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Abstract. Looking deep into the Universe through powerful telescopescan see images of the
Universe when it was younger because of the finite time itgdight to travel to us from distant
sources. Existing data sets include an image of the Uniwehem it was 0.4 million years old (in
the form of the cosmic microwave background), as well as sagf individual galaxies when the
Universe was older than a billion years. But there is a seratallenge: in between these two epochs
was a period when the Universe was dark, stars had not yetefhrand the cosmic microwave
background no longer traced the distribution of matter. Almd is precisely the most interesting
period, when the primordial soup evolved into the rich zoolgects we now see.

The observers are moving ahead along several fronts. Théficdves the construction of large
infrared telescopes on the ground and in space, that willigeous with new photos of the first
galaxies. Current plans include ground-based telescopéshvare 24-42 meter in diameter, and
NASA's successor to the Hubble Space Telescope, calledaimes) Webb Space Telescope. In
addition, several observational groups around the globecanstructing radio arrays that will be
capable of mapping the three-dimensional distributionasingic hydrogen in the infant Universe.
These arrays are aiming to detect the long-wavelength lfiiéeld 21-cm) radio emission from
hydrogen atoms. The images from these antenna arrays wathtaow the non-uniform distribution
of neutral hydrogen evolved with cosmic time and eventuatg extinguished by the ultra-violet
radiation from the first galaxies. Theoretical researchfbassed in recent years on predicting the
expected signals for the above instruments and motivatieget ambitious observational projects.
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INTRODUCTION

Observing our past

When we look at our image reflected off a mirror at a distancé afeter, we see
the way we looked 6.7 nanoseconds ago, the light travel tintleet mirror and back. If
the mirror is spaced 8 cm~ 3 pc away, we will see the way we looked twenty one
years ago. Light propagates at a finite speed, and so by ohgafistant regions, we
are able to see what the Universe looked like in the pasthatigvel time ago (Fig. 1).
The statistical homogeneity of the Universe on large saglesantees that what we see
far away is a fair statistical representation of the coodii that were present in in our
region of the Universe a long time ago.

This fortunate situation makes cosmology an empiricalrsme We do not need to
guess how the Universe evolved. Using telescopes we caryssep how it appeared at
earlier cosmic times. In principle, this allows the entiG7Lbillion year cosmic history
of our universe to be reconstructed by surveying the gaseexiel other sources of light to
large distances (Figure 2). Since a greater distance mdaimgex flux from a source of a



FIGURE 1. Cosmic archaeology of the observable volume of the Univenseomoving coordinates
(which factor out the cosmic expansion). The outermostiasde boundaryd= o) marks the comoving
distance that light has travelled since the Big Bang. Futbservatories aim to map most of the observable
volume of our Universe, and improve dramatically the stiaii information we have about the density
fluctuations within it. Existing data on the CMB probes mygialvery thin shell at the hydrogen recom-
bination epochZ ~ 103, beyond which the Universe is opaque), and current largéesgalaxy surveys
map only a small region near us at the center of the diagram.fdtmation epoch of the first galaxies
that culminated with hydrogen reionization at a redshift 10 is shaded grey. Note that the comoving
volume out to any of these redshifts scales as the distarmdtigure credit: Loeb, A.,“How Did the
First Stars and Galaxies Form?'Princeton University Press (2010).

fixed luminosity, the observation of the earliest sourcdgbt requires the development
of sensitive instruments and poses challenges to observers

As the universe expands, photon wavelengths get stretchedeth The factor by
which the observed wavelength is increased (i.e. shifte@tds the red) relative to the
emitted one is denoted k{ + z), wherezis the cosmological redshift. Astronomers use
the known emission patterns of hydrogen and other chemieaients in the spectrum
of each galaxy to measum This then implies that the universe has expanded by a
factor of (1+z) in linear dimension since the galaxy emitted the observglat,liand
cosmologists can calculate the corresponding distancecaswihic age for the source
galaxy. Large telescopes have allowed astronomers towbfant galaxies that are so
far away that we see them more than twelve billion years bac¢krie. Thus, we know
directly that galaxies were in existence as early as 500anillears after the Big Bang,
at a redshift oz ~ 10 or higher.

We can in principle image the Universe only if it is transpdré&arlier than 40000
years after the big bang, the cosmic hydrogen was brokentsmtmnstituent electrons
and protons (i.e. “ionized”) and the Universe was opaque#btsring by the free elec-
trons in the dense plasma. Thus, telescopes cannot be usledt@magnetically image
the infant Universe at earlier times (or redshifts1 0%). The earliest possible image of
the Universe was recorded by the COBE and WMAP satellitesgtwimeasured the
temperature distribution of the cosmic microwave backgob(CMB) on the sky.

The CMB, the relic radiation from the hot, dense beginninthefuniverse, is indeed
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FIGURE 2. Overview of cosmic history, with the age of the universe sham the top axis and the
corresponding redshift on the bottom axis. Yellow représeagions where the hydrogen is ionized, and
gray, neutral regions. Stars form in galaxies located wittark matter concentrations whose typical mass
grows with time, starting with- 10°M_, (red circles) for the host of the first star, rising to’2Q®M,, (blue
circles) for the sources of reionization, and reaching0'2M., (green circles) for present-day galaxies
like our own Milky Way. Astronomers probe the evolution oktlbosmic gas using the absorption of
background light (dotted lines) by atomic hydrogen alorgylthe of sight. The classical technique uses
absorption by the Lymai resonance of hydrogen of the light from bright quasars ke atithin massive
galaxies, while a new type of astronomical observation wdé the 21-cm line of hydrogen with the
cosmic microwave background as the background soliigerre credit: Barkana, R., & Loeb, A.Rep.
Prog. Phys70, 627 (2007).

another major probe of observational cosmology. The us&amols as it expands,
so it was initially far denser and hotter than it is today. londreds of thousands
of years the cosmic gas consisted of a plasma of free protedsekectrons, and a
slight mix of light nuclei, sustained by the intense thermmdtion of these patrticles.
Just like the plasma in our own Sun, the ancient cosmic plamm#ted and scattered
a strong field of visible and ultraviolet photons. As menddrabove, about 400000
years after the Big Bang the temperature of the universeedigpr the first time
below a few thousand degrees Kelvin. The protons and electwere now moving
slowly enough that they could attract each other and fornrdyeh atoms, in a process
known as cosmic recombination. With the scattering of thergetic photons now much
reduced, the photons continued traveling in straight limesstly undisturbed except that
cosmic expansion has redshifted their wavelength into ticeowave regime today. The
emission temperature of the observed spectrum of these MBps is the same in all
directions to one part in 10000, which reveals that conditions were nearly uniform in
the early universe.

It was just before the moment of cosmic recombination (whetten started to domi-
nate in energy density over radiation) that gravity statteamplify the tiny fluctuations
in temperature and density observed in the CMB data. Regi@istarted out slightly
denser than average began to develop a greater densityasowith time because the
gravitational forces were also slightly stronger than agerin these regions. Eventually,



after hundreds of millions of years, the overdense regitogped expanding, turned
around, and eventually collapsed to make bound objectsasighlaxies. The gas within
these collapsed objects cooled and fragmented into sthis pfocess, however, would
have taken too long to explain the abundance of galaxieg/tadainvolved only the
observed cosmic gas. Instead, gravity is strongly enhabgelde presence of dark mat-
ter — an unknown substance that makes up the vast majorig)(88the cosmic density
of matter. The motion of stars and gas around the centersasbpeyalaxies indicates
that each is surrounded by an extended mass of dark mattkesgestynamically-relaxed
dark matter concentrations are generally referred to a®%ia

According to the standard cosmological model, the dark enagtcold (abbreviated
as CDM), i.e., it behaves as a collection of collisionlesgigas that started out at
matter domination with negligible thermal velocities arayé evolved exclusively under
gravitational forces. The model explains how both indigbgalaxies and the large-
scale patterns in their distribution originated from theadirmitial density fluctuations.
On the largest scales, observations of the present galakybdition have indeed found
the same statistical patterns as seen in the CMB, enhanoexpasted by billions of
years of gravitational evolution. On smaller scales, thelehdescribes how regions that
were denser than average collapsed due to their enhanogtygrad eventually formed
gravitationally-bound halos, first on small spatial scaled later on larger ones. In this
hierarchical model of galaxy formation, the small galaxm@sned first and then merged
or accreted gas to form larger galaxies. At each snapshohisfcbsmic evolution,
the abundance of collapsed halos, whose masses are dodnmattark matter, can
be computed from the initial conditions using numerical @iamions. The common
understanding of galaxy formation is based on the notioh gters formed out of the
gas that cooled and subsequently condensed to high densitibe cores of some of
these halos.

