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Abstract

Understanding the formation and evolution of the first stard galaxies represents one of
the most exciting frontiers in astronomy. Since the unieerss filled with hydrogen atoms at
early times, the most promising method for observing theckpf the first stars is to use the
prominent 21-cm spectral line of hydrogen. Current obgemal &forts are focused on the
cosmic reionization era, but observations of the pre-igaiion cosmic dawn are also beginning
and promise exciting discoveries. While observationallgxyptored, theoretical studies predict
a rich variety of observational signatures from the astysfts of the early galaxies that formed
during cosmic dawn. As the first stars formed, their radiajolus that from stellar remnants)
produced feedback that radicallyfected both the intergalactic medium and the character of
newly-forming stars. Lymaie-radiation from stars generated a strong 21-cm absorptgnaki
observation of which is currently the only feasible methbdetecting the dominant population
of galaxies at redshifts as early as- 25. Another major player is cosmic heating; if due to
soft X-rays, then it occurred fairly earlyg (~ 15) and produced the strongest pre-reionization
signal, while if it is due to hard X-rays, as now seems moreljikthen it occurred later and may
have dramatically ffected the 21-cm sky even during reionization. In terms ofyaisg much
focus has gone to studying the angle-averaged power speafi21-cm fluctuations, a rich
dataset that can be used to reconstruct the astrophysfoamiation of greatest interest. This
does not, however, diminish the importance of finding addai probes that are complementary
or amenable to a more model-independent analysis. Exarmglesle the global (sky-averaged)
21-cm spectrum, and the line-of-sight anisotropy of thegilpower spectrum. Another striking
feature may result from a recently recognizéi@et of a supersonic relative velocity between the
dark matter and gas. Thistect enhanced large-scale clustering and, if early 21-cnuitions
were dominated by small galactic halos, it produced a prentipattern on 100 Mpc scales.
Work in this field, focused on understanding the whole eraimfitization and cosmic dawn with
analytical models and numerical simulations, is likely tow in intensity and importance, as the
theoretical predictions are finally expected to confrontfiobservations in the coming years.
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1. Introduction and Overview

Galaxies around us have been mapped systematically outeadshiftz ~ 0.3 by recent
large surveys [1, 2]. The observed galaxy distribution shawarge-scale filament-dominated
“cosmic web” pattern that is reproduced by cosmological edoal simulations [3]. This struc-
ture is well-understood theoretically [4] as arising frdme distribution of the primordial density
fluctuations, which drove hierarchical structure formatiio the early universe. Recent observa-
tions have been pushing a new frontier of early cosmic epogltk individual bright galaxies
detected reliably from as early as= 111 [5], which corresponds tb~ 400 Myr after the Big
Bang. However, it is thought that the bulk of the early starsnfed in a large number of very
small galactic units, which will be élicult to observe individually. In particular, high-resaturt
numerical simulations show that the truly earliest starsad within~ 1°M,, dark matter halos
[6, 7]. These simulations can only follow small cosmic voksnand thus begin to form stars
much later than in the real universe, but analytical methsbasv that the very first such stars
within our light cone must have formed at 65 (aget ~ 35 Myr) [8, 9].

The best hope of observing the bulk population of early starda the cosmic radiation
fields that they produced. The mean radiation level tracesdismic star formation rate, while
spatial fluctuations reflect the clustering of the undedysources, and thus the masses of their
host halos. In particular, the hyperfine spin-flip transitaf neutral hydrogen (H I) at a wave-
length of 21 cm (Figure 1) is potentially the most promisimgle of the gas and stars at early
times. Observations of this line at a wavelength of&(ll + Z) cm can be used to slice the uni-
verse as a function of redshift(or, equivalently, distance along the line of sight), juke lany
atomic resonance line in combination with the cosmologiedkhift. Together with the other
two dimensions (angular position on the sky), 21-cm cosgloan thus be used to obtain a
three-dimensional map of thefflise cosmic H | distribution [10], in the previously unexgadr
era of redshifts- 7 — 200.

Absorption or emission by the gas along a given line of sifisinges the 21-cm brightness
temperaturel,, measured relative to the temperature of the backgrounatesowhich here is
the cosmic microwave background (CMB) [11]. The obser¥gds determined by the spin
temperaturf's, an dfective temperature that describes the relative abunddingelmgen atoms
in the excited hyperfine level compared to the ground staimdpdial density inhomogeneities
imprinted a three-dimensional power spectrum of 21-cnmisitg fluctuations on scales down to
~ 10 kpc (all sizes henceforth are comoving unless indicathdravise), making it the richest
dataset on the sky [12]. The potential yield of 21-cm obdé@a is further increased by the
expected anisotropy of the 21-cm power spectrum [13, 14165,

The 21-cm signal vanished at redshifts abave 200, when the gas kinetic temperature,
Tk, was close to the CMB temperatuiigsyg, making the gas invisible with respect to the CMB
background. Subsequently, the gas cooled adiabaticaiyeif than the CMB, and atomic col-
lisions kept the spin temperatuiig of the hyperfine level population beloWyg, so that the
gas appeared in 21-cm absorption [17]. As the Hubble exparintinued to rarefy the gas,
radiative coupling offs to Tcyg Started to dominate over collisional coupling™f to Ty and
the 21-cm signal began to diminish.

Once stars began to form, their radiation produced feedbacthe intergalactic medium
(IGM) and on other newly-forming stars, and substantialfeeed the 21-cm radiation. The
first feedback came from the ultraviolet (UV) photons pragtliby stars between the &yand
Lyman limit wavelengths (i.e., energies in the range aR1013.6 eV). These photons propa-
gated freely through the Universe and some of them redshiftescattered into the layreso-
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Figure 1: The energy levels of hydrogen. The ionization gnesf hydrogen is 13.6 eV, and the Lyman-

(Lya) line (10.2 eV) corresponds to the = 2 ton = 1 transition. The spin-flip transition (inset on the
right) is a much lower energy splitting . x 10°® eV) within the ground staten( = 1) of hydrogen, corre-

sponding to a wavelength of 21 cm and a frequency of 1420 MHzedi&: Main portion: Michael Richmond

(httpy/spiff.rit.edyclassegphys30llecturegspeclinegspeclines.html); Inset: Tiltec via Wikimedia Commons.



1+ z | Observed 21-cm Frequency [MHz]Cosmic Age [Myr]
1 1.42 GHz 13.8 Gyr
2 710 5.88 Gyr
3 473 3.29 Gyr
4 355 2.15 Gyr
7 203 934

10 142 547

15 94.7 297

20 71.0 192

25 56.8 137

30 47.3 104

40 35.5 67.5

50 28.4 48.2

60 23.7 36.5

Table 1: The observed frequency corresponding to 21-cratiadifrom a source at redsh#tand the age of the Universe,
listed versus ¥ z Units are as in the column labels except where indicatechotbe.

nance, and coupled@is to Ty once again [11] through the Wouthuysen-Field [18, 18¢a by
which the two hyperfine states are mixed through the absorptnd re-emission of a kypho-
ton. Meanwhile, Lyman-Werner (LW) photons in nearly the samergy range (12 - 136 eV)
dissociated molecular hydrogen and eventually ended thefgarimordial star formation driven
by molecular cooling [20], leading to the dominance of largalos. X-ray photons also propa-
gated far from the emitting sources and began early on totheaas [11]. Onc&gs grew larger
thanTcme, the gas appeared in 21-cm emission over the CMB level. Eonigd UV photons
above the Lyman limit by the same galaxies initiated the @ss®f cosmic reionization, creating
ionized bubbles in the neutral gas around these galaxiggiré-2 shows a brief summary of
early cosmic history, and Table 1 lists the observed frequenrresponding to 21-cm radiation
from various redshifts, as well as the age of the Universe.

The subject of cosmic reionization began in earnest aftem@uPeterson (1965) [22] used
a just-discovered quasar to show that the Universe arouwdsthighly ionized. This led to
much theoretical work on how the Universe might have beemnieéd. The subject of 21-cm
cosmology is a more recent one. Hogan & Rees (1979) [10] vdoolae the basic ideas and noted
that 21-cm observations could probe the properties of apgas including its density, tempera-
ture, and spin temperature (which, they noted, could Fergint from the kinetic temperature).
Scott & Rees (1990) [17] revisited the subject, now in the eraccontext of galaxy formation
in a Universe dominated by cold dark matter; they were thetfiraote that 21-cm cosmology
could probe reionization. Madau et al. (1997) [11] first ddased 21-cm radiation during cos-
mic dawn, before the epoch of reionization (E®R)nd highlighted the eras of kycoupling
and of early cosmic heating. However, 21-cm cosmology wasively slow in developing. For
example, in a major review of the field in 2001 [23], we devdiquhges out of 114 to this topic,
which at the time was considered only one of many promisirgags in the field.

1Two notes on common usage: The/emoch of reionization is often denoted “EOR” in the literatifCosmic dawn”
usually refers to the period between the formation of the siiats until the beginning of the EOR, although sometimes
itis used as a general name for the entire period including®R.
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Figure 2: Overview of cosmic history, with the age of the uréeeshown on the top axis and the corresponding redshift
(plus one) on the bottom axis. Bottom panel: Yellow représ@mnized hydrogen, and gray is neutral. Observers probe
the cosmic gas using the absorption of background lightéddites) by atomic hydrogen. Stars formed in halos whose
typical size continually grew with time, going from the firgrgeration that formed through molecular-hydrogen cooling
(red dots), to the larger galaxies that formed through atoomtiing and likely dominated cosmic reionization (blue dots),
all the way to galaxies as massive as the Milky Way (green ddtg) panel: Corresponding sketch of the cosmic mean
gas temperature within the IGM, including neutral regionly ¢oyan) or also ionized regions (blue) assumed to be at
10,000 K; these are compared to the CMB temperature (red curkie)gas was initially thermally coupled to the CMB,
until it adiabatically cooled more rapidly, and was then bddtrst by X-ray heating and subsequently by reionization.
Updated and expanded version of a Figure from [21].



Cosmic reionization remained the dominant subject in the iethe first stars for some time
longer. After several years of confusion about the basicadter of reionization (se§6.1), the
now-standard paradigm was developed. Barkana & Loeb (2284 )showed that the surpris-
ingly strong clustering of high-redshift halos leads tay&tionized bubbles due to groups of
clustered galaxies, and to an inside-out topology (witthkdgnsity regions reionizing early,
leaving the voids for last). Furlanetto et al. (2004) [25ated a quantitative analytical model
that yielded the first predictions of the distribution of Hoibble sizes, showing that 10 Mpc
(comoving) is typical for the central stage of reionizatidiis picture of reionization based on
semi-analytic models [24, 25] was then verified by largdescaimerical simulations, starting
with lliev et al. (2006) [26]. The theoretical expectatidrat the bubbles of reionization were
large provides a critical boost for observationfibes to discover the resulting 21-cm fluctua-
tions, since if higher angular resolution were required thould make it harder to reach the
sensitivity needed to detect the faint cosmic signal.

Cosmic reionization was initially thought to be the only smuof fluctuations available for
21-cm interferometers (other than primordial density adperature fluctuations, which create
significantly smaller signals than those driven by galasied their strongly enhanced cluster-
ing). The earlier 21-cm events of cosmic dawn pointed out tadd et al. (1997) [11] were
considered to be highly uniform, since the photons thateltbem (Lyr photons in the case of
Ly« coupling, and X-ray photons in the case of cosmic heating}reavel~ 100 Mpc in a neutral
Universe before interacting. Unless rare objects such asays dominated, this seemed to imply
a uniform cosmic transition that could only be seen with gldhl-cm measurements that track
the sky-averaged spectrum [27]. Cosmic dawn was opened unpetderometric observations
when Barkana & Loeb (2005) [28] applied the same idea of uallslarge fluctuations in the
abundance of early galaxies, which had helped understémzation, to earlier epochs. Spatial
fluctuations in the Ly intensity were shown to have led, in fact, to rather largec2ilfluctu-
ations from the Ly coupling era. The same idea was then applied by Pritchard réaketto
(2007) [29] to the X-ray background during the cosmic hegtra, showing that a large signal
of 21-cm fluctuations should be expected in this case as well.

The entire story of 21-cm cosmology as described thus fatigeanoment purely theoretical,
but a great internationaffert is underway to open up the observational field of 21-cnmas
ogy. In particular, several arrays of low-frequency radile$copes have been constructed (and
are now operating) in order to detect the 21-cm fluctuatioos fcosmic reionization (and be-
yond). Current forts include the Murchison Wide-field Array (MWA [30]), theolv Frequency
Array (LOFAR [31]), the Giant Metrewave Radio Telescope (8M32]), and the Precision Ar-
ray to Probe the Epoch of Reionization (PAPER [33]), andreiplans have been made for the
Hydrogen Epoch of Reionization Array (HERA, hitfpeionization.or) and the Square Kilo-
meter Array (SKA; httpg/www.skatelescope.ofgy a 21-cm cosmology pathfinder of the latter
is the New Extension in Nancay Upgrading LOFAR (NenuFARIxhdugh the expected fore-
grounds (dominated by Galactic synchrotron) are much teighan the 21-cm signal, they are
not expected to include sharp spectral features. Thusathongoing experiments are expected
to yield noisy maps, the prospects for extraction of the @ilsignal (and from it the reionization
history) are quite promising, using the key statistic of 2decm power spectrum [34, 35, 36] as
well as other statistics [37, 38, 39, 40]. Afdirent approach is to measure the total sky spectrum
and detect the global reionization signal arising from therall disappearance of atomic hydro-
gen [41, 42, 43]; current and futur@erts (some also targeting eras before reionization) irelud
the Experiment to Detect the Global EOR Step (EDGES [44§) Lirge Aperture Experiment to
Detect the Dark Ages (LEDA,; httpwww.cfa.harvard.eduEDA/), and the lunar-orbiting Dark



Ages Radio Explorer (DARE; httptunar.colorado.eddarg).

A novel dfect that was only noticed recently is the supersonic velatifference between
the gas and the dark matter [45]. This intriguineet (often called the streaming velocity) is
predicted to have influenced the gas distribution at higshi#tas well as early galactic halos.

The plan for this review is to first lay out the theoreticalgndwork for galaxy formation, in
general § 2) and at high redshift in particulag @), followed by the basics of 21-cm cosmology
(8 4). What follows is a detailed discussion of the velocity atnéng éfect and its consequences
(§ 5). Next, we discuss in detail the milestones of radiatieslfeack during early cosmic history
(§ 6), and then outline their 21-cm signaturgs?). Finally, we summarize the review and
conclude with a general outlook on the fiefdg).

2. Galaxy Formation: Basic Theory

The fundamental theoretical understanding of galaxy feoionas related to the earliest gen-
erations of stars and galaxies has been reviewed extenf®&:|46]. Here we provide a brief
updated overview and summarize some useful results andifasm

2.1. Cosmological background

In General Relativity, the metric for a space which is spigtiromogeneous and isotropic is
the Robertson-Walker metric, which can be written in therfor

dR
-kR

wherea(t) is the cosmic scale factor which describes expansion ie,tand R, 6, ¢) are spherical
comoving coordinates. The const&determines the geometry of the metric; it is positive in a
closed universe, zero in a flat universe, and negative in an opiverse. Observers at rest at
fixed (R, 0, ¢) remain at rest, with their physical separation increasiitg time in proportion
to a(t). A given observer sees a nearby observer at physical distameceding at the Hubble
velocity H(t)D, where the Hubble constant at tirhés H(t) = dIna(t)/dt. Light emitted by a
source at time is observed at the present tiriewith a redshiftz = 1/a(t) — 1, where we set
a(to) = 1.

