two neutron stars or a neustar and a
black hole.

Hubble parameter H (t): the ratio between the cosmic expansion speed and
distance within a small region in a homogeneous and isatitdpiverse. For-
mulated empirically by Edwin Hubble in 1929 based on locaeations of
galaxies.H is time dependent but spatially constant at any given tintee T
inverse of the Hubble parameter, also calleditubble time, is of order the
age of the Universe.

Hydrogen: a proton and an electron bound together by their mutuatridec
force. Hydrogen is the most abundant element in the Univi@seounting
for ~ 76% of the primordial mass budget of ordinary matter), follainzy
helium (~ 24%), and small amounts of other elements.

Jeans massthe minimum mass of a gas cloud required in order for its at-
tractive gravitational force to overcome the repulsivesgtee force of the
gas. First formulated by the physicist James Jeans.

Galaxy: an object consisting of a luminous core made of stars or gakl
surrounded by an extended halo of dark matter. The starslaxiga are

often organized in either a disk (often with spiral arms) tipsoidal con-

figurations, giving rise tadisk (spiral) or elliptical (spheroidal) galaxies,
respectively. Our own Milky Way galaxy is a disk galaxy withcantral

spheroid. Since we observe our Galaxy from within, its disksappear to
cover a strip across the sky.
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Linear perturbation theory : a theory describing the gravitational growth
of small-amplitude perturbations in the cosmic matter dgnsy expanding
the fundamental dynamical equations to leading order inptrurbation
amplitude.

Lyman-« transition: a transition between the ground state=£ 1) and the
first excited Ievelagz = 2) of the hydrogen atom. The associated photon
wavelength is 121A.

Neutron star: a star made almost exclusively of neutrons, formed as a re-
sult of the gravitational collapse of the core of a massiage gtogenitor. A
neutron star has a mass comparable to that of the Sun and adevasty
comparable to that of an atomic nucleus.

Quasar. a bright compact source of radiation which is powered byaitae-
tion of gas onto a massive black hole. The relic (dormanglblles from
quasar activity at early cosmic times are found at the certtepresent-day
galaxies.

Recombination of hydrogen the assembly of hydrogen atoms out of free
electrons and protons. Cosmologically, this process @edud.4 million
years after the Big Bang at a redshiftef1.1 x 10* when the temperature
first dipped below~ 3 x 103 K.

Reionization of hydrogen the break-up of hydrogen atoms, left over from
cosmological recombination, into their constituent el@es and protons.
This process took place hundreds of millions of years afterBig Bang,
and is believed to have resulted from the UV emission by &tattse earliest
generation of galaxies.

Supernova the explosion of a massive star after its core consumediis n
clear fuel.

21-cm transition: a transition between the two states (up or down) of the
electron spin relative to the proton spin in a hydrogen atdhe associated
photon wavelength is 21 cm.

Star: adense, hot ball of gas held together by gravity and poweyeuliclear
fusion reactions. The closest example is the Sun.