Gravity thus explains how some gas is pulled into the deegrpial wells within dark
matter halos and forms the galaxies. One might naively eéxpatthe gas outside halos
would remain mostly undisturbed. However, observatiormsstinat it has not remained
neutral (i.e., in atomic form) but was largely ionized by th¥ radiation emitted by the
galaxies. The diffuse gas pervading the space outside ancée galaxies is referred
to as the intergalactic medium (IGM). For the first hundretimdlions of years after
cosmological recombination, the so-called cosmic “darksigthe universe was filled
with diffuse atomic hydrogen. As soon as galaxies formeely gtarted to ionize diffuse
hydrogen in their vicinity. Within less than a billion yearsost of the IGM was re-
ionized. We have not yet imaged the cosmic dark ages beferdir$t galaxies had
formed. One of the frontiers in current cosmological stada@ns to study the cosmic
epoch of reionization and the first generation of galaxies titiggered it.

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

M \Y3/142\7?
rvir = 1.5 <W) (1—0) kpc, 1)
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FIGURE 3. Left panel:The mass fraction incorporated into dark matter halos pgardithmic bin of
halo masgM2dn/dM)/pm, as a function oM at different redshiftz. Herepm = Qmp. is the present-day
matter density, and(M)dM is the comoving density of halos with masses betwdesndM + dM. The
halo mass distribution was calculated based on an improsesiion of the Press-Schechter formalism for
ellipsoidal collapse [Sheth, R. K., & Tormen, 8on. Not. R. Astron. So829 61 (2002)] that fits better
numerical simulationsRight panel:Number density of halos per logarithmic bin of halo madsin/dM

(in units of comoving Mpc?®), at various redshiftsFigure credit: Loeb, A.,“How Did the First Stars
and Galaxies Form?;Princeton University Press (2010).

and a corresponding circular velocity,
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We may also define a virial temperature
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wherep is the mean molecular weight angj, is the proton mass. Note that the value of
U depends on the ionization fraction of the gas; for a fullyizexd primordial gaju =
0.59, while a gas with ionized hydrogen but only singly-iomizeelium hasu = 0.61.
The binding energy of the halo is approximately,

1GM?2 of M \*P 14z
Ep=1 — —=29x10 (108|v|@) (1—0) erg. (4)

Although spherical collapse captures some of the physiesrging the formation of
halos, structure formation in cold dark matter models peolsehierarchically. At early
times, most of the dark matter is in low-mass halos, and thakxs continuously accrete
and merge to form high-mass halos (see Figure 3).



Formation of the first stars

Theoretical expectations for the properties of the firstagals are based on the
standard cosmological model outlined in the Introductidhe formation of the first
bound objects marked the central milestone in the tramsftioam the initial simplicity
(discussed in the previous subsection) to the presentataplexity. Stars and accreting
black holes output copious radiation and also producedosigts and outflows that
brought into the IGM chemical products from stellar nuclgdbesis and enhanced
magnetic fields. However, the formation of the very first stam a universe that had
not yet suffered such feedback, remains a well-specifiedleno for theorists.

Stars form when large amounts of matter collapse to highitlessHowever, the
process can be stopped if the pressure exerted by the hogatdetic gas prevents
outlying gas from falling into dark matter concentratioAs. the gas falls into a dark
matter halo, it forms shocks due to converging supersoniesfind in the process heats
up and can only collapse further by first radiating its eneagyay. This restricts this
process of collapse to very large clumps of dark matter treateound 100000 times
the mass of the Sun. Inside these clumps, the shocked gasdasegy by emitting
radiation from excited molecular hydrogen that formed reity within the primordial
gas mixture of hydrogen and helium.

The first stars are expected to have been quite different fnenstars that form today
in the Milky Way. The higher pressure within the primordialggdue to the presence
of fewer cooling agents suggests that fragmentation ontyiwed into relatively large
units, in which gravity could overcome the pressure. Duégdack of carbon, nitrogen,
and oxygen — elements that would normally dominate the au@eergy production in
modern massive stars — the first stars must have condensgttémely high densities
and temperatures before nuclear reactions were able tdlieegas and balance gravity.
These unusually massive stars produced high luminosifids\bphotons, but their
nuclear fuel was exhausted after 2—3 million years, rasglith an energetic (so-called
“pair instability”) supernova or in collapse to a black holéhe heavy elements which
were dispersed by the first supernovae in the surroundingegabled the enriched gas
to cool more effectively and fragment into lower mass st@nsiple calculations indicate
that a carbon or oxygen enrichment of merely0—2 of the solar abundance is sufficient
to allow solar mass stars to form. These second-generatovirhetallicity” stars are
long-lived and could in principle be discovered in the hatahe Milky Way galaxy,
providing fossil record of the earliest star formation ejis in our cosmic environment.

Advances in computing power have made possible detailederioah simulations
of how the first stars formed. These simulations begin in tdmyeainiverse, in which
dark matter and gas are distributed uniformly, apart framy tiariations in density and
temperature that are statistically distributed accordmghe patterns observed in the
CMB. In order to span the vast range of scales needed to dienataindividual star
within a cosmological context, the adopted codes zoom ieatgully on the densest part
of the first collapsing cloud that is found within the simeldtvolume. The simulation
follows gravity, hydrodynamics, and chemical processeshi primordial gas, and
resolves a scale thatis 10 orders of magnitudes smaller than that of the simulated bo
In state-of-the-art simulations, the resolved scale ig@gughing the scale of the proto-
star. The simulations have established that the first stamsefd within halos containing



FIGURE 4. A full scale model of the James Webb Space Telescope (JW&T3uiccessor to the Hubble
Space Telescope. JWST includes a primary mirror 6.5 metefisimeter, and offers instrument sensitivity
across the infrared wavelength range of 0.6¢28~vhich will allow detection of the first galaxies. The size
of the Sun shield (the large flat screen in the image) is 22 rmefd meters (72 £ 29 ft). The telescope
will orbit 1.5 million kilometers from Earth at the Lagrande? point. Image credit: JWST/NASA
(http://www.jwst.nasa.gov/).

~ 10°M,, in total mass, and indicate that the first stars most likelygived tens to
hundreds of solar masses each.

To estimatewhenthe first stars formed we must remember that the first 100000

solar mass halos collapsed in regions that happened to haastieularly high density
enhancement very early on. There was initially only a smalirmlance of such regions
in the entire universe, so a simulation that is limited to @krolume is unlikely to find
such halos until much later. Simulating the entire univésseell beyond the capabilities
of current simulations, but analytical models predict tift first observable star in the
universe probably formed 30 million years after the Big Bdegs than a quarter of one
percent of the Universe’s total age of 13.7 billion years.