The Einstein field equations of General Relativity yield Ereedmann equation [47, 48]

8nG k
2 —_ — [ —
H(t) = 3 P >

_ _ 12
ds = dt? — a2(t) 1
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which relates the expansion of the universe to its matterggncontent. For each component of
the energy density, with an equation of statp = p(p), the density varies witha(t) according
to the equation of energy conservation

d(eR’) = —pd(R®) . 3)
With the critical density ,
ety = S0 @

defined as the density needed for 0, we define the ratio of the total density to the critical
density as

Q

£ )
pPc
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With Qn, Qa, andQ, denoting the present contributions®@from matter (including cold dark
matter as well as a contributia®, from baryons), vacuum density (cosmological constant), an
radiation, respectively, the Friedmann equation becomes

Hit) [Q o oY?
H—0: a—;1+QA+a—£+— y (6)

a2
where we definddy andQy = Qm + Q4 + Q; to be the present values Bif andQ, respectively,
and we let K

Q=—-—=1-Qp. 7

s : (7)

In the particularly simple Einstein-de Sitter (EdS) modgh(= 1, Qs = Q, = Qk = 0), the scale
factor varies as(t) o t#3. Even models with non-ze@, or Q, approach the Einstein-de Sitter
behavior at high redshifts, i.e., when

(1 +2) > max|Qu/Qm, (Qa/Qm)"?] . ®)

as long as we do not reach extremely early times at wf}jcbannot be neglected. The approach
to EdS is particularly rapid in practice given that currebservations imph£2, ~ 0. In this EdS
regime (which we will also refer to as the highregime),H(t) ~ 2/(3t).

We assume the best-fit cosmological parameters oAMG®M (cosmological constamk
plus cold dark matter) model, based on the first-year dataeoPtanck satellite [49]h = 0.678
(where the present Hubble constantHg = 100h km s Mpc™), a flat Universe with matter
density paramete®,, = 0.307 and the rest (adding up to unity) in a cosmological canistand
Qp = 0.0482. In convenient units, the comoving cosmic mean densitgatter in the Universe
is:

_ Quh?\ M
_ 0 m o}
Pm = 3.91x 10! (—0.141) Mps (9)
where the physical density at redshifs higher by a factor of (22)3. Also, in the highzregime,
VQ
H@) ~ Ho—7 (10)
and the age of the universe is
2 e Quh?\ 2 (142,32

t~3HO\/Q_m(1+z) _5.49><108(0.141 T r (11)

Another useful quantity is the comoving (or particle) horizthe maximum distance from which
light could have traveled to an observer in the age of theaug@/ It thus represents a causal
horizon for physical influences (other than gravity). Iteeel expression, and its approximate
value in the high-redshift regime defined above (not inelgdin early period of inflation), are:

tedt Q2 \ V2 (14 2\7Y?
_ ~ 505 =4 Gpe. 12
7 fo at) (0.141) ( 10) pe (12)

We note that cosmologists often explicitly take out the Hahitonstant in expressions, e.g.,
distances in cosmology are expressed in units-dMpc (and wavenumbers inMpc™1). This




is to some degree a remnant of an earlier time wheras uncertain by nearly a factor of two.
Now thath has been determined to equal 0.7 up to a few percent, it mayelierable to simply
use units of Mpc in papers, and specify the assuhiaatase it is needed for precise comparisons.

In the standard hot Big Bang model, the universe is initialyy and the energy density is
dominated by radiation. The transition to matter domimatocurs az ~ 3400, but the universe
remains hot enough that the gas is ionized, and electrotephszattering fectively couples
the baryonic matter and the radiation. 2+ 1100 the temperature drops belew3000 K and
protons and electrons recombine to form neutral hydrogbe.photons then decouple and travel
freely until the present, when they are observed as the CMB.

2.2. Linear perturbation theory

Observations of the CMB (e.g., [49]) show that the univetsee@mbination was extremely
uniform, but with large-scale fluctuations in the energysiignand gravitational potential of
roughly one part in 10 Such small fluctuations, generated in the early universsy gver time
due to gravitational instability, and eventually led to foemation of galaxies and the large-scale
structure observed in the present universe.

We distinguish here between physjpabper and comoving coordinates. Using vector nota-
tion, the physical coordinatecorresponds to a comoving positian= r/a. In a homogeneous
universe with density, we describe the cosmological expansion in terms of an jlessure-
less fluid of particles each of which is at fixad expanding with the Hubble flow = H(t)r
wherev = dr/dt. Onto this uniform expansion we impose small perturbatigngn by a rela-
tive density perturbation

6(x) = ;L_r) -1, (13)

P

where the mean fluid density js with a corresponding peculiar velocity = v — Hr. Then
the fluid is described by the continuity and Euler equatiansdmoving coordinates [50, 51].
The gravitational potentiab is given in turn by the Poisson equation, in terms of the dgnsi
perturbation. This fluid description is valid for descrifpithe evolution of collisionless cold dark
matter particles until dierent particle streams cross. After such “shell-crossitigg individual
particle trajectories must in general be followed, but thscally occurs only after perturbations
have grown to become non-linear. Similarly, baryons candseiibed as a pressure-less fluid
as long as their temperature is negligibly small, but naedr collapse leads to the formation of
shocks in the gas.

For small perturbations <« 1, the fluid equations can be linearized and combined to yield

2
% + 2H§ = 4zGps . (14)
This linear equation has in general two independent saisfithe so-called growing and decay-
ing modes. Starting with random initial conditions, thewjimy mode comes to dominate the
density evolution. Thus, until it becomes non-linear, teasity perturbation maintains its shape
in comoving coordinates and grows in proportion to a grovettidr D(t). In the Einstein-de
Sitter model (or, at high redshift, in other models as wdl§ growth factor is simply propor-
tional toa(t). Given the standard normalizationibfa = 1) = 1, in EdS we would simply have
D(a) = a, while in ACDM with our standard parameters, at high redshift we Ha{& ~ 1.28a.

In other words, the recent dominance by the cosmologicasteot in ACDM suppresses the

10



linear growth of structure down to the present by a factor.@BIcompared to a universe that
continued to follow the EAS model.

More generally, there is also a decaying mode that declingstime rapidly after matter-
radiation equality, aa~%2 in EdS. More importantly, in the presence of baryons, tiedince
between the distribution of dark matter and baryons perfistmuch longer (se§2.4).

The spatial form of the initial density fluctuations can beatéed in Fourier space, in terms
of Fourier components, where

d3k

o ek (15)

Sk = f d*xo(x)e™ 5 6(x) =

We note that the ¢&° factor is sometimes switched (or split) between these twatons, so
care must be taken when comparing results that usereint conventions for this factor within
the definitions of the Fourier transform and its inverse. éHge have introduced the comoving
wavevectok, whose magnitudk is the comoving wavenumber which is equal todivided by
the wavelength.

The Fourier description is particularly simple for fluctoats generated by cosmic inflation
[48]. Inflation generates perturbations given by a Gaussiadom field, in which dferentk-
modes are statistically independent, each with a randorsephEhe statistical properties of the
fluctuations are determined by the variance of thikedentk-modes, and the variance is described
in terms of the power spectruR(k) as follows:

(6k6) = (20)° P 6 (k - k') | (16)

Whereé(s) is the three-dimensional Dirac delta function. Note tA@¢) has units of volume, or,
more generally, the power spectrum of some quantity has ohitolume times the square of the
units of that quantity.

In standard models, inflation produces a primordial powr-spectrumP(k) o k" with
n ~ 1. Perturbation growth in the radiation-dominated and threiter-dominated universe
results in a modified final power spectrum, characterized hyrr@over at a scale of order the
horizoncH™! at matter-radiation equality, and a small-scale asympgiiape oP(k) « k.
On large scales the power spectrum evolves in proportiongsduare of the growth factor, and
this simple evolution is termed linear evolution. On smallss, the power spectrum changes
shape due to the additional non-linear gravitational gnowftperturbations, yielding the non-
linear (also called “full”) power spectrum. The overall dipple of the power spectrum is not
specified by current models of inflation, and it is usually sleservationally using the CMB
temperature fluctuations or local measures of large-staletsre.

Since density fluctuations may exist on all scales, in ordeddtermine the formation of
objects of a given size or mass it is useful to consider thesstal distribution of the smoothed
density field. Using a window functiow/(y) normalized so thaf d3y W(y) = 1, the smoothed
density perturbation fieldf d3ys(x + y)W(y), itself follows a Gaussian distribution with zero
mean. For the particular choice of a spherical top-hat, ilcwkV is constant within a sphere
of radiusR and is zero outside it, the smoothed perturbation field nreadhe fluctuations in
the masaM in spheres of radiuR. Indeed, a halo of madd forms out of an initial (i.e., when
6 — 0) region of comoving radiuR, where

4 o Quh?\( R
M= énpoRS =1.64x 108(0.141)(@9 Mo . (17)
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The inverse relation is:

o\ M\
R= 84, kpc. 1
8 8(0.141) (108MO) he (18)

The normalization of the present power spectrum is ofterifipd by the value obg =
o(R = 8h~*Mpc). For the top-hat, the smoothed perturbation field isotiethér or sy (in
reference to the equivalent magd. The variancédy)? is

© dk 3j,1(kR
>3 Jl(RR) , (19)

S(M) = o2(M) = o*(R) = c

K2P(K)

where j1(X) = (sinx — xcosx)/x?. The functiono(M) plays a crucial role in estimates of the
abundance of collapsed objects, as described below. WethatdEq. 19 in the limit of no
smoothing (i.e.R — 0) shows that the contribution of power at wavenumbeer logk to the
variance at a point ik3P(k)/(27?). The relative (dimensionless) fluctuation levekas defined
as the root mean square, i.e., the square root of this catitibto the variance, and in 21-cm
cosmology, if the cosmic mean 21-cm brightness temperatiuseme redshift iT,), then the
21-cm fluctuation leved Ty, atk (usually in units of mK) is defined as:

k3P(k)

0Tp = (Tp) o

(20)

in terms of the dimensionless 21-cm power spectR(R) (i.e., the power spectrum of relative
fluctuations in the 21-cm brightness temperature).

2.3. Non-linear collapse

The small density fluctuations evidenced in the CMB grow dire as described in the
previous subsection, until the perturbatiérbecomes of order unity, and the full non-linear
gravitational problem must be considered. The dynamichégse of a dark matter halo can
be solved analytically only in cases of particular symmetiigh the simplest case being that of
spherical symmetry. Although this model is restricted sdirect applicability, the results of
spherical collapse have turned out to be surprisingly usefunderstanding the properties and
distribution of halos in models based on cold dark matter.

In spherical collapse, at the moment when the top-hat cedlapo a point, the extrapolated
overdensity as predicted by linear theory is [99] = 1.686 in the Einstein-de Sitter model,
with a weak dependence @b}, andQ, in the more general case. Thus, a top-hat collapses at
redshiftzif its linear overdensity extrapolated to the present dégo(termed the critical density
of collapse) is

1.686

Ociit(2) = m ,

(21)
where we again sé(z=0) = 1.

Even a slight violation of the exact symmetry of the initiarurbation can prevent the top-
hat from collapsing to a point. Instead, the halo reacheata sf virial equilibrium by violent
relaxation (phase mixing). Using the virial theorém= —2K to relate the potential enerdy to
the kinetic energ¥K in the final state, the final overdensity relative to the caitidensity at the
collapse redshift is found to b, = 187% ~ 178 in the Einstein-de Sitter model. This theoretical
value is slightly modified i CDM, but conventionally the EdS value (or even the rough&resa
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of 200) is often used tdefinethe virial radiusr,j and the virial masses of halos in numerical
simulations and in analyses of observations.

Quantitatively, a halo of madd collapsing at redshift (assumed high enough for the EdS
limit) thus has a physical virial radius

5\ -1/3 1/3 ~13 -1
fyy = 151 (2 M A 1+z) e, 22)
0141) (1w, \1822 10

a corresponding circular velocity,

M\ 2 o 2 1/6 M Y3, A \M6/q 1/2
Ve = G =169 |- < 2 kmst, (23)
vir 0141] 1068 M, 1872 10

and a virial temperature

2 1/3 2/3 1/3
TvirZﬂmch=1.03><104(th2) (L)( M ) (AC) (1+Z)K, (24)

2ks 0.141 0.6/\10° M, 1872 10

wherey is the mean molecular weight in units of the proton magps Note that the value
of u depends on the ionization state of the gas: 0.59 for a fully ionized primordial gas,
u = 0.61 for a gas with ionized hydrogen but only singly-ionizedidra, andu = 1.22 for
neutral primordial gas.

Although spherical collapse captures some of the physigsrging the formation of halos,
structure formation in cold dark matter models proceedsahihically. At early times, most of
the dark matter is in low-mass halos, and these halos cantgiy accrete and merge to form
high-mass halos. Numerical simulations of hierarchicdb iarmation indicate a roughly uni-
versal spherically-averaged density profile for the résgihalos (Navarro, Frenk, & White 1997
[52], hereafter NFW), though with considerable scatter agrdifierent halos. The NFW profile

has the form 1

cnX(1+cyX)2’
wherex = r/ry;; andcy is the concentration parameter.

In addition to characterizing the properties of individhalos, a critical prediction of any
theory of structure formation is the abundance of halos, ihee number density of halos as
a function of mass, at any redshift. While the number denditfatos can be measured for
particular cosmologies in numerical simulations, an aiedymodel helps us gain physical un-
derstanding, can be used to explore the dependence of ihaliahdance on the cosmological
parameters, and can be extrapolated to regimes that caeametbhed by current simulations.
It is also a starting point towards building models for theiradlances of galaxies and galaxy
clusters.

A simple analytical model that has become the basis for worthis field was developed
by Press & Schechter (1974) [53]. The model is based on tlasidea Gaussian random field
of density perturbations, linear gravitational growthdapherical collapse. To determine the
abundance of halos at a redshiftin this model we uséy, the density field smoothed on a
mass scalé/, as defined in the previous subsection. Although the modesed on the initial
conditions, it is usually expressed in terms of redshifezpiantities. Thus, we use the linearly-
extrapolated density field, i.e., the initial density fietdhagh redshift extrapolated to the present
by simple multiplication by the relative linear growth factA useful entity is the 'present power

p(r) o (25)
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spectrum’, which refers to the initial power spectrum, éirlg-extrapolated to the present without
including non-linear evolution. Sineg, is distributed as a Gaussian variable with zero mean and
standard deviation(M) [which is determined by Eqg. (19) from the present power sped, the
probability thatsy is greater than someequals (12) erfc[é/ ( \/Ea-)]. The fundamental ansatz
is to identify this probability with the fraction of dark mat particles that are part of collapsed
halos of mass greater thah, at redshiftz. There are two additional ingredients: First, the value
used fors is 6.it(2) given in Eq. (21), which is the critical density of collagsend for a spherical
top-hat (extrapolated to the present sin€®1) is calculated using the present power spectrum);
and second, the fraction of dark matter in halos abidvis multiplied by an additional factor of

2 in order to ensure that every particle ends up as part of $@eewithM > 0. Thus, the final
formula for the mass fraction in halos abadvieat redshiftzis

5crit(z)
V2o (M) ]

This ad-hoc factor of 2 is necessary, since otherwise ongjtige fluctuations ofy would
be included. Bond et al. (1991) [54] found a more satisfaoti@rivation of this correction factor,
using a dfferent ansatz. In their derivation, the factor of 2 origisdtem the so-called “cloud-
in-cloud” problem: For a given madd, even iféy is smaller thai(2), it is possible that the
corresponding region lies inside a region of some largersrivas> M, with 6y, > 6cit(2). In
this case the original region should be counted as belorgilaghalo of mas$/1_. Bond et al.
(1991) [54] showed that, under certain assumptions, thisiaddl contribution results precisely
in a factor of 2 correction. We note that this work is the badithe extended Press-Schechter
model, which is mentioned later in this review.

The halo abundance (or halo mass function) is

dn _n
dM M

F(> M|2) = erfc[ (26)

ds
el tea@.9), @)

wheredn is the comoving number density of halos with masses in thgadhto M + dM,

S = ¢?(M) is the variance on scalé, and f(5it(2), S) dS is defined to be the mass fraction
contained ar within halos with mass in the range correspondin&tm S + dS. In the Press-
Schechter model [53],

vV

2
fos(6er(d). S) = wq—g], (28)

1 v
Vor S
wherev = 64it(2)/ VS is the number of standard deviations that the critical pskaoverdensity
atzrepresents on the mass scilecorresponding to the varian&e

The classic Press-Schechter [53] model for the halo massidurfits numerical simulations
only roughly, and in particular it substantially underesites the abundance of the rarest, most
massive halos. The halo mass function of Sheth & Tormen (1), with modified best-fit
parameters [56], fits numerical simulations much more ately [57]. It is given by:

av?
2

al
fsr(0cit(2),S) = A= 4/ o=

1
S\V2r

exp , (29)

*w&J

with best-fit parametera’ = 0.75 andq’ = 0.3, and where normalization to unity is ensured by
taking A’ = 0.322.
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In addition to the overall, mean abundance of halos, and#equestion in cosmology and
galaxy formation is the spatial distribution of the halo raendensity. In particular, since ha-
los form due to gravity, massive halos should form in largembers in regions of high overall
density than in low-density voids. Thus, density fluctuasiare expected to lead to spatial
fluctuations in the halo number density. This leads to theephof halo (or galaxy) bias, a now-
standard concept in galaxy formation [53, 58, 59, 60, 54, Bafticularly simple is the case of
linear bias, i.e., when the distribution of galaxies is ggomionally amplified (“biased”) version
of that of the underlying density of matter. Mathematicaliis means that the relative fluctua-
tions in the number density of galactic hal@g)(are proportional to the relative fluctuations in
the underlying density of mattér

6g=bs, (30)

whereb is the linear bias factor (or simply "the bias”).

This simple result is expected to be reasonably accurate lvlo&ing at fluctuations on large
scaless (usually tens of comoving Mpc or more). Several conditionsstrbe satisfied for this
to be true. The scale must be much larger than the spatial scales involved in fogntine
individual galactic halos whose clustering is being coesd; this allows a separation of scales
that is the basis of a simple approximation called a peakgracind split [60]. Also, in order to
avoid non-linear fects, the scale must be large enough that typicalfyx 1, i.e., the variance
is small when the density field is averaged on the seal8imilarly, 63 < 1 on that scale is
advisable. Finally, gravity must dominate galaxy formatior at least, any otheffects (such
as astrophysical feedbacks) must operate on much smadlessgbars. Of these conditions, the
first two tend to be more favorable at high redshifts, sineggdidaxies are typically small and thus
associated with small formation scales, and density fltics.on large scales are still relatively
small. However, the last two conditions become more probtermnas discussed in great detail
in the rest of this review. High-redshift galaxies are hyghilased, so their fluctuations are much
larger than those in the underlying density (section 3.4g; since early galaxies were typically
small, they were susceptible to a variety of external feelbahat operate on scales of order
100 Mpc, including the supersonic streaming velocity (eech) and various radiative feedbacks
(section 6).

2.4. Baryons: linear evolution, pressure, and cooling

Baryons play a major role in cosmology. On the largest sc#ied coupling to the photons
in the early universe leaves them clustereffledently from the dark matter, with theftirence
decaying away only gradually. On smaller scales, the bacymessure suppresses gravitational
growth. Most directly, of course, the baryons are importnte stars form out of baryons that
cool and collapse to high density. To get started, we noteefuleumber: the cosmic mean
number density of hydrogen (including both neutral andzediforms) is

2
Mn(2) = 1.89x 107( 2oh )(1 +2°3%cm3, (31)

0.0221
assuming that 76% of the baryon mass density is in hydroglee.nimber density of helium is
smaller by a factor of 12.7.

As noted in§ 2.2, in the presence of dark matter only, the linear pertioha are dominated
by a growing mode that i a in EdS, as the decaying mode drops rapidiya=%2 in EdS. On
large scales, baryons also respond to gravity only (aftsmio recombination), but their ini-
tial conditions are dferent, as their strong coupling to the CMB photons up to rdgoation
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suppresses their sub-horizon fluctuations. Thus, cosro@mbination begins a period of bary-
onic infall, during which the baryons gradually catch uphtite dark matter perturbations [50].
Specifically, if we denote the perturbations of the dark eraaind baryon densiym andéy, re-
spectively, and their mass fractions within the total madnsity fym = (Qm — Qp)/Qmandf, =
Qp/Qm, then it is useful to work with the perturbation of the totahgdity, St = famddm + fudb,
and the diference&gigz = dp — Stor. In linear perturbation theory,: has the usual growing and
decaying modes (i.ex; aande a~%/? in EdS), while the two solutions fdiy; are constant 1)
andec a2 in EAS. Thus, the baryon perturbatiénapproaches, gradually from below. This
approach can be described through their relatifiedince. If we approximately include only
the dominant modes, this key quantity decays as [62]

R

Fleg= -9 o _ . 32
LSS 6tot a ( )

This decay is slow enough that the gradual baryonic infailhigrinciple observable in high-
redshift 21-cm measurements [63] and perhaps also in thébdison of galaxies at low redshift
[64, 65].

During this era of baryonic infall, and before cosmic hegitfrom radiative astrophysical
sources, the gas cooled adiabatically with the expansioadifional calculations [50, 66, 67]
assumed a uniform speed of sound for the gas at each rettsihiftmore careful consideration of
the combination of adiabatic cooling and Compton heatifig&antially modifies the temperature
perturbations on all scales [68, 69, 63, 70].

On small scales, the density evolution is no longer puredyitgtional, as the gas pressure
suppresses baryon perturbations. The relative force balaina given time can be characterized
by the Jeans scale, which is the minimum scale at which a geailirbation will grow due
to gravity overcoming pressure gradients. If the gas hasifaram sound speeds, then the

comoving Jeans wavenumber is a
o= = VEGpn. (33)

In the simple limit where the gas cools adiabatically (afterrmally decoupling from the CMB
atz ~ 150), this gives a characteristic Jeans mass (defined istefmsphere of diameter equal
to the Jeans wavelength) [23]

nfn 3 0P\ Y2 a? \¥5 (14 2\
M= 3 (E) pm =589 103(0.141) (0.0221) (1_0) M- (39)

The Jeans mass, however, is not the whole story, since itatedeonly to the evolution of
perturbations at a given time. When the Jeans mass itsedowaith time, the overall suppression
of the growth of perturbations depends on a time-averagmtsJaass, the filtering mass [71]. To
define it, we start from the regime of large-scale structuee, (scales too large to b&acted by
pressure, but much smaller than the horizon and the scabaydb acoustic oscillations), where,
as noted above, ss does not depend dqg and is simply a function of redshift. On smaller scales,
the next-order term describing theffdrence between the baryons and dark matter ig%herm
[71], and the filtering wavenumbé&g and corresponding mass scdle are defined through [62]

%:1"‘“85_%; MF—? Pm . (35)

5b k2 :47T /4 3_
ke
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This filtering mass scale captures how the whole history efefolving Jeans mas#ects the
final baryon perturbations that result at a given time. Btgrat early times, since the baryon
fluctuations are very small before cosmic recombination,ghs pressure (which depends on
dp) starts out small, so the filtering mass starts from low v&laed rises with time up to a
value of~ 3 x 10*M,, [62] around redshift 30. It then drops due to the cooling dosyas, but
the drop is very gradual (reaching2 x 10°M,, atz = 10 in the absence of cosmic heating or
reionization) due to the remaining aftefferts of the suppression of gas infall at higher redshifts.
This behavior is significantly élierent from the Jeans mass, which declines rapidly with tese (
in Eq. 34) and drops below 1M, atz = 13.

What makes the filtering mass even more useful is that it seemer in many situations
a good estimate of the minimum halo mass that manages tat@eceignificant amount of gas
(e.g., 50% of the cosmic baryon fraction). It is natural tpent some relation between this
characteristic, minimum halo mass and the filtering masgesihe gas fraction in a collapsing
halo reflects the total amount of gas that was able to accuenahe collapsing region during
the entire, extended collapse process. For example, asetidage in gas temperature immedi-
ately begins to fiect gas motions (through the pressure-gradient forcehdmionly a gradual,
time-integrated #ect on the overall amount of gas in a given region. In this wag,minimum
accreting mass is analogous to the linear-theory filterimagsn However, the former is defined
within the deeply non-linear regime, so the two masses magewessarily agree quantitatively.

Gnedin [72] first compared the filtering mass to the charattermass in numerical simu-
lations, suggesting that they are approximately equalerptbst-reionization universe in which
the IGM is hot and ionized. However, he used a non-standddititen of the filtering mass that
equals 8 times the standard definition given above. Subs#gukigher-resolution simulations
did not find a clear relation between the theoretically dakad filtering mass and the charac-
teristic mass measured in post-reionization simulatigi¥ Y4]. However, the heating within
simulations of inhomogeneous reionization is complex, @ the filtering mass (which de-
pends on the thermal history) isfliicult to compute directly. The filtering mass has been shown
to agree to within a factor of 1.5 with the characteristic mass measured in simulationggiehi
redshifts, throughout the era prior to significant cosmiatimg or reionization, as well as after
a controlled, sudden heating [75, 76]. Thus, the issue optssible usefulness of the filtering
mass after reionization has not been settled, but alteenatodels have been recently proposed
to fit results from post-reionization simulations [77, 78].

The conclusion is that prior to cosmic heating and reiofnagas is expected to accumulate
significantly in dark matter minihalos down to a mass~of8 x 10°M,, [76]. This minimum
accretion mass later rises during cosmic heating and evea rapidly within ionized regions
during cosmic reionization. In addition, even at the higheslshifts, the minimum mass is
boosted in regions of significant streaming velocity ($&cbelow).

We end this section with a brief summary of cooling. Figuréh8ves the cooling curve for
primordial gas, prior to metal enrichment. Primordiadmicgas can radiate energy only once
hydrogen or helium are significantly ionized, so such caplglimited to gas at temperatures
above~ 10* K. At high redshifts, most of the gas is in halos with relalvew masses, so that
even if the accreted gas is shocked and heated to the vinigetieature (Eq. 24), it is unable to
cool. However, in the presence of even a small ionized hyatrdgaction, molecular hydrogen
can acquire dticient abundance to provide significant cooling [79], andatstional and vi-
brational transitions allow cooling down to below?®1R. Further details about primordial gas
cooling are reviewed elsewhere [23].
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Figure 3: Cooling rates as a function of temperature for a prilabgas composed of atomic hydrogen and helium, as
well as molecular hydrogen, in the absence of any metals orratteadiation. The plotted quantit/)(/nf| is roughly
independent of density (unlesg > 10 cnT3), whereA is the volume cooling rate (in gigggem?®). The solid line
shows the cooling curve for an atomic gas, with the charatiemeaks due to collisional excitation of H | and He II.
The dashed line shows the additional contribution of mokrcaboling, assuming a molecular abundance equallh0

of ny. From [23].
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3. Galaxy Formation: High-Redshift Highlights

In this section we expand on several features of galaxy fiom#hat are particularly impor-
tant at high redshifts. We first discuss fluctuations in thesitg of galaxies, which are generally
important in cosmology, but at high redshift the fluctuasidsecome unusually large and this
has significant consequences that reverberate throughisuteview. We then discuss various
challenges of numerical simulations and approaches tovddathem. While simulations have
become an indispensable tool in cosmology, it is importarigar in mind that they have fun-
damental limitations, some of them specific to, or worsertichigh redshifts. For example,
while simulations at low redshift can be continually tedbydand improved based on astronom-
ical observations, this is not currently possible (or iseaisk far more limited) at high redshift.
Finally, we discuss the formation of the very first stars,iobsly a subject of great theoretical
and numerical interest, hopefully with significant obséorzal traces as well.

3.1. Large fluctuations in the galaxy number density

A broad, common thread runs through much of the recent thieareevelopment of cosmic
reionization and 21-cm cosmology: The density of galax@ss(ars) varies spatially, with the
fluctuations becoming surprisingly large at high redslkeifen on quite large cosmological scales
[24]. This can be understood from the standard theory ofgdtarmation as due to the fact that
the first galaxies represented rare peaks in the cosmictydiedd.

As an analogy, imagine searching on Earth for mountain pab&ge 5000 meters. The 200
such peaks are not at all distributed uniformly but instesdfaund in a few distinct clusters
on top of large mountain ranges. Similarly, in order to find #arly galaxies, one must first
locate a region with a large-scale density enhancementhemigalaxies will be found there in
abundance. For a more detailed argument, note that gatedtis form roughly in regions where
the (linearly extrapolated) density perturbation reactes/e a fixed threshold valug:(2) (see
section 2.3). Now, the total density at a point is the sum eftidoutions from density fluc-
tuations on various scales (Figure 4). For initial perttidies from inflation (which follow the
statistics of a Gaussian random field), the fluctuations fiaréint scales are statistically indepen-
dent. Thus, the same small-scale density fluctuations atedadn diferent regions, to various
long-wavelength density fluctuations. In an over-dens@regn large scales, the small-scale
fluctuations only need to supply the missing amount neededaohdit(2), while in a large-
scale void, the same small-scale fluctuations must supmtahdensity of5i(2) plus the extra
density missing within the void. This means that a largectfom of the volume within the over-
dense region will reach abovi;ii(2) in total density, and thus more halos will form there. Now,
at high redshift, when density fluctuations had not yet ha tior much gravitational growth,
the dfective threshold valué.i;(2) is many times larger than the typical density fluctuation on
the scales that form galactic halos. In other words, eaah fegdresents a many-fluctuation.
Under Gaussian statistics, the fraction of points alievehanges rapidly with, oncet is 2 -3
or higher. Thus, the abundance of halos in a given regionggsarapidly with small changes of
the mean density in the region (and this mean density is sktrbg-scale density modes). The
density of star formation is thus expected to show strongdgdd (i.e., amplified) fluctuations
on large scales [24]. These large-scale fluctuations atreigghift, and their great observational
importance, had for a long time been underestimated, ingemause the limited range of scales
available to numerical simulations put these fluctuatioostiy out of their reach.