Although stars were extremely rare at first, gravitatior@lapse increased the abun-
dance of galactic halos and star formation sites with timgufe 2). Radiation from
the first stars is expected to have eventually dissociateti@imolecular hydrogen in
the intergalactic medium, leading to the domination of aosécgeneration of larger
galaxies where the gas cooled via radiative transitiondaméa hydrogen and helium.
Atomic cooling occurred in halos of mass abevd0®M.,, in which the infalling gas was
heated above 10,000 K and became ionized. The first galaxiesm through atomic
cooling are expected to have formed around redshift 45, and galaxies were likely
the main sites of star formation by the time reionizationdrem earnest. As the IGM
was heated above 10,000 K by reionization, its pressureganapd prevented the gas
from accreting into newly forming halos below 10°M..,. The first Milky-Way-sized
haloM = 102M,, is predicted to have formed 400 million years after the Bigq@aut
such halos have become typical galactic hosts only in thdiNasbillion years.

Hydrogen is the most abundant element in the Universe, Tamipent Lymane



FIGURE5. Artist's conception of the designs for three future giateseopes that will be able to probe
the first generation of galaxies from the ground: the Eurofedremely Large Telescope (EELT, left), the
Giant Magellan Telescope (GMT, middle), and the Thirty Mdtelescope (TMT, right)lmage credits:
http://www.eso.org/sci/facilities/eelt/, http://wwgmto.org/, and http://www.tmt.org/.

spectral line of hydrogen (corresponding to a transiti@mfiits first excited level to its
ground state) provides an important probe of the condessati primordial gas into
the first galaxies. Existing searches for Lymaremission have discovered galaxies
robustly out to a redshift ~ 7 with some unconfirmed candidate galaxies ot 1010.
The spectral break owing to Lymam-absorption by the IGM allows to identify high-
redshifts galaxies photometrically. Existing observasiqorovide only a preliminary
glimpse into the formation of the first galaxies.

Within the next decade, NASA plans to launch an infrared sgatescopeJWST,
Figure 4) that will image some of the earliest sources oftligkars and black holes) in
the Universe. In parallel, there are several initiativesdaostruct large-aperture infrared
telescopes on the ground with the same goal in mind.

The next generation of ground-based telescopes will haviaraader of twenty to
thirty meters (Figure 5). Together withWVST(which will not be affected by the atmo-
spheric background) they will be able to image and make sgestudies of the early
galaxies. Given that these galaxies also create the iotzleldles around them by their
UV emission, during reionization the locations of galaxsé®uld correlate with bub-
bles within the neutral hydrogen. Within a decade it showddbssible to explore the
environmental influence of individual galaxies by usingstnéelescopes in combination
with 21-cm probes of reionization.

Gamma-ray Bursts: probing the first stars one star at a time

So far, to learn about diffuse IGM gas pervading the spacsideitand between
galaxies, astronomers routinely study its absorptionatigres in the spectra of distant
guasars, the brightest long-lived astronomical objectgag@rs’ great luminosities are
believed to be powered by accretion of gas onto black holéghweg up to a few billion
times the mass of the Sun that are situated in the centers sdiveagalaxies. As the
surrounding gas spirals in toward the black hole sink, tteeais dissipation of heat
makes the gas glow brightly into space, creating a luminousce visible from afar.

Over the past decade, an alternative population of brightces at cosmological
distances was discovered, the so-called afterglov&amhma-Ray Burs{&sRBs). These



events are characterized by a flash of high-energy0.l MeV) photons, typically
lasting 0.1-100 seconds, which is followed by an aftergldviower-energy photons
over much longer timescales. The afterglow peaks at X-ray,dptical and eventually
radio wavelengths on time scales of minutes, hours, day$,namnths, respectively.
The central engines of GRBs are believed to be associatédthgtcompact remnants
(neutron stars or stellar-mass black holes) of massive.staeir high luminosities make
them detectable out to the edge of the visible Universe. G&ttgs the opportunity to
detect the most distant (and hence earliest) populationasfsive stars, the so-called
Population Il (or Pop Ill), one star at a time. In the hietaoal assembly process of
halos that are dominated by cold dark matter (CDM), the fiedaxges should have
had lower masses (and lower stellar luminosities) tharr tiheire recent counterparts.
Consequently, the characteristic luminosity of galaxieguasars is expected to decline
with increasing redshift. GRB afterglows, which alreadgqluice a peak flux comparable
to that of quasars or starburst galaxiezat 1 — 2, are therefore expected to outshine
any competing source at the highest redshifts, when thedfivarf galaxies formed in
the Universe.

GRBs, the electromagnetically-brightest explosions i thiverse, should be de-
tectable out to redshiftes > 10. High-redshift GRBs can be identified through infrared
photometry, based on the Lymanbreak induced by absorption of their spectrum at
wavelengths below.216um{[(1+z)/10]. Follow-up spectroscopy of high-redshift can-
didates can then be performed on a 10-meter-class telesGéii afterglows offer the
opportunity to detect stars as well as to probe the metatlerment level of the inter-
vening IGM. Recently, th&wiftsatellite has detected a GRB originatingat 8.2, thus
demonstrating the viability of GRBs as probes of the earlwehse.

Another advantage of GRBs is that the GRB afterglow flux atvamgobserved time
lag after they-ray trigger is not expected to fade significantly with ireeseng redshift,
since higher redshifts translate to earlier times in there®drame, during which the
afterglow is intrinsically brighter. For standard afteygl lightcurves and spectra, the
increase in the luminosity distance with redshift is congagad by this cosmological
time-stretching effect as shown in Figure 6.

GRB afterglows have smooth (broken power-law) continuuectja unlike quasars
which show strong spectral features (such as broad emibsasor the so-called “blue
bump”) that complicate the extraction of IGM absorptiontéeas. In particular, the
extrapolation into the spectral regime marked by the IGM hByrx absorption during
the epoch of reionization is much more straightforward foe smooth UV spectra of
GRB afterglows than for quasars with an underlying broad &gr emission line.
However, the interpretation may be complicated by the preseof damped Lyman-
a absorption by dense neutral hydrogen in the immediate e@mvient of the GRB
within its host galaxy. Since GRBs originate from the densgrenment of active star
formation, such damped absorption is expected and indeebtden seen, including in
the most distant GRB at= 8.2.
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FIGURE 6. GRB afterglow flux as a function of time since tlyaray trigger in the observer frame.
The flux (solid curves) is calculated at the redshifted Lyroawavelength. The dotted curves show the
planned detection threshold for tHames Webb Space Telescdpé&/ST), assuming a spectral resolution
R = 5000 with the near infrared spectrometer, a signal to na@itie of 5 per spectral resolution element,
and an exposure time equal to 20% of the time since the GRBosixpl. Each set of curves shows a
sequence of redshifts, namealy- 5, 7, 9, 11, 13, and 15, respectively, from top to bott&igure credit:
Barkana, R., & Loeb, A Astrophys. J601, 64 (2004).

Supermassive black holes

The fossil record in the present-day Universe indicatesdhery bulged galaxy hosts
a supermassive black hole (BH) at its center. This conausi@erived from a variety
of techniques which probe the dynamics of stars and gas actgg@huclei. The inferred
BHs are dormant or faint most of the time, but occasionallghlen a short burst of
radiation that lasts for a small fraction of the age of theudrse. The short duty cycle
accounts for the fact that bright quasars are much less aoaitichin their host galaxies,
but it begs the more fundamental questiahy is the quasar activity so brief? natural
explanation is that quasars are suicidal, namely the emergput from the BHs regulates
their own growth.