Figure 5 illustrates a furtheffect, which is that the limited box size of simulations leaxla t
delay of halo formation, or equivalently, an underestintditthe abundance of halos (and stars) at
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Figure 4: Simple illustration of the large bias of high-reiftspalaxies, which is the main idea driving the character of
reionization [24] and the 21-cm fluctuations during cosmiwlg28]. To form a halo, the total (linearly-extrapolated)
density fluctuation must reach a valégdenotedqit(2) in Eq. (21)], from the sum of large-scale and small-scalesifgn
fluctuations. Thus, a large-scale void (bottom left) mightehao halos, a typical region (top) a couple small halos, while

a region with a large-scale overdensity (bottom right) Wélze many halos, both small and large. See text for additional
explanation.
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any given time. The reason is that the periodic boundaryitiond within the finite simulation
box artificially set the amplitude of large-scale modes {@&bihe box size) to zero. There are
many such volumes in the real Universe, with various mearsities (that follow a Gaussian
distribution, within linear perturbation theory). Sincelaxies (especially at high redshift) are
highly biased, most of them form in those volumes that havararsually high mean density.
Thus, a simulated volume at the cosmic mean density is noéseptative of the locations of
stars.

This limitation of simulations is most acute for the veryffgtar in the Universe, a challenge
of special interest for simulators because it representsiitiple a perfectly clean problem,
before the first entrance of the complexities of astroplayseedback from prior star formation.
The very first star formed in a very rare high-density regibrdeed, the large size of the real
Universe allowed such a rare fluctuation to be found somesvhgrchance, but it is unlikely
to be found within a small simulation box, even if the simidathas the right abundance of
galaxies (while real simulations, in addition, artificialbwer this abundance when setting the
mean density in the box to the cosmic mean density). For ebegmipe of the first high-resolution
“first star” simulations formed its first star only at redsHiB.2 [81], while analytical methods
show that the first stars must have formed at65 [8, 9] within our past light cone (i.e., so that
we can in principle see them as they formed), or a furtter 6 earlier [82] within the entire
volume of the observable Universe (so that we can see thehenrémnants after they formed).
On this point, we note that there were some early, rough soalyestimates of the formation
redshift of the very first stars [83, 84].

More generally, Barkana & Loeb (2004) [24] developed a hylmiodel that allows one to
predict the modified halo mass function in regions of varigizes and various average densities.
As noted in section 2.3, for the cosmic mean halo abundahese;lassic Press-Schechter [53]
model works only roughly, while the halo mass function of thh& Tormen (1999) [55] (with
modified best-fit parameters [56]) fits numerical simulagiamuch more accurately [57]. Now, a
generalization of the Press-Schechter model known as teedad Press-Schechter model [54]
allows the prediction of the halo mass function in a giveruawé (of given size and mean density)
compared to the cosmic mean mass function. No simple gézegiah of this type is known for
the Sheth-Tormen mass function, but Barkana & Loeb [24] tediout that this problem can be
overcome since the prediction of the extended Press-Swranlodel for the changelativeto
the cosmic mean mass function has been shown to provide affjgochumerical simulations
over a wide range of parameters [61, 85, 56]. Thus, the Barkaroeb [24] hybrid model starts
with the Sheth-Tormen mass function and applies a corrediased on the extended Press-
Schechter model. The model gives a good match to simulageas in volumes that strongly
deviate from the cosmic mean halo function (Figure 5).

The idea of unusually large fluctuations in the abundancewdy galaxies first made a ma-
jor impact on studies of cosmic reionization, leading to ¢baclusion that reionization occurs
inside-out, with typical H Il bubbles that are larger andshaasier to observe than previously
thought [24] (seg 6.1). The same idea soon found another important applicatia diferent
regime, leading to the prediction of 21-cm fluctuations freamlier times during cosmic dawn.
The study of fluctuations in the intensity of early cosmiciatidn fields began with Ly radi-
ation [28] (see€§ 6.2) and continued to other fields including the X-rays resjide for early
cosmic heating [29] (se& 6.3). These are all sources of 21-cm fluctuations, and arettieu
main targets for 21-cm radio interferometers. Clearly,itlea of substantial large-scale fluctua-
tions in galaxy numbers is a driver of much of the current thgoal and observational interest
in 21-cm cosmology as a way to probe the era of early galaxydition. The recent discovery
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Figure 5: Halo mass function at high redshift in a 1 Mpc box atdhsmic mean density. Data points show the number of
halos above massx 10° M, as measured in simulations (from Figure 5 of [80]) with twiietient sets of cosmological
parameters, the scale-invaria@@DM model of [80] (upper curves), and their running scalaex@RSI) model (lower
curves). Each data set is compared with three theoreticedligted curves. The simulated values are well below the
cosmic mean of the halo mass function (dotted lines). Howdweptediction of the Barkana & Loeb (2004) [24] hybrid
model (solid lines) takes into account the periodic boundamditions of the small simulation box and matches the
simulation results fairly well. The pure extended PresseShter model (dashed lines) is too low. From [24].
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of the streaming velocity (see5) has added a new flavor to this general theme.

3.2. Simulations at high redshift: challenges and appresch

In this subsection we discuss several aspects of simutatibthe high-redshift Universe.
First, we discuss some challenges and limitations of ctumamerical simulations, particularly
when applied to early galaxy formation at high redshifts m8oof the issues we discuss can
be addressed with additional study (e.g., setting theainftbnditions accurately), while other
difficulties are likely to remain for the foreseeable future fsas uncertainties related to star
formation and stellar feedback). We then briefly discusemdipproaches: analytical models and
semi-numerical simulations.

We begin with a number of challenges that are important togeize when evaluating the
results of numerical simulations. As explained in the prasisubsection, the large size of the
real Universe implies that stars began to form very earlyreMyenerally, halos of various masses
(or circular velocities) are predicted to have begun to farach earlier than the typical redshifts
we are accustomed to, both from current numerical simulatand current observations. Fig-
ure 6 shows that while the very first star formed (in our pagitlcone) via molecular cooling at
z ~ 65, the first generation of more massive atomic-coolingh&domed atz ~ 47 [8]. While
the Milky Way halo mass is fairly typical in today’s Univerdbe very first such halo formed at
z~ 11, and the first Coma cluster halozat 1.2.

A direct simulation of the entire observable universe ouhtspherical shell at redshift 70
would require a simulated box of length 25,000 Mpc on a sidetual simulations, which of-
ten form a “first star” at redshift 20 or 30ffectively explore a very dierent environment from
Z ~ 65, in terms of the CMB temperature, the cosmic and viriab lensities (of both the dark
matter and gas), the halo merger history, and high-redsffigftts such as thefiierence between
the power spectra of baryons and dark matter (discussduefuselow). Even if simulations do
not attempt to approach the very first star, critical phylséfiects at high redshift push simula-
tions towards the requirement of large boxes. The fact thatypical bubble scale of cosmic
reionization is tens of Mpc (s€g6.1) already implies a minimum box size-©fL00 Mpc for this
era. However, the streaming velocigy %), which is important early on, has a typical coherence
scale of~ 100 Mpc, and the radiation fields responsible for early feetl 6) — Lya coupling,
Lyman-Werner feedback, and cosmic heating — fluctuatefggntly on a similar scale. In par-
ticular, hard X-rays heat from afar and can extend the hga&tia into cosmic reionizatior§ 6.3
and§ 7.4).

A significant presence of any one of thegi@ets is enough to force any reasonable simulation
during these epochs to a minimum box size-af00 Mpc. Another consideration that pulls in the
same direction is that observations of the 21-cm signal asee (and currently only possible)
on large scales. The sensitivity of a radio interferometetdgraded as the angular resolution
is increased [Eq. (67)]. Thus, numerical simulations argesged between the need to cover a
huge volume, on the one hand, and the need to adequatelygesah halo, on the other hand.
This becomes especially demanding at early times, when afdbe star formation occurs in
very low-mass halos. Consider, for example, an N-body sitiart of a 400 Mpc box in which
10°M,, halos are resolved into 500 dark matter particles each. nEixe tests [89] show that
this resolution is necessary in order to determine the dvpraperties of an individual halo
(such as halo mass) just crudely, to within a factor of twa;detter accuracy or to determine
properties such as star formation, more particles are medqiuiEven with just 500, this would
require a simulation with a total of ®particles, much higher than numbers that are currently
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Figure 6: The median redshift for the first appearance (in @st fight cone) of various populations of halos: either
halos above a minimum circular velocity (left panel) or a minimomass (right panel). Dots indicate in particular the
first star-forming halo in whicl, allows the gas to cool, the first galaxy that forms via atomidiogaH), as well as
the first galaxy as massive as our own Milky Way and the firsttehss massive as Coma. The horizontal lines indicate
the elapsed time since the Big Bang. The results from two $etssmological parameters (solid curves [86] and dashed
curves [87]) illustrate the systematic error due to currexceutainties in the values of the cosmological parametesnFr
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feasible. Truly resolving star formation within these tgakiso requires hydrodynamics and
radiative transfer at very high resolution.

Naoz et al. (2006) [8] pointed out another limitation of @mnt simulations, namely that they
do not determine their initial conditions accurately enofmy achieving precise results for high-
redshift halos, especially those hosting the very firssst@imulations assume Gaussian random
initial fluctuations as might be generated by a period of gosnilation in the early Universe.
The evolution of these fluctuations can be calculated exastlong as they are small, with the
linearized Einstein-Boltzmann equations. The need torb#g simulation when fluctuations
are still linear forces numerical simulations of the firgrdiorming halos to start at very high
redshifts (much higher than starting redshifts in commom thseit are often arounz = 200).
According to spherical collapse, a halo forming at redskift, has an extrapolated linear over-
density ofs = 6. ~ 1.7. Since it grows roughly with the EdS growing mode, the cspond-
ing perturbation (in the dark matter) és~ 13% [(1+ zorm)/66] at cosmic recombination, and
6 ~ 6%[(1+ zom)/66] at matter-radiation equality (see Figure 7). The pédtion reaches
5 ~ 1%[(1 + zom)/66] extremely early, at ~ 1CP. It re-enters the horizon (after having left
during inflation) whens ~ 0.2% [(1 + Zom)/66] atz ~ 3 x 107; precision at this level would
require setting initial conditions with a non-linear GealeRelativistic calculation.

In addition to the problem of non-linearity, there is alse thfluence of early cosmic history
on the linear and (more challengingly) non-linear initiahditions. Hfects that must be taken
into account include the contribution of the radiation te ttosmic expansion, suppression of
sub-horizon perturbations in the photon density by theatémh pressure, and the coupling of
the baryons to the photons which suppresses baryon pettambaintil cosmic recombination.
Within a spherical collapse calculation, Naoz et al. [8, 62ulated halo formation including
all these #ects (Figure 7), and found that they result in an earlier &drom redshift for the
first star by 33% in 1+ z (compared to using the standard results from sphericadpsd]). The
extended period at high redshift when the baryon pertuwbatremain suppressed compared to
the dark matter is the main cause of this shift in the fornmatime, but the contribution of the
photons to the expansion of the universe also makes a s@miftontribution. A 3% change
in 1+ zatz ~ 65 corresponds to a8% change in the age of the universe, and to an order of
magnitude change in the abundance of halos at a given redshit 65. The shift in 1+ z for
the formation of a given halo goes down with time but is stitb &tz ~ 20. In addition, early
cosmic history has a major impact (by factors of two or morejhe amount (and distribution) of
gas that accumulates in the halos that hosted the first g@jrésfee the discussion of the filtering
mass in§ 2.4); this éfect is increased further by the presence of the streamitngite(see§ 5).
Therefore, even mild precision in numerical simulationthefformation of the first stars requires
a calculation of thesefkects on halo formation, in combination with the above-nwargd issue
of non-linearity going back to extremely early times.

Thus, while some processes are calculated with very higtigioe in numerical simulations,
there are much largeffects that must be confronted before the results can be aresdido be
accurate. Even in the limit of the very first stars, osterysébVery clean problem for numerical
simulations, the fects just discussed make the probleffiiclilt, even if all relevant physical
processes can someday be included and numerical converfigiyademonstrated. The current
status of numerical simulation results on the formationhef first stars is summarized below
(8 3.3).

Numerical simulation of galaxy formatidseyondthe very first star (in a given cosmological
region) faces even bigger problems, which can be summawizacbne word: feedback. Long-
distance feedback directly from stellar radiation is gatest by Lyr photons (reaching out to
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Figure 7: Evolution of the fractional overdensifyfor a spherical region containing 48, that collapses at = 66
(approximately corresponding to the host halo of the very i@ in our past light cone). We show the fully non-linear
¢ (solid curve) and the linearly-extrapolatéddashed curve). We indicate the redshifts of halo collapgg)( cosmic
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here corresponds to synchronous gauge. From [8].
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~ 300 Mpc), Lyman-Werner photons (out t0 100 Mpc), and UV ionizing photons (initially
absorbed in the immediate surroundings, but reaching up #® Mpc by the end of reion-
ization [90]). Some stars have strong stellar winds, andeserplode in supernovae, which
deposit thermal and kinetic energy as well as metals. $telanants such as X-ray binaries
produce X-rays which include hard photons that reach cosgical distances. Central black
holes may also produce thermal and kinetic feedback, asasallvV and X-ray radiation. Most
types of radiation that are responsible for feedback carebafly absorbed or scattered within
the emitting galaxy or its immediate surroundings, anothgrortant process that depends on
the detailed, small-scale distribution of gas and metalgseitsthe basic uncertainties about the
detailed physics even of well-observed present-day dsysipal phenomena such as magnetic
fields, dust, supernovae, the stellar initial mass func¢tol central black holes, ab-initio numer-
ical simulations that are truly self-contained do not seeasible. Once these various feedback
effects begin to operate, they stronglfezt the properties of subsequent generations of stars
and galaxies, so that many observable predictions becaonrght dependent on the generation
and results of feedback. Numerical simulations cierdncreasingly precise gravity, hydrody-
namics, and radiative transfer, but are often limited bypsistic models of star formation and
feedback that are inserted by hand. A major issue with dsypal sources is that truly sim-
ulating their formation process, detailed structure, aretiback would require resolving length
scales that are around 20 orders of magnitude smaller teaso#mological distances reached by
some of the photons responsible for radiative feedback.r&fdting vast gulf between the res-
olution of cosmological simulations and that of reality me#hat increasing resolution does not
necessarily imply convergence towards the correct finakanghere could be multiple regimes
of apparent convergence as additional levels of resolutimover new physical processes.

On the opposite end from simulations are analytical (or ssmalytical) models. These mod-
els are very flexible, can be easily used to explore a wideetyadf astrophysical possibilities
and to incorporate a range of astrophysical uncertairdiebcan be directly fit to data in order to
determine the parameters of well-fit models. Such modelsatssmbe made more quantitatively
accurate by basing them on fits to the results of numericallsitions of early galaxy forma-
tion. However, analytical models are also significantlyiteéd. In 21-cm cosmology, perhaps
their biggest limitation is that they usually must assumedir perturbations. While large-scale
density fluctuations are indeed fairly small at early tintés, large bias of high-redshift galax-
ies § 3.1) leads to quite non-linear fluctuations in the radiatagrophysical sources of 21-cm
fluctuations. In addition, the highly non-linear fluctuaitioon small scales do not completely
average out when smoothing on large scales (as in real @ltgers). This is due to additional
non-linear relationships in 21-cm cosmology such as then@égnce of 21-cm temperature on
gas temperature (Eg. 50 or 56). Thus, analytical calculatimsed on assuming linear perturba-
tions and linear bias are quite limited in their accuracy {@portant example is the discussion
in § 4.3 of non-linear limits on the accuracy of the linear reguiltthe anisotropy of the 21-cm
power spectrum).

The limitations of both numerical simulations and anaBbtimodels have led to the rise of
an intermediate approach that combines some of the adwntddpoth. This method is termed
hybrid, or semi-numerical simulation. While there are salvspecific approaches, the basic idea
is to calculate physical processes directly on large scalesre everything is relatively simple,
and indirectly on small, highly non-linear scales. On thebscales, halos and their properties
are often adopted from semi-analytical models that have lfiged to numerical simulation
results, or sometimes directly from the outputs of N-bodg.(igravity-only) simulations plus
some assumptions about star formation and other astragghy€in the large scales, radiation

27



such as X-rays, LW, and loyphotons can be directly summed from all sources, albeit with
few approximations (e.g., the optical depth calculatedimésg the cosmic mean density, and
multiple scattering of Ly photons treated approximately). Also, for reionizatiomcts codes
usually employ an approximation based on an analytical ifodéhe distribution of H Il bubble
sizes [25] § 6.1); fortunately, the resulting ionized bubble distribatis quite similar to the
results of radiative transfer, except in the fine (smallecdetails (see Figure 23 in6.1). A
successful, publicly-available semi-numerical code irc81 cosmology is 21CMFAST [91];
results from this code and from the code developed by theodatiroup [92] are shown i§ 7.

To summarize this subsection, numerical simulations dfegiaxies dfer the potential ad-
vantages of fully realistic source halo distributions awcduaate gravity, hydrodynamics, and
radiative transfer. However, much of the vitality of the diglomes from the major uncertain-
ties associated with the formation of, and feedback froitmpphlysical sources. For example, it
is possible that most early stars were much more massivehaisdorighter than modern stars,
or that a relatively large amount of gas collected within sig&s mini-quasars in the centers of
galaxies. These astrophysical uncertainties will vergliikbe resolved only based on direct
observational evidence. As we contemplate the range oftfjessbservational predictions, it is
much easier to explore a wide variety of astrophysical pilggts with simple analytical models
or semi-numerical hybrid methods that combine processeslarge-scale grid with a sub-grid
model based on numerical simulation results. Once the wlisens come in, there will be a need
to fit astrophysical parameters to the data, and this regjaiféexible framework and cannot be
done directly with numerical simulations; once a well-fitadebhas been found, though, simula-
tions may dfer the best way to compare it in detail with the observatidiris.important to note
that discoveries in the field of the first stars and 21-cm cdsgyo(as summarized throughout
this review) are often driven by large-scale processesyedalthe limited reach of simulations,
many have come first from analytical or semi-numerical masho

3.3. The very first stars

In the previous two subsections we discussed the limitatidmumerical simulations in gen-
eral, and those of the first stars in particular. Still, siati@ins remain our best tool for trying to
understand and predict the detailed properties of the fast.sThis subject has been extensively
reviewed elsewhere [93, 94], but we briefly summarize it is #ection. In principle, the for-
mation of primordial stars is a clean numerical problem hasinitial conditions (including the
distribution of the gas and dark matter and the chemical badal history of the gas) are cos-
mological and not yetféected by astrophysical feedback. One possible (thoudlsgtitulative)
complication is the generation and amplification of magnfiilds in the early universe in time
for them to dfect the formation of the first stars [95, 96, 97, 93].

As mentioned at the end §f2.4, under cosmological conditions, gas cooling in smallyea
halos is possible only via molecular hydrogen cooling. #sidf the non-equilibrium chem-
istry of H, formation and destruction [98, 99, 100, 101, 102] concluithedH, formation in a
collapsing small halo is dominated by thie channel, in which the residual free electrons from
cosmic recombination act as catalysts:

H+e »H +y; H+H->H,+e . (36)

Numerical simulation of the formation of a first (so-calleapRlation I, or Pop IlIl) star via
H, cooling in a primordial minihalo of 10- 10°M,, has proven to be aflicult problem, as initial
results that established a prediction of single very massiars have recently been replaced by
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a new paradigm of multiple stellar systems with a range ofsesisindeed, the first generation
of simulations indicated the formation of massive Pop Bfstof~ 100M.. Such stars would be
short-lived, generate extremely strong ionizing radiadod stellar winds, and end up producing
massive black hole seeds or pair-instability supernovdee &xpectation of massive stars was
consistent between early simulations evolving an artificieerdensity with a smooth particle
hydrodynamics (SPH) code (Figure 8) and simulations thrattly employed cosmological ini-
tial conditions along with the impressive resolution of aiajgtive mesh refinement (AMR) code
(Figure 9).

Even for a given set of initial conditions for star formatidhe final properties of the result-
ing stars depend on a complex process of proto-stellar gwpnlult was initially thought that
the rapid accretion rates characteristic of primordiat-&iaming regions at high-redshift would
naturally lead to isolated Pop Il stars of @@ or more. However, some simulations [103] then
showed the possible formation of binaries (Figure 10), amthér semi-analytical and numeri-
cal simulation studies [104, 105, 106, 107, 108, 109] havadahat the clumps have ficient
angular momentum to form a disk, and that the rapid accretidn the disk causes it to frag-
ment due to gravitational instability. While it is too eartydraw final conclusions, the best bet
currently is that Pop 11l stars formed with a wide range dfatient masses, but on average were
significantly heavier than later generations of stars (Fidil).

4. 21-cm Cosmology

An overview of the basic features and early development edrilcosmology was given in
§ 1. In this section we present the basic physics in greatailddten focus on some important
low-temperature corrections, and discuss the importéjestof anisotropy in the 21-cm signal.
Finally, we give a brief overview of the observational agpexf 21-cm cosmology, focusing on
the power spectrum. More details of 21-cm physics and obsienal techniques are available
in specific reviews of 21-cm cosmology [88, 110, 111].

4.1. Basic physics

The basic physics of the hydrogen spin transition is deteerhas follows. At the low densi-
ties typical in cosmological applications, the gas is fanfrfull thermal equilibrium, and a single
temperature cannot accurately describe the occupancyiofigaatomic levels. In particular, the
relative occupancy of the spin levels is usually descrilbe@ims of the hydrogen spin tempera-
ture Ts, which is an &ective temperature that determines the emission or alisonptoperties
of the 21-cm line. Specificallyfs is defined by

Ny T,
" 3 exp{ T_s} , (37)
whereng andn; are the number densities of the singlet and triplet hypeléwels in the atomic
ground stater( = 1), respectively, and. = 0.0682 K is defined bykgT. = Ej;, where the
energy of the 21-cm transition B,; = 5.87 x 1076 eV, corresponding to a frequency of 1420
MHz (and a precise wavelength @f; = 211 cm). The factor of 3 in Eq. (37) is the ratio
of statistical weights, i.e., it arises from the degenerfacyor of the spin 1 excited state. In
particular,Ts — co would correspond to having the singlet and triplet levelpiated in their
statistical 1:3 ratioTs — 0 would mean an empty excited state, while a population giwar
(not expected in the cosmological 21-cm field) would coroesjto negativd s. SinceT., is such
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Figure 8: Gas and clump morphologyzat 28 in the first-star simulation of Bromm et al. (1999) [6]. TopvroThe

remaining gas in the ffuse phase. Bottom row: The distribution of clumps, where ¢l increasing dot sizes denote
increasing clump masses ((?Mg, > 10°Mo, > 5% 103Mo, > 10°My). Left panels: Face-on view. Right panels: Edge-
on view. The length of the box is 30 pc. The gas has settledaritattened configuration with a number of dominant,

massive clumps. From [6].
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gas density: 6 kpc

gas temperature: 6 kpc 600 pc

Figure 9: The first star in a simulation by Abel et al. (2002) [Tpp row: Projection of gas density on a 600 pc scale
(all distances are physical in this Figure), at severalhigs Other two rows: Slices of gas density or temperature on
several diferent scales, all at the final redshift of the simulatibe (18.2). From left to right, the two bottom rows show:
large-scale filaments; the virial accretion shock; hecooled, high-redshift molecular cloud analog; and a warne cor
containing~ 100M,, of gas. From [7].

31



le-15 le-14 le-13 le-12 le-02 le-01 800 960 1120 1280 1440

Density [g em™] H, mass fraction Temperature (K]

Figure 10: The first stars may have been binaries, accordiagstmulation by Turk et al. (2009) [103]. Shown is the
average density (left columnii; mass fraction (middle), and temperature (right), projecteoliph a cube 3500 AU on

a side. The bottom row (in which the two separate gravitafigrbound cores are outlined with thick lines) is at the end
of the simulation, with the other rows showing earlier time$b$ years (middle) or 1146 years (top). From [103].
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Figure 11: The first stars may have had a range of masses, basedimmlation by Hirano et al. (2014) [108]. The
projected gas density is shownzat 25. Five primordial star-forming clouds are highlighted,imétach circle showing

a zoom-in to the central parsec at the formation time of the g&afigrmation redshift and stellar mass are listed. From
[108].
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a low temperature, in what follows we make the standard agsamthat all other temperatures
(including Ts) are much higher.

A patch of neutral hydrogen at the mean density and with aoumifls produces an optical
depth at 21 cm [observed at 21{¥) cm] of

3C/l%lhpA10nH |

@ = ke To(1 7 (v /AN °

(38)

wherehp is Planck’s constantd;g = 2.85x 107 s is the spontaneous decay rate of the
hyperfine transitionpy | is the number density of hydrogen atoms, awl/dr is the gradient
of the radial velocity along the line of sight, with being the physical radial velocity and
the comoving distance. In a fully-neutral, homogeneousarse,ny | = Ny(z) anddv;/dr =
H(2)/(1 + 2) in terms of the Hubble parameter. Assuming the high-redshift (EdS) form for
H(2) (see§ 2.1), this yields

T Qph \[ Qm \ V2 (1+2\"?
_ 3[ 'CMB b m
7(2) = 9.85x10° ( Ts )(0.0327)(0.307) ( 10 ) : (39)

whereTs and Tcyg are measured & Since the brightness temperature through the IGM is
Ty = Tewse ™ + Ts(1 - €7), the observed meanftérential antenna temperature relative to the
CMB is [11]

Qoh \[ Qn \ VP (1+2\"?(Ts-T
_ s L) & b m s — lcvB
Tb—(1+Z) (Ts TCMB)(l e ) 26.8mK(0.0327)(0.307) ( 10) ( Ts )»
(40)

wherer < 1 is assumed (the relative correction to the linear termweakept ist/2) andTy
has been redshifted to redshift zero. We use here the nowasthnotation ofl, for this final
guantity. Note that the brightness temperature is simplyeasuare of intensity in equivalent
temperature units, defined in terms of the Rayleigh-Jearisdif the Planck spectrum:

2
\4
| = 2keTo; - (41)

Note that in 21-cm cosmology, the CMB is certainly deep in Rayleigh-Jeans limit, as its
Planck spectrum peaks at a wavelength-&f mm, while the observed (redshift 0) wavelengths
of relevance to us here are three orders of magnitude larger.

The IGM is observable whefg differs fromTcug, Which is reasonable sindgs = Tcus
implies a kind of thermal equilibrium between the grounatesthyperfine levels of hydrogen
and the CMB background, meaning that the rfigat of the gas is neither absorption nor added
emission above the background. The key question for 21-@arehtions is thus the value of the
spin temperature. For intergalactic hydrogen it is deteetiiby three processes. First, by direct
absorption and emission (both spontaneous and stimulaft@d}cm photons frofinto the radio
background (which at high redshifts is simply the CMB), tigpérfine levels of hydrogen tend to
thermalize with the CMB, making the IGM unobservable. Ifatprocesses shift the hyperfine
level populations away from such a thermal equilibriumnttiee gas becomes observable against
the CMB in emission or in absorption. In the presence of theBGNbne, the spin states would
reach thermal equilibrium witlis = Tcwg = 2.725(1+ 2) K on a time-scale of .. /(TcumsAlo) =
3x 10°(1 + 2t yr. This time-scale is much shorter than the age of the usévat all redshifts
after cosmological recombination.
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On the other hand, at high densities the spin temperaturesamo equilibrium with the
regular, kinetic temperatuiBg that describes the random velocities of the hydrogen atdims.
equilibrium is enforced by collisions, which involve enierg of orderkg Tk, and driveTs to-
wardsTy [112]. Collisionally-induced transitions ardfective at high redshift, but become less
effective compared to the CMB at low redshift. This may seemrssing given that as the uni-
verse expands, the mean energy density of radiation deséaster than that of matter, and the
comparison here is between two-body interactions of thedgeh atom with either a photon or a
second atom. Part of the explanation is that while the tagihtion energy density goes'ﬁéle
(and thus decreases rapidly with time), the relevant engeggity for the 21-cm coupling is that
at a fixed physical wavelength of 21 cm; this is only propardicto Tcyg in the Rayleigh-Jeans
limit of the Planck spectrum of the CMB (Eq. 41). In additidhe collisional rate cdécient
(see below) depends strongly on temperature in the relesage, and it decreases very rapidly
as the gas cools with time. Thus, if collisions were the onlygling mechanism of the spin tem-
perature with the kinetic temperature, the cosmic gas wdigigippear at 21 cm belozw~ 30.

Instead, 21-cm cosmology down o~ 7 is made possible by a subtle atomiteet worked
out nearly 50 years before its cosmological significancetmecwidely recognized. Thidfect is
21-cm coupling as an indirect consequence of the scattefingich higher-energy Ly photons
[18, 19]. Continuum UV photons produced by early radiationrses redshift by the Hubble
expansion into the local lkyline at a lower redshift, or are injected atd-after redshifting and
cascading down from higher Lyman lines. These photons mispiin states via the Wouthuysen-
Field (hereafter WF)f@ect whereby an atom initially in the= 1 state absorbs a byphoton (of
wavelengthl, = 1216 A), and the spontaneous decay that returns it flicm2 ton = 1 can
result in a final spin state that isftéirent from the initial one (These various energy levels are
illustrated in Figure 1). The WHEect drivesTs to the so-called “color temperaturét, defined
so that the spin-flip transition rates due tarlghotons upwardsHj,) and downwardsH( ) are
related by [113]: b

01 T.
The color temperature enters since thex and 1— 0 scattering events are caused by photons
with slightly different frequencies. It is the equivalent temperature of ekblady spectrum
that would yield this transition rate ratio. In general (iiacluding the case of a non-blackbody
radiation background), the color temperature is deterdhiryethe shape of the radiation spectrum
near Ly, and is related to the photon intensityhrough [114]

h 2 dinJ
kBTC - v dv '

(43)

Given CMB scattering (which pullss — Tcmg), atomic collisionsTs — Tk), and Ly scat-
tering (Ts — T¢), the spin temperature becomes a weighted mean [113]:

o1 _ Tewe +XT" +%Tc! (44)
S 1+ Xtot ’

wherex: = X + X, and the combination that appearsTin(Eg. 40) is then:

Ts—Tows _ Xot— Toms (X T + % Tc?) 5)
Ts 1+ Xiot ’
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Here we have used the notation from Barkana & Loeb (2005) {28 rms of the coupling
codficientsx. andx, for collisions and Ly scattering, respectively. They are given by [11]
_ Akao(T) W T

Xe= —————— =, 46
3A0TcmB (46)

where the collisional rate céicient«;_o(T) is tabulated as a function d% [115, 116], and

4P,T,

Xa/ = =, 47
27A10TcmB (47)

in terms of the Ly scattering rat®,. Expressed in terms of the properd.photon intensityl,
(defined as the spherical average of the number of photairsgat gas element per unit area per
unit time per unit frequency per steradian),

1672T, €1,
O L LS 48
27A10 MeC TCMB ( )

except for a low-temperature correction (see the next stibsd, wheref, = 0.4162 is the
oscillator strength of the Ly transition.