Supermassive BHs make up a small fractien]1 03, of the total mass in their host
galaxies, and so their direct dynamical impact is limitedh® central star distribution
where their gravitational influence dominates. Dynamicaitibn on the background
stars keeps the BH close to the center. Random fluctuatiotheidistribution of stars
induces a Brownian motion of the BH. This motion can be désciby the same
Langevin equation that captures the motion of a massive phasicle as it responds
to random kicks from the much lighter molecules of air around he characteristic
speed by which the BH wanders around the center is smélin, /Mgn)Y/%0,, where
m, and Mgy are the masses of a single star and the BH, respectivelygansl the
stellar velocity dispersion. Since the random force flustgan a dynamical time, the
BH wanders across a region that is smaller by a facter @, /Mgy )Y/2 than the region
traversed by the stars inducing the fluctuating force on it.



The dynamical insignificance of the BH on the global galastale is misleading. The
gravitational binding energy per rest-mass energy of datais of order~ (g, /c)? <
10-5. Since BH are relativistic objects, the gravitational binglenergy of material that
feeds them amounts to a substantial fraction its rest masgerEven if the BH mass
amounts to a fraction as small as10~* of the baryonic mass in a galaxy, and only
a percent of the accreted rest-mass energy is depositedh@tgaseous environment
of the BH, this slight deposition can unbind the entire ga&reoir of the host galaxy.
This order-of-magnitude estimate explains why quasars lbeaghort lived. As soon as
the central BH accretes large quantities of gas so as tofisigmily increase its mass, it
releases large amounts of energy and momentum that coupdtesgpfurther accretion
onto it. In short, the BH growth might beelf-regulated

The principle ofself-regulationnaturally leads to a correlation between the final BH
massMpp, and the depth of the gravitational potential well to whisl surrounding gas
is confined. The latter can be characterized by the veloc#yaision of the associated
stars,~ 2. Indeed a correlation betweév,, and g2 is observed in the present-day
Universe. If quasars shine near their Eddington limit asgested by observations of
low and high-redshift quasars, then a fractiomo0b5—10% of the energy released by the
quasar over a galactic dynamical time needs to be capturéisurrounding galactic
gas in order for the BH growth to be self-regulated. With thierpretation, théy,—o,
relation reflects the limit introduced to the BH mass by setfulation; deviations from
this relation are inevitable during episodes of BH growthaera result of mergers of
galaxies that have no cold gas in them. A physical scattarmatahis upper envelope
could also result from variations in the efficiency by whidte treleased BH energy
couples to the surrounding gas.

Various prescriptions for self-regulation were sketchethe literature. These involve
either energy or momentum-driven winds, with the latteretyjeing a factor ot~
ve/C less efficient. The quasar remains active during the dyrariime of the initial
gas reservoir~ 10’ years, and fades afterwards due to the dilution of this veser
The BH growth may resume if the cold gas reservoir is replegdsthrough a new
merger. Following early analytic work, extensive humedrisinulations demonstrated
that galaxy mergers do produce the observed correlatiomgelea black hole mass and
spheroid properties. Because of the limited resolutiorr tiea galaxy nucleus, these
simulations adopt a simple prescription for the accretiowflhat feeds the black hole.
The actual feedback in reality may depend crucially on trengstry of this flow and the
physical mechanism that couples the energy or momentunubafpghe quasar to the
surrounding gas.

The inflow of cold gas towards galaxy centers during the ghopltase of the BH
would naturally be accompanied by a burst of star formatidre fraction of gas that
is not consumed by stars or ejected by supernova-drivensyivdl continue to feed
the BH. It is therefore not surprising that quasar and statkactivities co-exist in Ultra
Luminous Infrared Galaxies, and that all quasars show bnoatal lines indicating pre-
enrichment of the surrounding gas with heavy elements.

The upper mass of galaxies may also be regulated by the enatgyt from quasar
activity. This would account for the fact that cooling flowe auppressed in present-day
X-ray clusters, and that massive BHs and stars in galactgesuvere already formed
atz~ 2. In the cores of cooling X-ray clusters, there is often aivacentral BH that



supplies sufficient energy to compensate for the cooling@bas. The primary physical
process by which this energy couples to the gas is still uwkno

The quasars discovered so farzat 6 mark the early growth of the most massive
BHs and galactic spheroids. The BHs powering these brightapns possess a mass
of a few billion solar masses. A quasar radiating at its Egttin limiting luminosity,
Le = 1.4 x 10" erg s 1(Mpp/10°M.,), with a radiative efficiencygag = Lg /Mc?, for
converting accreted mass into radiation, would grow exptialy in mass as a function
of time t, Mpnh = MseeceXp{t/te} from its initial seed mas#lseeq ON a time scale,
te = 4.1 x 10’ yr(&ag/0.1). Thus, the required growth time in units of the Hubble time

thupble= 10° yr[(1+2)/7)7%2is

tgrowrhzo7<“3raol) 112) %% ( Mo/ LM (5)
thubble . 10% 7 Mseed/loa\AQ ‘

The age of the Universe &~ 6 provides just sufficient time to grow a BH with
Mph ~ 10°M, out of a stellar mass seed witiyg = 10%. The growth time is shorter
for smaller radiative efficiencies or a higher seed mass.

A New Frontier: Gravitational Waves from Black Hole Mergers

When two galaxies collide, their cores migrate by dynamfdation to the center
of mass of the merged galaxy. If the galaxy is rich in gas (gseeted for high-
redshift galaxies), the orbit of the two black holes tiglst@m a timescale that is much
shorter than the age of the Universe. The final phase of biceajescence is driven
by the emission of gravitational waves. The emitted wavagdcbe detected by new
observatories which are currently being planned or conttal

As long as the binary separation is much larger than its Sctsehild radius, the
emitted gravitational wave luminosity can be derived inpst-Newtonian approxima-
tion. For two black holes on a circular orbit, the luminosgy

32G*M3p?
L = —
GW 5 (:5 a5 ’ (6)

wherea is the semi-major axis of the binay] = (M1 + M) andu = M1Mz/M, with
M; andM> being the masses of the binary members. The loss of enerdpe tenitted
waves leads to a decrease in the binary separateomd an eventual coalescence of the
two black holes over a time, c 4
5 o )
256G3 M2
Supermassive binaries with comparable mass members merfgss than a Hub-
ble time once their separation shrinks aer10>°rsch (Whererseh = 2GM/c? = 3 x
10'em(M /10°M,)) or once their relative orbital velocity = (GM/a)¥? > 102c =
3x10°kms1i,

Future gravitational wave observatories will be sensitivghe gravitational wave
amplitude. To an order of magnitude, the observed wave andgglifrom an equal mass

tew =



binary with a Schwarzschild radiugc, and an orbital velocity is given by,h ~ (1+
2)(rsen/dy) (v?/c?), whered, is the luminosity distance to the binary. Since the signal
amplitude only declines as (distancéyather than (distance¥ as for electromagnetic
detectors which respond to photon flux, the first generatioseasitive gravitational
wave observatories will already be able to find sources anotzgical distances.

More accurately, in a reference frame centered on the sp&es’s barycenter, the
gravitational wave amplitude in its two polarization stiggiven by,

R 5/3 2/3(1 . a
[1+ (L~ M)?] cog20(t)]; = At [7:] (L-0) sin2d(t)];
L

(8)
where the so-called “redshifted chirp mass?, = (1+ 2)u®5/M?/5 sets the rate
at which the binary shrinks, determining the “chirp” of theibital frequencyP =
2mt/\/GM/as. The precise orbital phase of the binapyt) then depends on the masses
and spins of the binary members, and yields the observed Wwegaency,fops(t) =
[m~1(d®/dt), which is(1+ z) times smaller than the emitted wave frequency. The unit
vectorri points from the solar system frame to the binary — definingsttyecoordinates
of the source, and the unit vectopoints along the binary angular momentum — defining
the binary orientation relative to the line-of-sight. Tmspiral signal does not provide
explicitely the cosmological redshift separately from bweary masses, but the redshift
can be inferred frond,_(z) (or from an electromagnetic counterpart to the gravitatlon
wave signal). Any particular detector is sensitive to adineombination of the two po-
larization signals, with coefficients that depend on themstion of the source relative
to the detector.