The neutral IGM is highly opaque to resonant scattering ctvhinvolves energy transfers
between the atomic motion and the photons, and tends to driird of thermal equilibrium
between the photon energy distribution neatrland the kinetic motion of the atoms. This
makesT¢ very close toTk [117], except for another low-temperature correction (heenext
subsection). In the high-temperature approximation, gojs (44) and (45) simplify to:

Til + XtotT71
T—l — CMB K 49
s 1+ Xtot ’ ( )

and

Ts—Tome ot (1 B TCMB) (50)

TS B 1+ Xtot TK

Below z ~ 200, the gas is mostly thermally decoupled from the CMB &grdk Tcemg (until
significant X-ray heating), so that 21-cm observations assjble since collisions or layscat-
tering provide an#ective mechanism couplins to Tx. While Eq. (40) gives the 21-cm bright-
ness temperature in a fully-neutral, homogeneous uniyersee real Universdy, fluctuates. It
is proportional in general to the gas density, and in padytiahized regionsTly, is proportional
to the neutral hydrogen fraction. Fluctuations in the vi¢yogradient term in Eq. (38) leads to a
line-of-sight anisotropy in the 21-cm signgl4.3). Also, ifTs > Tcus then the IGM is observed
in emission, and whefis > Tcyg the emission level saturates at a level that is independent o
Ts. On the other hand, ifs < Tcug then the IGM is observed in absorption, and ¥ <« Tcvs
the absorption strength is a facteTcwg/Ts larger (in absolute value) than the saturated emis-
sion level. In addition, once the Universe fills up withdLyadiation and the WFfect turns on
(this is the Lyr coupling transition, with its peak usually defined as thenpaihenx, = 1 due
mostly tox,), the rapid rise expected during the early stages of costaidf@rmation implies
that soon afterwards, > 1 andT} saturates to a value that no longer depends,0s a result
of these various considerations, a number of cosmic evg@lsare expected to leave observable
signatures in the redshifted 21-cm lirfe?).
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4.2. Low-temperature corrections

There are two corrections to the 21-cm coupling due t@ sgattering, which can be impor-
tant in low-temperature gas. Both arise from a careful aersition of the multiple scatterings
of the photons near the kyresonance with the hydrogen atoms, and how these scatefiagt
the energy distribution of the photons near the resonamsellting in a change in the 21-cm
coupling. One correction is due to afdirence between the color temperature and the kinetic
temperature of the gas, and the other due to a modifiedsicattering rate. We attempt here to
clear up confusion in some of the literature on this subject.

An accurate determination of the d&ycolor temperature requires a careful consideration of
radiative scattering including atomic recoil and ener@nsfer due to spin exchange. In the
limit of a high optical depth to Ly scattering (an excellent approximation in the cosmoldgica
context),

1 + Tse/TK )
Te=Tk|T—— |- 51
¢ K(1+Tse/Ts (1)
which differs significantly fronil'x once temperatures approath, which is given by
2
mHC2 Ao
Tee= ——|—] =0.402 K 52
= e (5] , (52)

wheremy is the mass of a hydrogen atom. Eq. (51) is easily solved samebusly with Eq. (44),
yielding results that have precisely the same form as espus(49) and (50) if we replace,: by
an Xiorer IN Which we adopt anféective valuexX, er = Xo /(1 + Tse/Tk)-

The secondféect modifies the relation betwedp (defined as the naive kyphoton intensity,
i.e., not including the modification due to multiple scatig) and the actual Ly scattering rate
P.. The final result is to multiply Eq. (48) by an extra fac&y, which depends oik as well
as the Gunn-Peterson [22] optical depth terlabsorption, which for neutral gas at the cosmic
mean density is

7€ f, ANy | Oph \( Qm \ 2 (1+2\¥?
= T8 et _ge2x1
e o - 062 05(0.0327 0.307 0) ° (53)

where in the second equality we used the high-redshift fdrtheoHubble parametd (2).

The scattering-rate correction fact8y, is due to the fact that the H atoms recoil in each
scattering, and near the center of thexlline, frequent scatterings with atoms make the photons
lose energy faster. Thus, the number of photons per uniggrerany instant is smaller than
would have been expected without recoil, leading to a suggjwa in the scattering rate (i.e.,
S. < 1). The actual value d§,, is derived from solving the radiative transfer equationtfo
photons including scattering and energy losses. The rissult

1/3

S, = e0.0128(cp/T7) , (54)

with Tk in Kelvin (in this equation only). Thus, the final resultslimting both low-temperature
corrections are . )
TSl = Tcig + Xoter T ’ (55)
1+ Xotert

and

Ts—Teme  Xotef (1_ TCMB) ’ (56)

Ts 1+ Xoter Tk
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whereXpter = Xc + Xo e, and

) T\t h \*3/ Qm \ Y0 (14 2\Y2 (T |22
Xl ‘X"(“ﬂ) eXp[_Z'06(0.0327) 0307 0) \7..) |- ©D

Eqg. (56) shows that even with the low-temperature corractichether we get 21-cm emission
or absorption is determined solely by whetAgris larger or smaller thafcyg (which seems
reasonable based on thermodynamics), while at a diygrthe absolute value dF, increases
monotonically withx, «+. The low-temperature corrections simply reduce tiieative value of
X, and thus reduce the absolute valudgfind delay the onset of kycoupling and Ly satura-
tion (the latter is wheffs — Tk). Note that we wrote the scattering-rate correction in B@) (
in terms ofTse for ease of comparison with the color-temperature comacti

These results are based on Chuzhoy & Shapiro (2006) [118) fedmd simple and accurate
final expressions based on an approximate analytical salfthat was also found earlier in a
different context [119]). The calculation 8f, was first carried out by Chen & Miralda-Esaud
(2004) [120] (based on a numerical solution to an approxénfiatm of the radiative transfer
equation developed earlier [121, 122]), but they made a nigaierror and were fd by about a
factor of 2. Hirata (2006) [123] gave complicated fittingrfarlas to numerical solutions for both
corrections, but the results given above agree with thaseuias to within a relative error of a
few percent or better within the relevant parameter rangelaketto & Pritchard (2006) [124]
developed higher-order analytical solutions and also @etthem to full numerical solutions.
Contrary to statements in the literature [88], no iteratidmecessary in order to include the
low-temperature corrections; the results summarizedignsiction are accurate at all> 1 K,
except at very high temperatures 1000 K) which in the real Universe are reached only after
the Lya coupling has saturated (and so these corrections no longiemn Note also that the
scattering correction fact@,,, while calculated slightly dierently for the continuum (redshift-
ing) Lya photons and the injected (from higher-level cascades)dhyotons, has the same value
in the two cases, to high accuracy.

The quantitative results are illustrated in Figure 12. Tbattering correction dominates
over the correction from the color temperature. In practibe observableffects of the low-
temperature corrections could be important in the real &hsie during the Ly coupling era.
These correctionsfigect 21-cm fluctuations only when the &ycoupling is significant but has
not yet saturated (since in the saturated limit, 21-cm oladiens are independent af, and
its corrections). As long as the cosmic gas cools, the stihengng reduction in thefiective
X Slows the rise of Ly coupling; once the gas reaches its minimum temperature agitd
to warm up, the declining low-temperaturffext then accelerates ysaturation. In realistic
models (seg 6 and§ 7), X, ~ 1 is expected at ~ 25, when the gas has cooled 015 K,
while temperatures as low as7 — 8 K may be reached at~ 17 (e.g., in the plausible case of
late heating), althoughk, is then expected to already be fairly large. Thus, the lawperature
corrections mayfiect Ty, by up to~ 20% within this redshift range.

38



ion in x,

Relative reduct

\

0.0l 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1 111
1 10 100 1000

T (K]

Figure 12: Relative reduction ix,, i.e., 1- X, eff / Xo, VErsus the kinetic gas temperatiiie. We show the total reduction
(solid curves) including both the scattering and color-terapure corrections, at redshifts 7, 9, 12, 17, 25, 35, and 45
(from bottom to top), and the reduction from the modified codonperature only (dashed curve).
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4.3. Anisotropy of the 21-cm signal

As explained previously, the 21-cm signal on the sky is pidtip an extremely rich dataset.
This signal is intrinsically three dimensional, coverihg full sky over a wide range of redshifts.
Even if 21-cm fluctuations are only measured statisticallierms of the isotropically-averaged
power spectrum of fluctuations, this power spectrum versdshift should yield a powerful
dataset that can probe a wide range of the physics and agsioplof the first stars and galaxies
(as explored in detail i§ 7).

The fluctuations in 21-cm cosmology are potentially evehaicas a result of a particular
form of anisotropy that is expected due to gas motions albedjte of sight [125, 126, 13]. This
anisotropy, expected in any measurement of density thatsedon a spectral resonance or on
redshift measurements, results from velocity compressidie point is that spectral absorption
is determined directly by the velocity (along the line oftdigof gas rather than its position. As
an extreme example, a slab of neutral hydrogen with no iatenotions will all appear to be at
the same redshift from an observer, producing enormoug s at one particular frequency
and thus appearing like a huge density enhancement at thesponding redshift, even though
the real, physical density need not be high (if the slab eld@ver a long distance along the line
of sight).

More generally, consider a photon traveling along the lifisight that resonates with ab-
sorbing atoms at a particular point. In a uniform, expandingerse, the absorption optical
depth encountered by this photon probes a particular nastop of atoms, since the expan-
sion of the universe makes all other atoms move with a relatifocity that takes them outside
the narrow frequency width of the resonance line. If thera iensity peak, however, near the
resonating position, the increased gravity will reduceekgansion velocities around this point
and bring more gas into the resonating velocity width. Thngsr a density peak, the velocity
gradient tends to increase the 21-cm optical depth abovdeyahd the direct increase due to
the gas density itself. Thidiect is sensitive only to the line-of-sight component of thadient
of the line-of-sight component of the velocity of the gag] #imus causes an observed anisotropy
in the 21-cm power spectrum even when all physical causdsedfiictuations are statistically
isotropic. Barkana & Loeb (2005) [13] showed that this atrigoy is particularly important in
the case of 21-cm fluctuations. When all fluctuations are tintba 21-cm power spectrum takes
the form [13]

Pa1-cm(K) = Piso(K) + 2t2P,-iso(K) + *P,(K) , (58)

whereu = cosg in terms of the anglé between the wavevecthrof a given Fourier mode and the
line of sight,Piso(K) is the isotropic power spectrum that would result from alirges of 21-cm
fluctuations without velocity compressioR, (k) is the power spectrum of gas density fluctua-
tions, andP,_iso(K) is the Fourier transform of the cross-correlation betwiendensity and all
(isotropic) sources of 21-cm fluctuations. Here the vejogitadient has led to the appearance
of the density power spectrum due to their simple relatignsta the continuity equation. The
three power spectra can more generally be denoted accdnalthe power ofu that multiplies
each term:

Por-cm(k, 2) = Pyo(k, 2) + 3u”P,2(k, 2) + 5u*Pa(k, 2) (59)

where we have defined the d¢heients according to their angle-averaged size (P,g.is defined
accounting foku*y = 1/5), and have written the redshift dependence explicitly.

Given this anisotropic form, measuring the power spectrara &unction ofu should yield
three separate power spectra at each redshift [13]. Thebe pin turn, the 21-cm fluctuations
without the velocity gradient term (through theéndependent term); basic cosmology (through
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the intrinsic density power spectrum, measurable fromutheerm even when complex astro-
physical processes contribute to the other terms); andiaddi information about the nature and
properties of the various sources of 21-cm fluctuation®(thh theu? term, which measures the
cross-correlation between density fluctuations and tte isdatropic 21-cm fluctuations).

In practice, 21-cm fluctuations on small scales are quitelimaar, and this non-linearity
cannot be completely decoupled from large scales. In otleedsy even if the fluctuations are
linear on a particular large scale, the way the fluctuatiamshat scale are measured is via a
Fourier decomposition of the overall 21-cm fluctuationsjohbinclude non-linear, small-scale
fluctuations. This small-scale averaging may to some degaeeel out, or largely result in
an overall, simple bias factor, but the fact that the aveixggnvolves non-linearity makes the
interpretation of even large-scale measurements somendagl-dependent. This is the double-
edged sword of small-scale 21-cm fluctuations: on the ond,ithey make 21-cm cosmology
potentially a much larger dataset than CMB anisotropie} [ it on the other hand, they make
21-cm fluctuations more susceptible to non-line@eas (see the related discussior§iB.2 of
non-linear limits on the accuracy of analytical models).

Numerical investigations during cosmic reionization [337, 128, 129] suggest that indeed,
the decomposition of the line-of-sight anisotropy is maymplex than the simple linear limit. It
remains an incontrovertible fact, though, that the linesight anisotropy makes 21-cm cosmol-
ogy richer. The anisotropy allows three separate powertsperbe measured at each redshift,
or more generally, a two-dimensional functionlondu. At worst, the interpretation of this
large dataset will be somewhat complicated and will neecetstbdied numerically, but in any
case the anisotropy makes the 21-cm technique more powditigre, are, moreover, two im-
portant caveats to these numerical studies. First, theysirton reionization (dominated by UV
photons), which is a particularly fiicult case as it makes the 21-cm fluctuations intrinsically
non-linear on small scales, since the ionization fractiasidally jumps from zero to unity in
going from a neutral region to an H Il bubble. And second, tleepsed on the* term and its
promised yield of the primordial power spectrum; this tethqugh, is usually the smallest of
the three anisotropic terms (as it does not benefit from tiye lbias of galaxies which enhances
terms dominated by astrophysical radiation), so it is mastsptible to non-linear contamina-
tion.

Recently, Fialkov et al. (2015) [130] reconsidered the @nigic 21-cm power spectrum us-
ing a semi-numerical simulation that covered a wide perfogboly cosmic history. Focusing on
the dominant anisotropic tern®(.), they showed that the anisotropy is large and thus potntia
measurable at most redshifts, and it acts as a model-indeperosmic clock that tracks the
evolution of 21-cm fluctuations over various eras (see [EdiB). Also, they predicted a redshift
window during cosmic heating (at~ 15) when the anisotropy is small, during which the shape
of the 21-cm power spectrum on large scales is determinedttiirby the average radial distri-
bution of the flux received from X-ray sources at a typicalnpoiThis makes possible a direct
and, again, model-independent, reconstruction of theyXspeectrum of the earliest sources of
cosmic heating.

The velocity gradient anisotropy that we have just discdisgsevell known in the context
of galaxy redshift surveys [125], where it is often referteds “redshift-space distortions”. In
that case, it is used not as an additional probe of galaxiesfdundamental cosmology, since
it allows a measurement of the amplitude of the velocity flaldecent example is [131]), which
is related to the rate of change of the growth factor (seci@). A similar velocity gradient
anisotropy also arises in the context of thexlfprest. In that case, measurements are mostly
one-dimensional (i.e., along the line of sight), so redstigftortions are more ficult to extract,
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Figure 13: The main anisotropic term of the 21-cm power speu;tPﬂz(k, 2), shown in terms of the corresponding
variance of the 21-cm fluctuations, at wavenumber0.2 Mpc™L. The comparison of the actual value [reconstructed by
fitting the form of Eq. (59) to mock observations] (red) witlatfrom assuming perfect linear separation [as in Eq. (58)]
(black) shows that this quantity withstands non-lineasitand can be reconstructed accurately. This quantity,hwhic
measures the cross-correlation between density fluctsasind 21-cm fluctuations, is sometimes positive (solid lines)
and sometimes negative (dashed lines), as it tracks earlyryigte a cosmic clock. It is negative during the EOR as
a direct reflection of inside-out reionizatiof 6.1): higher density implies more galaxies which implies lesstral
hydrogen, hence an inverse cross-correlation of densdytte21-cm signal. It is positive during thed.goupling era,
as more galaxies imply strongerdyadiation and a stronger 21-cm (absorption) signal. Dutfirgcosmic heating era,
it changes sign at the heating transition (when the cosmic & ligfirst heated above the CMB temperature), the point
at which heating a gas element switches from reducing theofittee 21-cm (absorption) signal to enhancing the size
of the (emission) signal. The particular model shown hererassicosmic heating by a soft power-law X-ray spectrum

(see§ 6.3). From [130].

42



though they do fiect observations [132].

An additional source of 21-cm anisotropy is the light-conesatropy [133]. While redshift
can be converted to position in order to create three-difoaakcubes for calculating the 21-cm
power spectrum, the line-of-sight direction is intrindigali fferent from directions on the sky.
The reason is that the look-back time changes with the raitdnce, and the character of the
21-cm fluctuation sources evolves with time, which resultsline-of-sight &ect that introduces
anisotropy. A significant anisotropy can be generated aelacales near the end of reionization
[133], as has been further studied in numerical simulatjt84, 135, 136, 137]. It is important
to clarify a possible confusing issue here (see, e.g., @ elgdanation in [134]). The light-cone
anisotropy refers to 21-cm fluctuations, which will be oleerby radio interferometer exper-
iments. Interferometers measure the relative fluctuatireach redshift, and are not sensitive
to the mean of the 21-cm intensity at each redshift. Matheadéy, this is equivalent (for a flat
sky) to not being able to measukemodes that point directly along the line of sight £ 1).
Once the mean at each redshift is properly removed, the dighé €fect on the power spectrum
is then mainly that the measured power spectrum is a redsléfage of the real power spec-
trum, since any frequency slice corresponds to a range shiftsl within our past light cone.
Looking towards the future, the light-cone anisotropy ¢aprinciple be reduced as data become
available with improved sensitivity and larger fields ofwg allowing the power spectrum to be
measured from thin redshift slices that minimize the ligbte défect (though the slice should
not be thinner than one wavelength, which implies some neimgiiaveraging when measuring
power on large scales).

Finally, if 21-cm data are analyzed using assumed cosnmabpgarameters that fiier from
the true ones, this causes an additional Alcock-Pasziy[138] anisotropy that can be used
to constrain cosmological parameters [14, 15]; in paréicuthe technique of Eq. (58) can be
extended, in principle permitting (in the limit of linear iwations) a separate probe of this
anisotropy using thg® term that it induces in the 21-cm power spectrum [16].

4.4. Observational aspects

Attempts to measure the cosmological 21-cm signal mustwliglalthe much stronger fore-
ground emission, dominated by synchrotron radiation fré@cteons in the Milky Way, with
other radio sources added on. Indeed, the brightness tatnpeiof the sky for typical high-
latitude, relatively quite portions of the sky, is [88]

Teky ~ 180 (60)

-2.6

(180 MHz) K
This steep increase of foreground emission with decredsggiency is the reason that 21-cm
observations become morefitiult with increasing redshift; distortion of the radio sigidue to
refraction within the Earth’s ionosphere also increaseh vedshift, down to the critical plasma
frequency ofy ~ 20 MHz below which the ionosphere becomes opaque. The skys@miin
Eqg. (60) must be compared to the expected signal of typiealgw tens of mK (sky averaged),
with fluctuations of order several mK. The reason that tinig signal may be observable, even on
top of a foreground that is brighter by at least a factor df, 19that the foreground is produced
by synchrotron emission which inherently produces a vergatinfrequency spectrum.

There are a number of approaches to observing the 21-cml $ignahigh redshifts. The
simplest, in principle, is measuring the global 21-cm sigina., the sky-averaged, cosmic mean
emission as a function of frequency (i.e., redshift). Tham de done with a single dish (or
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dipole), but requires a very accurately calibrated insgntrto enable foreground subtraction.
Indeed, the sensitivity of a single dish [139] is

Tsys
Vv Av tint

Assuming that the system temperature is approximatelyl égttzat of the foreground [Eqg. (60)],
and taking a bandwidth ofv = 5 MHz centered az = 10 (v = 129 MHz), a sensitivity of
AT = 10 mK only requires an integration tintg; of 6 minutes. Thus, the real issue with global
21-cm experiments is not raw sensitivity, but the abilityctean out the smooth foreground
emission to a spectral accuracy of one part it d0L(. In practice, the need to subtract out the
smoothly-varying foreground implies a simultaneous reah@f the smoothly-varying part of
the desired 21-cm signal. Thus, the absolute level of thigaglsignal likely cannot be measured,
but its variation with frequency may be measurable, paddityiwhen the frequency gradient of
the 21-cm signal is large during the rises or declines thatrapany various milestones of early
cosmic evolution (see section 7.5).

The other main approach is to make an interferometric malpeo21-cm signal. In this case,
much more information is available at each redshift thah gusingle mean temperature. With
a suficiently high signal-to-noise ratio, direct tomogragihyaging can reveal the full spatial
distribution of the 21-cm signal. However, even if the mapsnselves are noisy, statistical
measures such as the 21-cm power spectrum can be computekigtitaccuracy, and used to
extract many of the most interesting aspects of cosmic daeim as the properties of the galaxies
that existed at various times. In the case of an interferemene basic consideration is the
achievable angular resoluti@p (and corresponding comoving spatial resolutigh determined
by the difraction limit corresponding to the longest array baselipg, [88]:

Pl 1+z Dmax)‘l h \'(1+z 1'2(Dmax)‘1
L & ro~20() (112 Mpc. (62
%~ B 3( 10 )(1km + '0~20558) |10 ) \Tkm) MPc- (62

AT ~ (61)

For an array ofN radio antennae (or stations), each with @lieeive collecting ared\, the
resulting field of viewQr,y = 42/As corresponds to an angular diamefiggy (and comoving
distancerroy):

_ Ay 1+2\( Ag Y2 h \1+2\"%) Ag V2
Orov =\ _5?1( 10 )(700 n?) R Y T (700n?) Ge.
(63)

In the line-of-sight direction, the comoving length copending to a bandwidthv is

Av \(1+2\"?(Quh?2\
fav ™ 18(1 MHZ)( 10 ) (0.141) Mpc. (64)
Another commonly noted quantity is the total collectingsaoé the array
— NA = NV (LA )
A“”_N%‘1'8X105(25o)(700n?)m : (65)

where we have used illustrative values based roughly onldmnpd first phase of the Square
Kilometer Array [140] (though note th# is actually expected to vary with frequency).

A key quantity for interferometric arrays is the sensitiib power spectrum measurements.
We assume the simple approximation of antennae distritmyteida core arefqre in such a way
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that theuv-density (i.e., the density in visibility space which is aglent to a Fourier transform
of the sky) is uniform, and a single beam (i.e., we do not idelhere the technique of multi-
beaming which can speed up surveys). In this case, the pgpestrum error due to thermal
noise is [141, 140]

2 ya Teys 1 [Ac
AT thermal _ \/jk3/4 D2AD.Q ys  — ore i 66
PS p [ c c FoV] ‘/m N Aeﬂ ( )

which yields an approximate value of

3/4 33 -1/4
ATEE™ ~ 0.13( a )/ (1+Z) ( tint r)—lfz( Av ) /

01mMpct) \'10) \1000h/ \1MHz
y ( Act )‘3/ ! ( Acore )” ? (l)‘l Qnh?
700n?) \38x10Pm2/ \250/ \0.141

-1/8
) mK, (67)

whereDc is the comoving distance to redshiftand AD. equalsr,, from above. The thermal
noise thus increases wikhand typically dominates the expected power spectrumsamsmall
scales. Attempting to improve the angular resolution bydasingDmax Would typically imply
an increase if\cgre Drznax as well, and thus a worsening power-spectrum sensitiviy &t

The uncertainty in comparing data to models is usually dateith on large scales by sam-
ple variance (sometimes termed “cosmic variance”), whigbga relative error that is roughly
proportional to the inverse square root of the number of madevavenumbek that fit into the
survey volume. Assuming a cylindrical volume and a bin widtAk ~ k [assumptions also
made in Eq. (66)], this yields [141]

8r

3,2 ’
SUEIPY

ATSE™ Tpsg (68)

whereTps is the root-mean-square 21-cm brightness temperatureiditioch at wavenumbek.
The resulting approximate value is

-3/2 -15 -1/2
sz~ oomr (122 ) () )

2mK/\0.1Mpc? 10 1 MHz
Ac \Y2( h \(Qnp?\Y
% (700 n~?) oos/\o1a1] ™K (69)

We note, though, that these noise estimates (both therrisa and sample variance) may in a
sense be overestimated, since they are calculated foranbandwidth at a single redshift (e.g.,
1 MHz around 1+ z = 20 corresponds taz ~ 0.3). If a theoretical model is fit to data covering
a wide range of redshifts, then the model in a sense smodtbetata over the various redshifts,
yielding dfectively lower noise overall. Of course, this conclusiomig model-independent
as it relies on the smooth variation with redshift typicalssumed in any model, a smoothness
that ties together, within such a combined fit, the data nreadsat various redshifts. A model-
independent way to try to reduce the errors would be to simydyage the data over wide redshift
bins, but that would erase some information about the rédsiolution, as well as features of
the power spectrum that may only appear prominently atqdati redshifts. A more direct
observational approach is to use the flexibility availabléalancing the amount of integration
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time spent per field (with more time leading to lower thermaike), on the one hand, and the
total number of separate fields of view observed (with motddieeducing the sample variance),
on the other hand.

5. The Supersonic Streaming Velocity

Current observationalfforts in 21-cm cosmology (and high-redshift astronomy mae-g
erally) are focused on the reionization era (redshift 10), with earlier times considered more
difficult to observe. However, recent work suggests that atileéisé case of 21-cm cosmology,
the pre-reionizatiorg ~ 20 era of even earlier galaxies may produce very interestontals that
make observational exploration quite promising. One aentrfor this is based on a recently
noticed éfect on early galaxy formation that had been previously retgte We discuss here this
supersonic streaming velocity, which has also been redeeeently in detail [142].

5.1. Cosmological origins

Up until recently, studies of early structure formation éased on initial conditions from
linear perturbation theory. However, Tseliakhovich & H&#2010) [45] pointed out an impor-
tant dfect that had been missing in this treatment. At early times,electrons in the ionized
gas scattered strongly with the then-energetic CMB pho®mthat the baryons moved together
with the photons in a strongly-coupled fluid. On the otherchahe motion of the dark matter
was determined by gravity, as it did not otherwise interaith the photons. Thus, the initial
inhomogenetities in the universe led to the gas and dark ntaténg diferent velocities. When
the gas recombined at~ 1100, it was moving relative to the dark matter, with a rekatielocity
that varied spatially. The root-mean-square value at réowation was~ 30 knys, which was
supersonic (Mach number 5). The streaming velocity then gradually decayeckal/a, like
any peculiar velocity, but remained supersonic (gettingrdto around Mach 2) until the onset
of cosmic heating. This is true for the root-mean-squaraejabut the streaming velocity was
lower in some regions, and up to a few times higher in others.

Figure 14 shows the contribution of fluctuations on variocales to the variance of the
velocity difference. This highlights two important properties of thigtiege motion. First, there
is no contribution from small scales, so that the relatiMecity is uniform in patches up to a few
Mpc in size; the velocity is generated by larger-scale mpdpgo~ 200 Mpc in wavelength.
The uniformity on small scales is critical as it allows a gagian of scales between the spatial
variation of the velocity (on large scales) and galaxy faiora(on small scales). Each individual
high-redshift mini-galaxy forms out of a small region @0 kpc for a 16M, halo) that can
be accurately approximated as having a uniform, local bacywind, or a uniform stream of
baryons; the relative velocity is thus also referred to &"ttreaming velocity”. The second
important feature of Figure 14 is the strong baryon acowstidlation (BAO) signature. Arising
from the acoustic oscillations of the photon-baryon fluiébbe recombination, this strong BAO
signature is a potentially observable fingerprint of tffe@ of this relative motion, as is further
detailed below.

The relative motion between the dark matter and baryons wamritself a surprise (it had
been known for decades), but before 2010 it had not beeneafitiat this fect was both impor-
tant and dropped within the standard approach. The staimdtadlconditions for both analytical
calculations and numerical simulations had been genebateeld on linear perturbation theory,
in which eachk mode evolves independently. Indeed, the relative velasityegligible if any
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Figure 14: The contribution of various scales to the mean regueelocity diference between the baryons and dark
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k. From [45].
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single scale is considered. Howeveisitmportant as anféect of large scales (which contribute
to the velocity diference) on small scales (which dominate early galaxy faompatSpecifically,
the relative motion makes it harder for small-scale ovesdiss in the dark matter to gravita-
tionally accrete the streaming gas. Now, observing suchl stales directly would require far
higher resolution than is currently feasible in radio astroy at high redshift. Nonetheless, the
relative motion is immensely important because of ite@ on star formation. Since stellar ra-
diation strongly &ects 21-cm emission from the surrounding IGM, 21-cm cosgoldters an
indirect probe of the relative velocityffect.

5.2. Hfect on star formation in early halos

The dfect of the streaming velocity on early star formation can gefully separated into
three dfects, both for physical understanding and for the purposasalytical modeling. This
also tracks the development of the subject. The fitettof the streaming velocity on halos to be
analyzed was the suppression of the abundance of halosJitsle the baryons do not follow the
dark matter perturbations as closely as they would withoeitvelocity €fect, linear fluctuations
in the total density are suppressed on small scales (whergrélvitationally-induced velocities
are comparable to or smaller than the relative velocity)cakding to the standard theoretical
models for understanding the abundance of halos as a fanctinass [53, 54]§ 2.3), this
should result in a reduction of the number density of higiisheft halos of mass up to 10°M,
[45], a mass range that is expected to include most of thdmtaring halos at early times.