The sensitivity of various gravitational wave observagers shown in Figure 7. The
Laser Interferometer Space Antenna (LISA; http://lisaangov/) is a planned space
interferometer consisting of three spacecrafts whosetipasi mark the vertices of an
equilateral triangle 5 km on a side in an orbit around the $wsevident from Figure
7, LISA will be able to detect- 10*~'M., binaries out to arbitrary redshifts during
the epoch of reionization. The next generation ground-thagerferometer, Advanced-
LIGO (http://www.advancedligo.mit.edu/), will be semg# to binaries involving black
hole remnants of massive Pop-Ill stars (WitHL0?~*M.,) out toz>> 1.

The expected event rate of massive binary mergers can hdai@ld based on the halo
merger rate under various assumptions about the relatibmelea the black hole and
halo masses. For reasonable assumptions, LISA is expeatetect many cosmological
events per year. The actual detection of these signals wapdd a new window into
the Universe and enable to trace the hierarchical assenilijack holes in galaxies
throughout cosmic history. Since gravitational waves gessly through all forms of
matter, gravitational wave observatories might discowew populations of black hole
binaries that are electromagnetically faint because of thedest mass relative to bright
quasars or because they are enshrouded in gas and dust.
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FIGURE 7. Sensitivity of the future gravitational wave observaterielSA and Advanced-LIGO to
equal-massNl; = M, = M/2) binariesLeft panel:Root-mean-square noise amplitude of LIB#s from
the detector only (dashed) and from the detector combingd thie anticipated foreground confusion
(dash-dotted), along with the characteristic amplitugg, of three binary masse® (solid). The
locations on eaclhyr curve correspond to the peak amplitude (circle), 1 hour teetbe peak (filled
circle), 1 day before the peak (circle with inscribed cross)d 1 month before the peak (circle with
inscribed square) in the observer frame, as well as time$i.g/c (square) and 50Q¢p/c (diamond)
before the peak in the source franMiddle panel:Contour plot of the signal-to-noise ratio (SNR) with
binary mass and redshift dependence for LI&ight panel:SNR contour plot with mass and redshift
dependence for Advanced-LIGBigure credit: Baker, J., et al. Phys. RelD.75, 4024 (2007).

The epoch of reionization

Given the understanding described above of how many galdgiened at various
times, the course of reionization can be determined urgvesisle by counting photons
from all sources of light. Both stars and black holes comtebionizing photons, but
the early universe is dominated by small galaxies which m Ilttcal universe have
central black holes that are disproportionately small, iad@éed quasars are rare above
redshift 6. Thus, stars most likely dominated the produrctid ionizing UV photons
during the reionization epoch [although high-redshiftegés should have also emitted
X-rays from accreting black holes and accelerated pastiatecollisionless shocks].
Since most stellar ionizing photons are only slightly monergetic than the 13.6 eV
ionization threshold of hydrogen, they are absorbed efftbyeonce they reach a region
with substantial neutral hydrogen). This makes the IGMmyireionization a two-phase
medium characterized by highly ionized regions separated heutral regions by sharp
ionization fronts.

We can obtain a first estimate of the requirements of rei¢ioizdy demanding one
stellar ionizing photon for each hydrogen atom in the IGMv# conservatively assume
that stars within the early galaxies were similar to thosgeoed locally, then each star
produced~ 4,000 ionizing photons per baryon. Star formation is obsetogdy to be
an inefficient process, but even if stars in galaxies formetad only ~ 10% of the
available gas, it was still sufficient to accumulate a smaittion (of order 01%) of
the total baryonic mass in the universe into galaxies in otoléonize the entire IGM.
More accurate estimates of the actual required fractiomwaacfor the formation of
some primordial stars (which were massive, efficient iorsizas discussed above), and
for recombinations of hydrogen atoms at high redshifts andkinse regions.

From studies of quasar absorption lineszat 6 we know that the IGM is highly



ionized a billion years after the big bang. There are hintsydver, that some large
neutral hydrogen regions persist at these early times andissuggests that we may
not need to go to much higher redshifts to begin to see thehepbaeionization.
We now know that the universe could not have fully reionizedier than an age of
300 million years, since WMAP observed the effect of thelihbgcreated plasma at
reionization on the large-scale polarization anisotreppé the CMB and this limits
the reionization redshift; an earlier reionization, whée universe was denser, would
have created a stronger scattering signature that woulddmasistent with the WMAP
observations. In any case, the redshift at which reioromagnded only constrains
the overall cosmic efficiency of ionizing photon productidm comparison, a detailed
picture of reionization as it happens will teach us a great @bout the population
of young galaxies that produced this cosmic phase transifiokey point is that the
spatial distribution of ionized bubbles is determined bystéred groups of galaxies
and not by individual galaxies. At such early times galaxiese strongly clustered
even on very large scales (up to tens of Mpc), and these sttedesfore dominate the
structure of reionization. The basic idea is simple. At mgghshift, galactic halos are rare
and correspond to rare, high density peaks. As an analoggima searching on Earth
for mountain peaks above 5000 meters. The 200 such peak®tee all distributed
uniformly but instead are found in a few distinct clusterd@mof large mountain ranges.
Given the large-scale boost provided by a mountain rangegdi-scale crest need only
provide a small additional rise in order to become a 5000 nak. The same crest,
if it formed within a valley, would not come anywhere near B@feters in total height.
Similarly, in order to find the early galaxies, one must ficstdte a region with a large-
scale density enhancement, and then galaxies will be fcwareé in abundance.

The ionizing radiation emitted from the stars in each galaiyally produces an
isolated ionized bubble. However, in a region dense witlagak the bubbles quickly
overlap into one large bubble, completing reionizatiorhiis tegion while the rest of the
universe is still mostly neutral. Most importantly, sin¢etabundance of rare density
peaks is very sensitive to small changes in the density bids even a large-scale
region with a small enhanced density (say, 10% above the nerasity of the universe)
can have a much larger concentration of galaxies than inr gdggons (e.g., a 50%
enhancement). On the other hand, reionization is hardech@ee in dense regions,
since the protons and electrons collide and recombine mftem an such regions,
and newly-formed hydrogen atoms need to be reionized agaidditional ionizing
photons. However, the overdense regions end up reionizisgdince the number of
ionizing sources in these regions is increased so strofdlg. large-scale topology
of reionization is therefore inside out, with underdensé&dsaeionizing only at the
very end of reionization, with the help of extra ionizing pties coming in from their
surroundings (which have a higher density of galaxies thansbids themselves). This
is a key prediction awaiting observational testing.

Detailed analytical models that account for large-scalatians in the abundance
of galaxies confirm that the typical bubble size starts welblwy a Mpc early in reion-
ization, as expected for an individual galaxy, rises to 5MP@ during the central phase
(i.e., when the universe is half ionized), and then by anddwtor of ~5 towards the end
of reionization. These scales are given in comoving unasgbale with the expansion of
the universe, so that the actual sizes at a redshiftre smaller than these numbers by a
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FIGURE 8. Probability distribution ofx; at redshiftsz= 8, 9, 10, and 11, based on existing data on
the CMB polarization anisotropies and the Lymarferest.Figure credit: Pritchard, J. R., Loeb, A.. &
Wyithe, S.,Mon. Not. R. Astr. Sogin press (2010); http://arxiv.org/abs/0908.3891.

factor of (1+ z). Numerical simulations have only recently begun to reaetetormous
scales needed to capture this evolution. Accounting pecfer gravitational evolution
on a wide range of scales but still crudely for gas dynamies,fermation, and the ra-
diative transfer of ionizing photons, the simulations confihat the large-scale topology
of reionization is inside out, and that this topology can bedito study the abundance
and clustering of the ionizing sources.

The characteristic observable size of the ionized bubhl#seaend of reionization can
be calculated based on simple considerations that onlyndiepe the power-spectrum
of density fluctuations and the redshift. As the size of anzieth bubble increases, the
time it takes a 21-cm photon emitted by hydrogen to travergets longer. At the same
time, the variation in the time at which different regiongoreze becomes smaller as
the regions grow larger. Thus, there is a maximum size abdwehithe photon crossing
time is longer than the cosmic variance in ionization timegRns bigger than this size
will be ionized at their near side by the time a 21-cm photolhawss them towards the
observer from their far side. They would appear to the obeyesg one-sided, and hence
signal the end of reionization. These considerations inapbharacteristic size for the
ionized bubbles of- 10 physical Mpc az ~ 6 (equivalent to 70 Mpc today). This result
implies that future radio experiments should be tuned toaxautteristic angular scale
of tens of arcminutes for an optimal detection of 21-cm bingiss fluctuations near the
end of reionization.

Existing data on the polarization anisotropies of the CMBwval as the Lymam
forest can be used to derive a probability distribution fer hydrogen ionization fraction
(x) as a function of redshift. Figure 8 shows this likelihoodtdbution in four redshift
bins of interest to upcoming observations. Although thereoinsiderable uncertainty in
X; at each redshift, it is evident from existing data that hgemo is highly ionized by
z= 8 (at least tog; > 0.8).



To produce one ionizing photon per baryon requires a minimmamoving density of
Milky-Way (so-called Population Il) stars of,

P~ 1.7 x 10 I M Mpc3, (9)

or equivalently, a cosmological density parameter in stir€, ~ 1.25x 10>l
More typically, the threshold for reionization involveslaast a few ionizing photons
per proton (with the right-hand-side beirg10~-° cm~3), since the recombination time
at the mean density is comparable to the age of the Universe 40.

For the local mass function of (Population Il) stars at saotastallicity, the star
formation rate per unit comoving volume that is requireddatancing recombinations
in an already ionized IGM, is given by

3

), 2 x 10731 lC (1%02) Mg yr—t Mpc3, (10)
whereC = (n2)/(ne)? is the volume-averaged clumpiness factor of the electraomsitie
up to some threshold overdensity of gas which remains ne@uarent state-of-the-art
surveys (HST WFC3/IR) are only sensitive to the bright enthefluminosity function
of galaxies az > 6 and hence provide a lower limit on the production rate ofamy
photons during reionization.

21-CM COSMOLOGY

The spin temperature of the 21-cm transition of hydrogen

The ground state of hydrogen exhibits hyperfine splittingngato the possibility
of two relative alignments of the spins of the proton and tleeteon. The state with
parallel spins (the triplet state) has a slightly higherrgpehan the state with anti-
parallel spins (the singlet state). The 21-cm line assediatith the spin-flip transition
from the triplet to the singlet state is often used to detecitral hydrogen in the local
universe. At high redshift, the occurrence of a neutral igienization IGM offers the
prospect of detecting the first sources of radiation and ipgpthe reionization era by
mapping the 21-cm emission from neutral regions. Whilentsrgy density is estimated
to be only a 1% correction to that of the CMB, the redshifteec&iemission should
display angular structure as well as frequency structuestdinhomogeneities in the gas
density field, hydrogen ionized fraction, and spin tempertindeed, a full mapping of
the distribution of H | as a function of redshift is possiliearinciple.

The basic physics of the hydrogen spin transition is deteechias follows. The
ground-state hyperfine levels of hydrogen tend to therrealizth the CMB background,
making the IGM unobservable. If other processes shift th@ehyne level populations
away from thermal equilibrium, then the gas becomes obbé&against the CMB in
emission or in absorption. The relative occupancy of tha &piels is usually described
in terms of the hydrogen spin temperatieg defined by

E::aexp{—E} , (11)

No Ts



whereng andn; refer respectively to the singlet and triplet hyperfine Iswe the atomic
ground stater{= 1), andT, = 0.068 K is defined bkgT,. = E»1, where the energy of
the 21 cm transition i&»1 = 5.9 x 10~° eV, corresponding to a frequency of 1420 MHz.
In the presence of the CMB alone, the spin states reach theguaibrium with Ts =
Teme = 2.7231%— Z) K on a time-scale OT*/(TCMBA]_()) ~ 3 X 105(1—|— Z)_l yr, where
Ao = 2.87x 101° s71 is the spontaneous decay rate of the hyperfine transitiois. Th
time-scale is much shorter than the age of the universe egdghifts after cosmological
recombination.

The IGM is observable when the kinetic temperatiyef the gas differs fronTcus
and an effective mechanism couplego Ty. Collisional de-excitation of the triplet level
dominates at very high redshift, when the gas density (anslittie collision rate) is still
high, but once a significant galaxy population forms in thevewrse, the spin temperature
is affected also by an indirect mechanism that acts throhglstattering of Lymaio
photons. Continuum UV photons produced by early radiataurees redshift by the
Hubble expansion into the local Lymaniine at a lower redshift. These photons mix
the spin states via the Wouthuysen-Field process wherelhyoan initially in then = 1
state absorbs a Lymam-photon, and the spontaneous decay which returns it fren®
ton= 1 can result in a final spin state which is different from thiéahone. Since the
neutral IGM is highly opaque to resonant scattering, and.yiman-o photons receive
Doppler kicks in each scattering, the shape of the radiatjgectrum near Lymaor-
is determined byly, and the resulting spin temperature (assumigg> T,) is then a
weighted average diy andTcug:

Te— Teme Tk(1+ Xeot)
Tk + TemBXeot

(12)

wherexot = Xg + Xc IS the sum of the radiative and collisional threshold paranse
These parameters are
I:)101-*

a = —
AioTevs

(13)

and
_ 4K1_0(Tk) NH T*

3A10TcvB

wherePy is the indirect de-excitation rate of the triplet= 1 state via the Wouthuysen-
Field process, related to the total scattering i@¢eof Lyman-a photons byP;g =
4P, /27. Also, the atomic coefficiert;_o(Tk) is tabulated as a function di. The
coupling of the spin temperature to the gas temperature escsubstantial when
Xtot > 1; in particularxy, = 1 defines the thermalization rate -

27A10TcmB _1 (142 4
Ph=—""—"~76x10 — ] S . 15
th AT X 10 (15)

(14)

A patch of neutral hydrogen at the mean density and with aoumifTs produces
(after correcting for stimulated emission) an optical deat a present-day (observed)



wavelength of 2{1+ z) cm,

T Quh\ /Qm\ Y2 142\ Y?
B 3 ( Tems b m
7(2) =9.0x10 ( Ts )(o.os) (0.3) < 10) ! (16)

assuming a high redshits- 1. The observed spectral intensifyrelative to the CMB at
a frequency is measured by radio astronomers as an effective brighteegserature
T, of blackbody emission at this frequency, defined using thddigh-Jeans limit of the
Planck radiation formuld;, = 2kgTyv?/c?.

The brightness temperature through the IGMjjs= Tcyge '+ Ts(1—e 7), so the
observed differential antenna temperature of this regatettive to the CMB is

Ty, = (1+Z)71(T5—TCMB)(1—67T)
- ogmi (200 ((Qm) 7 (142)"* (Ts—Tewe (17)
o 0.033 0.27 10 Ts ’

wheret < 1 is assumed and, has been redshifted to redshift zero. Note that the
combination that appears i is

Ts—Tome _ Xot (1_TCMB)
Ts 1+ ot T /)

(18)

In overdense regions, the observigds proportional to the overdensity, and in partially
ionized regiongly, is proportional to the neutral fraction. Also, T > Tcwue then the
IGM is observed in emission at a level that is independerfisoDn the other hand, if
Ts < Temp then the IGM is observed in absorption at a level that is ecdaiby a factor
of Tcms/Ts. As a result, a number of cosmic events are expected to |daserable
signatures in the redshifted 21-cm line, as discussed bieléuther detail.

Figure 9 illustrates the mean IGM evolution for three exagsph which reionization
iIs completed at different redshifts, nameay= 6.47 (thin curves)z = 9.76 (medium
curves), andz = 11.76 (thick curves). The top panel shows the global evolutibthe
CMB temperaturéicyg (dotted curve), the gas kinetic temperatiggdashed curve),
and the spin temperaturgs (solid curve). The middle panel shows the evolution of
the ionized gas fraction and the bottom panel presents thenr@é cm brightness
temperatureTy,.

A handy tool for studying cosmic reionization

The prospect of studying reionization by mapping the dstion of atomic hy-
drogen across the universe using its prominent 21-cm sypelme has motivated
several teams to design and construct arrays of low-frequendio telescopes;
the Low Frequency Array (http://www.lofar.org/), the Mimson Wide-Field Ar-
ray (http://www.mwatelescope.ojg/PAPER [ttp://arxiv.org/abs/0904.1181 GMRT
(http://arxiv.org/abs/0807.105621CMA (http://21cma.bao.ac.ch/and ultimately the
Square Kilometer Arrayhttp://www.skatelescope.Qrwill search over the next decade
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FIGURE 9. Top panel:Evolution with redshiftz of the CMB temperaturécyg (dotted curve),the gas
kinetic temperatur@y (dashed curve), and the spin temperafly€solid curve) Middle panel:Evolution

of the gas fraction in ionized regions (solid curve) and the ionized fraction outside these regji@ue
to diffuse X-rays)xe (dotted curve)Bottom panel: Evolution of mean 21 cm brightness temperaftye
The horizontal axis at the top provides the observed phategquincy at the different redshifts shown
at the bottom. Each panel shows curves for three models inhatgionization is completed at different
redshifts, namelg = 6.47 (thin curves)z = 9.76 (medium curves), and= 11.76 (thick curves)Figure
credit: Pritchard, J., & Loeb, A.Phys. RevD78, 3511 (2008).

for 21-cm emission or absorption from~ 6.5-15, redshifted and observed today at
relatively low frequencies which correspond to wavelesgihl.5 to 4 meters.

The idea is to use the resonance associated with the hypspiiting in the ground
state of hydrogen. While the CMB spectrum peaks at a wavéieri@ mm, it provides a
still-measurable intensity at meter wavelengths that eamded as the bright background
source against which we can see the expected 1% absorptioeLitial hydrogen along
the line of sight. The hydrogen gas produces 21-cm absorjitits spin temperature
is colder than the CMB and excess emission if it is hotterc&itne CMB covers the
entire sky, a complete three-dimensional map of neutratdgeh can in principle be
made from the sky position of each absorbing gas cloud tegetiith its redshiftz
Different observed wavelengths slice the Universe at dffe redshifts, and ionized
regions are expected to appear as cavities in the hydrog#ibdtion, similar to holes in
swiss cheese. Because the smallest angular size resdbyadkelescope is proportional
to the observed wavelength, radio astronomy at waveleraghiarge as a meter has
remained relatively undeveloped. Producing resolved esayen of large sources such
as cosmological ionized bubbles requires telescopes wWiaeh a kilometer scale. It is
much more cost-effective to use a large array of thousansisqifle antennas distributed
over several kilometers, and to use computers to croselaeterthe measurements of the
individual antennas and combine them effectively into glgiharge telescope. The new
experiments are being placed mostly in remote sites, bectdnescosmic wavelength
region overlaps with more mundane terrestrial telecomicatrons.

In approaching redshifted 21-cm observations, althougffitet inkling might be to



consider the mean emission signal in the bottom panel ofr€i§uthe signal is orders
of magnitude fainter than foreground synchrotron emisfiom relativistic electrons in
the magnetic field of our own Milky Way as well as other galaxigee Figure 11). Thus
cosmologists have focused on the expected charactersstations inT,, both with po-
sition on the sky and especially with frequency, which digsiredshift for the cosmic
signal. The synchrotron foreground is expected to have aimfoequency spectrum,
and so it is possible to isolate the cosmological signal kintgathe difference in the sky
brightness fluctuations at slightly different frequendfas long as the frequency sepa-
ration corresponds to the characteristic size of ionizeabbes). The 21-cm brightness
temperature depends on the density of neutral hydrogenx@sieed in the previous
subsection, large-scale patterns in the reionization averm by spatial variations in
the abundance of galaxies; the 21-cm fluctuations reaggmK (root mean square) in
brightness temperature on a scale of 10 comoving Mpc. Whataildd maps will be
difficult to extract due to the foreground emission, a stas detection of these fluctu-
ations is expected to be well within the capabilities of thstfgeneration experiments
now being built. Current work suggests that the key infororabn the topology and
timing of reionization can be extracted statistically.

While numerical simulations of reionization are now reachihe cosmological box
sizes needed to predict the large-scale topology of the&shbubbles, they do this at
the price of limited small-scale resolution (see Figure Tbese simulations cannot yet
follow in any detail the formation of individual stars withgalaxies, or the feedback
that stars produce on the surrounding gas, such as photmdpea the hydrodynamic
and chemical impact of supernovae, which blow hot bubblegas enriched with
the chemical products of stellar nucleosynthesis. Thuesstmulations cannot directly
predict whether the stars that form during reionization sirailar to the stars in the
Milky Way and nearby galaxies or to the primordial M@ stars. They also cannot
determine whether feedback prevents low-mass dark madtes lirom forming stars.
Thus, models are needed that make it possible to vary ak thgtsophysical parameters
of the ionizing sources and to study the effect on the 21-ceentations.

The theoretical expectations presented here for reianizaind for the 21-cm signal
are based on rather large extrapolations from observedigalto deduce the properties
of much smaller galaxies that formed at an earlier cosmiclepGonsiderable surprises
are thus possible, such as an early population of quasavepumstable exotic particles
that emitted ionizing radiation as they decayed. In any cdeforthcoming observa-
tional data in 21-cm cosmology should make the next few yaaexy exciting time.

At high redshifts prior to reionization, spatial perturiogis in the thermodynamic gas
properties are linear and can be predicted precisely. Tihtiee gas is probed with the
21-cm technique then it becomes a promising tool of funddaatgorecision cosmology,
able to probe the primordial power spectrum of density flattns imprinted in the
very early universe, perhaps in an era of cosmic inflatiore Zh-cm fluctuations can
be measured down to the smallest scales where the baryosupgesuppresses gas
fluctuations, while the CMB anisotropies are damped on setalles (through the so-
called Silk damping). This difference in damping scales lsarseen by comparing the
baryon-density and photon-temperature power spectra&eSime 21-cm technique is
also three-dimensional (while the CMB yields a single skypjn¢here is a much large
potential number of independent modes probed by the 21-gnabNy1_cm ~ 3 x 106



n : S
]

0 10 20 30 40 el

AT, (mk)

FIGURE 10. Map of the fluctuations in the 21 cm brightness temperaturhersky,AT, (mK), based
on a numerical simulation which follows the dynamics of darktter and gas in the IGM as well as
the radiative transfer of ionizing photons from galaxiekeTpanels show the evolution of the signal in
a slice of 140 comoving Mpc on a side, in three snapshots gporeding to the simulated volume being
25, 50, and 75 % ionized. Since neutral regions corresportidag emission (i.e., a high), the 21-cm
maps illustrate the global progress of reionization andstitestantial large-scale spatial fluctuations in the
reionization historyFigure credit: Trac, H., Cen, R., & Loeb, AAstrophys. J689, L81 (2009).

compared toNemp ~ 2 x 107. This larger number should provide a measure of non-

Gaussian deviations to a IeveI@ngllc/nﬁ, constituting a test of the inflationary origin of
the pri6mordial inhomogeneities which are expected to Eseen-Gaussian deviations
> 107°.

The 21cm fluctuations are expected to simply trace the pdmbpower-spectrum
of matter density perturbations (which is shaped by thealntonditions from inflation
and the dark matter) either before the first population ohgials had formed (at redshifts
z> 25) or after reionization< 6) — when only dense pockets of self-shielded hydrogen
(such as damped Lymam-systems) survive. During the epoch of reionization, the
fluctuations are mainly shaped by the topology of ionizedamg, and thus depend
on uncertain astrophysical details involving star forrmatiHowever, even during this
epoch, the imprint of peculiar velocities (which are inddiggavitationally by density
fluctuations), can in principle be used to separate the gsapbns for fundamental
physics from the astrophysics.

Peculiar velocities imprint a particular form of anisotyojp the 21-cm fluctuations
that is caused by gas motions along the line of sight. Thiscrapy, expected in any
measurement of density that is based on a spectral resoparmeeredshift measure-
ments, results from velocity compression. Consider a phteweling along the line of
sight that resonates with absorbing atoms at a particulat.do a uniform, expanding
universe, the absorption optical depth encountered bypthagon probes only a narrow
strip of atoms, since the expansion of the universe makestladr atoms move with a
relative velocity that takes them outside the narrow fremyewidth of the resonance
line. If there is a density peak, however, near the resoggitasition, the increased grav-
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FIGURE 11. Predicted redshift evolution of the angle-averaged amngbéitof the 21-cm power spectrum
(|AT,| = [K3P21-cm(K)/21%]%/2) at comoving wavenumbeks= 0.01 (solid curve), 0.1 (dotted curve), 1.0
(short dashed curve), 10.0 (long dashed curve), and 10@0Mgot-dashed curve). In the model shown,
reionization is completed at= 9.76. The horizontal axis at the top shows the observed photguéncy

at the different redshifts. The diagonal straight (rededirshow various factors of suppression for the
synchrotron Galactic foreground, necessary to reveal fherd signal Figure credit: Pritchard, J.R. &
Loeb A.,Phys. Re!D78, 3511 (2008).

ity will reduce the expansion velocities around this pointldring more gas into the
resonating velocity width. This effect is sensitive onlythe line-of-sight component of
the velocity gradient of the gas, and thus causes an obsaniedtropy in the power
spectrum even when all physical causes of the fluctuatiomsstatistically isotropic.
This anisotropy is particularly important in the case of @t-fluctuations. When all
fluctuations are linear, the 21-cm power spectrum takesaime f

Po1—cm(k) = U4Pp(k) + 2I12priso(k) +Pso (19)

whereu = cosfO in terms of the anglé between the wave-vectérof a given Fourier
mode and the line of sighig, is the isotropic power spectrum that would result from all
sources of 21-cm fluctuations without velocity compressiytk) is the 21-cm power
spectrum from gas density fluctuations alone, &diso(Kk) is the Fourier transform
of the cross-correlation between the density and all ssunf1-cm fluctuations. The
three power spectra can also be dend®dk), P,2(K), andP,e(k), according to the
power of u that multiplies each term. At these redshifts, the 21-cmtdiattons probe
the infall of the baryons into the dark matter potential wellhe power spectrum shows
remnants of the photon-baryon acoustic oscillations ogel@cales, and of the baryon
pressure suppression on small scales.

Once stellar radiation becomes significant, many procesaascontribute to the
21-cm fluctuations. The contributions include fluctuatiomgas density, temperature,
ionized fraction, and Ly flux. These processes can be divided into two broad categorie
The first, related tdphysics”, consists of probes of fundamental, precision cosmology,
and the second, related tastrophysics”, consists of probes of stars. Both categories



Sky at 100 MHz dipole response at 100 MHz

2.8 == —— 5.0 Log (T) 0.0 — — 10

FIGURE 12. Left panel:Radio map of the sky at 100 MHRIight panel:Ideal dipole response averaged
over 24 hourskFigure credits: Pritchard, J., & Loeb, A. Phys. Red82, 23006 (2010); de Oliveira-Costa,
A. et al. Mon. Not. R. Astron. So888, 247 (2008).

are interesting — the first for precision measures of cosgicéd parameters and studies
of processes in the early universe, and the second for stofltee properties of the first
galaxies. However, the astrophysics depends on compleximesr processes (collapse
of dark matter halos, star formation, supernova feedbacig must be cleanly separated
from the physics contribution, in order to allow precisioe@surements of the latter. As
long as all the fluctuations are linear, the anisotropy natiealve allows precisely this
separation of théundamental physickom theastrophysicof the 21-cm fluctuations.
In particular, theP, (k) is independent of the effects of stellar radiation, and itearc
probe of the gas density fluctuations. Once non-linear tdvat®ome important, there
arises a significant mixing of the different terms; in pautar, this occurs on the scale
of the ionizing bubbles during reionization.

The 21-cm fluctuations are affected by fluctuations in the agm flux from stars,

a result that yields an indirect method to detect and stu@yetrly population of
galaxies az ~ 20. The fluctuations are caused by biased inhomogeneitteg idensity
of galaxies, along with Poisson fluctuations in the numbegalaxies. Observing the
power-spectra of these two sources would probe the numbesitgieof the earliest
galaxies and the typical mass of their host dark matter h&lathermore, the enhanced
amplitude of the 21-cm fluctuations from the era oblLgoupling improves considerably
the practical prospects for their detection. Precise pteahis account for the detailed
properties of all possible cascades of a hydrogen atomiaibsorbs a photon. Around
the same time, X-rays may also start to heat the cosmic gaduping strong 21-cm
fluctuations due to fluctuations in the X-ray flux.

In difference from interferometric arrays, single dipol&periments which in-
tegrate over most of the sky, can search for the global (sggcRl-cm sig-
nal shown in Figure 9. Examples of such experiments are CoREEDGES
(http://www.haystack.mit.edu/ast/arrays/EdgesRapid reionization histories which
span a redshift rang&z < 1 can already be ruled out, and the current constraints can
be improved provided that local foregrounds (see Figurech?) be well modelled by
low-order polynomials in frequency. Observations in theggfrency range 50-100 MHz
can potentially constrain the Lymam-and X-ray emissivity of the first stars forming at
redshiftsz ~ 15-25, as illustrated in Figure 13.
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FIGURE 13. Dependence of global 21-cm signal on the X-ray (top panel)laman-«a (bottom panel)
emissivity of stars. Each case depicts examples with theackexistic emissivity reduced or increased by
a factor of up to 100Figure credit: Pritchard, J., & Loeb, A. Phys. Red82, 23006 (2010).

SUMMARY

The initial conditions of our Universe can be summarized @ingle sheet of paper.
Yet the Universe is full of complex structures today, suclstass, galaxies and groups
of galaxies. In this contribution, | discussed the standhmbretical model for how
complexity emerged from the simple initial state of the Wmse through the action
of gravity. In order to test and inform the related theoratcalculations, large-aperture
telescopes and arrays of radio antennae are currently designed and constructed.

The actual transition from simplicity to complexity has @en observed as of yet.
The simple initial conditions were already traced in mapthefmicrowave background
radiation, but the challenge of detecting the first genenatif galaxies defines one of
the exciting frontiers in the future of cosmology. Once atdhathe missing images of
the infant Universe might potentially surprise us and rewasr current ideas.
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