The next éect to be noted [143] was that separately from tiieat on the number of halos
that form, the relative velocity also suppresses the gateoonf each halo that does form. It was
initially claimed [143] that this secondfect results in 2 mK, large-scale 21-cm fluctuations dur-
ing Lya coupling, with a power spectrum showing a strong BAO sigreatiue to the streaming
velocity dfect. These conclusions were qualitatively on the mark bueater seriously revised
quantitatively. In particular, it turned out [144, 9] th&etgas-contentfiect is a minor one on
star-forming halos, and is mainly important for the loweass gas minihalos that do not form
stars.

Meanwhile, many groups began to run small-scale numeriicallations that followed indi-
vidual collapsing halos subject to the streaming velod#d, 146, 147, 148, 149, 150, 151]. In
particular, two simulations [146, 147] first indicated thresence of a thirdfeect, i.e., that the
relative velocity substantially increases the minimunohalss for which stars can form from
gas that cools via molecular hydrogen cooling. The intaitxplanation is that even if a halo
does manage to form (albeit with a reduced gas content)e# dot contain the same dense gas
core that it would in the absence of the streaming velocitye Teason is that the densest part
of the halo (which is where stars first manage to form) comgstter well before the rest of
the halo, and is thus strongly disrupted by the streamingcitgl (which is high at early times);
thus, after a halo forms in the presence of the streamingigldt is necessary to wait longer
for a dense core to develop and bring about star formatiomerGihese simulation results on
the increase in the minimum halo mass for star formation yaiphlly-motivated fit [9] allowed
the development of a general analytical model of early stanétion that includes thefect of
density as well as all thredfects of the streaming velocity on star formation.

Figure 15 illustrates some of the results of the numericalitation studies of theffect of the
streaming velocity on galaxy formation. As expected, adakgelocity suppresses gas accretion
more strongly, in particular reducing the amount of denseagghe centers of halos. But beyond
just this general trend, the relative velocityeet gives rise to very interesting dynamics on small
scales. It disrupts gas accretion in an asymmetric way, aofilaments of accreting gas are
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M=0.0

Figure 15: The ffect of relative velocity on individual halos, from numerisahulations (including gravity and hydro-
dynamics). The colors indicate the gas density, which rafrges 1026g/cm?® (blue) to 1623g/cn® (red). Two halos
are shown ar = 20, with a total halo mass of 2 10°M,, (top panels) or & 10°M,, (bottom panels). Panels show the
result for gas initially moving to the right with a relativelgeity of O (left panels), 1 (middle panels), or 2 (right pas)el
in units of the root-mean-square value of the relative véyoo\ indicates the corresponding Mach numbet at 20.
From [148].

disrupted more easily if they are perpendicular to the lagéadl direction. In addition, halos that
form in regions of relatively high velocity develop supargowakes as they move through the
wind.

5.3. Consequences

The immediate major consequence of the streaming veloigtas the change in the large-
scale distribution of the first stars in the Universe, andrémulting pattern embedded in the
21-cm sky at very high redshift. All of this is discussed lelparticularly in§ 7.3, where the
distribution of the streaming velocity field is also showig(ie 33). Here we note some other
interesting consequences of the streaming velocity that haen suggested.

Although the relative velocity onlyfeected low-mass halos at high redshifts, those halos
were the progenitors of later, more massive galaxies. Timgsstreaming velocity may have
indirectly left a mark on later galaxies through its influenan their star-formation histories
and, thus, on their current luminosity (through their olellatr content and perhaps its feedback
on the formation of younger stars). This signature may bemable in galaxy surveys, and
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could dtect probes of dark energy through measurements of BAO pnosith the galaxy power
spectrum [152]; indeed, current data imply an upper limi8.8f6 on the fraction of the stars in
luminous red galaxies that are sensitive to the relativeoi! effect [153]. More directly, the
early streaming velocityféect on star formation in dwarf galaxies could leave remnamtiseir
properties as measured today, e.g., in the low-mass szgaili the Milky Way [154].

We note, though, that when considering thefeats on later galaxies, it is important to keep
in mind the modulation of star formation by otheffexts, in particular LW radiation§(6.2)
that suppresses molecular hydrogen cooling, and reidoigawhich suppresses gas accretion
through photoheating feedback §.1). These fects suppressed star formation in larger halos
than the streaming velocity itself, which means that thfgcted later progenitors of current
galaxies (containing a larger fraction of the final, presgay stellar content). The distribution
of LW feedback may have reflected in part the initial relatiatocity pattern [155], since the
LW radiation itself was produced by stars in small halos, reidgnization occurred later, likely
due to more massive halo$ §.1) that were notféected much by the streaming velocity. Thus,
photoheating likely did not carry a significant signatureie streaming velocity field.

Moving towards higher redshifts, as mentioned, the stragmeélocity likely did not signif-
icantly afect the main stages of cosmic reionization. However, it segged the formation of
earlier cosmic populations, perhaps including supermadsack holes az > 15 [156]. More
intriguing (and speculative) are ideas on oppostteats, whereby a large streaming velocity
may have produced a unique environment that allowed soneetshio form. A large relative
velocity may have delayed star formation enough to allowraatlicollapse to a massive black
hole [157], or it may have produced a baryonic density peakwlas séiciently displaced from
dark matter to allow the formation of an early globular ctrgfl58]. Moving on to the dark ages
(z > 30), the supersonic streaming velocity had a number of fiigmit efects on the 21-cm
power spectrum at both large and small scales [159].

6. Cosmic milestones of early radiative feedback

6.1. Reionization

The reionization of the Universe is an old subject. The okzérmn of transmitted flux short-
ward of the Lyr wavelength of quasars indicated in 1965 that the modernddseévis highly
ionized [22]. While this led to a gradual growth of literatume the theoretical development of
cosmic reionization (as summarized, e.g., in [23]), catiahs in the context of modern cosmo-
logical models of hierarchical galaxy formation were firside in the 1990’s. These included
the first numerical simulations of cosmic reionization [1861], and analytical calculations
[162, 163, 164, 165, 166, 167] that mostly followed the oltegdobal progress of reionization,
based on counting the ionizing photons from the rapidiyngsstar formation while accounting
for recombinations. Exploration of the 21-cm signatureseidnization began in one of these
numerical simulations [161] and in theoretical papers bgvéh et al. (1999) and Tozzi et al.
(2000) [139, 27].

There soon began a more detailed discussion of the struamhareharacter of reionization,
important issues for a variety of observational probes efdra of reionization, especially 21-
cm cosmology. A commonly-assumed simple model was that sthiianeous reionization,
often adopted in calculations of th&exct of reionization on the CMB. This was supported by
simulations [161, 168] that showed a rapid “overlap” stapereby the transition from individual
H Il regions around each galaxy to nearly full reionizatiomswapid Az ~ 0.1). Fast reionization
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would have made it easier to detect reionization throughdaen jump in the number of faint
Ly« sources [169, 170] (given the strongad.gbsorption due to a neutral IGM).

These same simulations also found that the H Il regions dugionization were typically
quite small, below a tenth of a Mpc for most of reionizatiorilusm sudden sharp rise (to larger
than the simulation box) once only 30% of the hydrogen massufaying 15% of the volume)
remained neutral. Predictions made on this basis [171] Wadenews for 21-cm observations,
which will find it difficult to reach the angular resolution required to see suchil $ezdures
within the cosmological 21-cm signal. Modeling of thfeet of reionization on secondary
CMB anisotropies through the kinetic Sunyaev-Zel'dovicieet (whereby the velocities of free
electrons created by reionization changed the energidsediraction of CMB photons that re-
scattered) also assumed that the ionized bubble scale weuwedry small unless quasars were
dominant [172, 173, 174].

Another basic issue about reionization is its strugtopology. At this time, both analytical
models and numerical simulations [175, 168] suggestedréianization would be outside-in
(with most ionizing photons leaking to the voids and reigrgzhem first, leaving the dense re-
gions for later) rather than inside-out (which is when ttghhilensity regions around the sources
reionize before the low-density voids). All of the just-adtconclusions were based on numeri-
cal simulations with box sizes below 10 Mpc. A simulation dfsaMpc box found some ionized
regions as large as 3 Mpc [176]. An even larger, 30 Mpc sirmangtl77] considered a field
(average) region and a proto-cluster (i.e., an overdemgenk and found substantialftiérences
between their reionization histories (thus suggestingdltoons on quite large scales), but still
supported an outside-in reionization (since the protatelureionized later than the field region).
In hindsight, most of the results summarized in this and tiegipus two paragraphs were incor-
rect or confusing.

The now-accepted paradigm of reionization began to emelga\Barkana & Loeb (2004)
[24] realized that the surprisingly strong clustering aftiriredshift halos (see secti§r3.1) leads
to H Il bubbles driven by multiple clustered galaxies ratihan individual galaxi€s(see Figures
16 and 17). This clustering is significant even on scalesrs tf Mpc, leading to typical bubble
sizes during reionization that are larger than the totaldip& of most numerical simulations of
reionization at the time. The strong bias of high-redshiffagies also settled the issue of the
topology of reionization [24], showing that it is insidetpwhile the recombination rate was
higher in overdense regions because of their higher gastg@ehsse regions still reionized first,
despite the need to overcome the higher recombinationsiate the number of ionizing sources
in these regions was increased even more strongly as a oésiut strong bias of galaxigésThe
outside-in picture, though, is still useful, as it seemslijkto apply to the internal structure of
individual H Il bubbles and to the post-reionization unaer Another important revision was
in the common view of thefeect of reionization on the abundance of dwarf galaxies imovar
environments [24].

The next big step was taken by Furlanetto et al. (2004) [2B} ereated an analytical model
for the distribution of H Il bubble sizes (Figure 18), basedam ingenious application of the

2This paper [24] was first submitted in August 2003 but was onlylished 11 months later due to initial resistance
to its novel conclusions.

3Quantitatively, the number of hydrogen atoms that must bealhitionized in each region is proportional to its
density, i.e., the féective linear bias (Eq. 30) for this quantity is unity. Themther of recombinations that must be
overcome goes as density squared, soffescéve bias is 2. The high-redshift galaxies that are thbtmhave sourced
reionization likely had a bias above 2 throughout reion@gtwith a more typical value of 5 or 10.
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Figure 16: Cosmic % o scatter in the redshift of reionization, or any other phenoonethat depends on the fraction of
gas in galaxies, versus the size of a rectangular regiomérUniverse or in a simulation). When expressed as a shift
in redshift, the scatter is predicted to be approximatelypwhdent of the typical mass of galactic halos. Regions of
size 10 Mpc are not representative and do not yield an oveilire of reionization, since fierent regions of that size
reionize at redshifts that fier by a 1- o- scatter ofAz ~ 1. One hundred Mpc boxes are required in order to decrtase
to well below unity ¢ 0.15). From [24].
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Figure 17: During reionization, ionized bubbles were aeddiy clustered groups of galaxies [24]. The illustratiaft(l
panel, from [21]) shows how regions with large-scale ovesitees formed large concentrations of galaxies (dots) whos
ionizing photons produced large ionized bubbles. At the séme, other large regions had a low density of galaxies and
were still mostly neutral. A similar pattern has been confirnmeldiige-scale numerical simulations of reionization (e.g.,
the right panel shows a two-dimensional slice from a 150 Mpwation box [178]). Multiple-source bubbles likely
dominated the ionized volume from as earlyzas 20 [179].
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extended Press-Schechter model [54]. This showed how fhieatysize rises gradually during
reionization, from a few Mpc to tens of Mpc during the mainggts, and allowed an estimate of
the resulting 21-cm power spectrum during reionizationis Hicture of reionization based on
semi-analytic models [24, 25] was then confirmed by sevenaiarical simulations that reached
suficiently large scales with boxes f 100 Mpc in size (e.g., [26, 180, 181]). The simulations
indeed showed the dominance of large bubbles due to larg@gial strongly-clustered galaxies,
though it should be noted that the price of such large boxes(ar=d remains) a limited ability
to resolve the small galaxies that were likely the dominantses of reionization.

This realization, that reionization was characterized togrg fluctuations on large scales
even if the individual galaxies that caused it were smabl, lbeen very important and influential.
It has helped motivate the large number of observatioffalts currently underway in 21-cm
cosmology § 1), since large-scale fluctuations are easier to detechéysdo not require high
angular resolution; see Eq. (67)).

Today there remain some major uncertainties about reiboiz¢hat will likely only be re-
solved by 21-cm measuremengs/(1). In terms of the overall timing, the best current ccaistr
comes from large-angle polarization measurements of thB @kich capture theféect of the re-
scattering of CMB photons by the reionized IGM. The latesasuged optical depth ofm+0.9%
[182] implies a reionization midpoint at a redshift 067 9 in realistic models (with reionization
completing somewhere in the range 6 — 8). However, the best-fit optical depth has changed
substantially with every new measurement (declining owee}, and in general it is more ftii
cult to constrain small values of the optical depth sincecthreesponding reionization signature
on the CMB is then smaller compared to systematic errors. QM8 results do strongly limit
the high-redshift onset of reionization, with a limit of ¢ethan~ 10% completion by = 10
[183]. There have long been hints of a late end to reioninadia ~ 6 [184, 185, 186, 187, 188],
but they have been controversial due to the expected largeiditions in the cosmic ionizing
background even after full reionization of the low-den$®M [189, 190, 191, 192, 193].

As far as the typical halo masses that hosted the dominamtesmwf reionization, it is
expected that Lyman-Werner radiation dissociated moédwydrogen early on [20], so that
by the central stages of reionization star formation rexuimtomic cooling, with a minimum
halo mass for star-formation of 10°M,. As reionization proceeded, the hot gas within ion-
ized regions raised the gas pressure and prevented it fritingfanto small gravitational po-
tential wells; this photoheating feedback gradually etiated star formation in halos up to a
mass of~ 3 x 10°M,, as has been studied in many calculations and numericallations
[194, 195, 98, 196, 197, 198, 161, 199, 200, 72, 201, 77, Afjarticular, this means that an era
of active star formation in dwarf galaxies prior to reioriiza may be observable directly with
next-generation telescopes [202, 203], or in the star faaomaistories of massive high-redshift
galaxies [204], although this depends also on tfiectiveness of supernova feedback in small
galaxies [205, 206].

Another interesting issue related to reionization is tliabimihalos, i.e., low-mass halos that
collect gas but do not form stars due to the lack dfisient cooling. These minihalos formed
in large numbers, clustered strongly around ionizing sesirand contained enough gas fi@e-
tively block mostionizing photons [207, 208]. However, thimihalos naturally photoevaporated
once engulfed by H Il regions [209, 210], making thefieet on reionization (which they delay)
and on 21-cm emission only modest [211, 212]. We note thataltheeir low masses, minihalos
were also stronglyféected by the baryon - dark matter streaming velogt$)
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6.2. Lyr coupling and Lyman-Werner feedback

The general course of cosmic history as relevant to 21-cmolzgyy was outlined i§ 1, and
the physics of the 21-cm transition (includingd_goupling) was described in detail §4. Here
we briefly summarize Ly coupling and LW feedback, as they are among the most imgortan
observable events in early cosmic history.

The IGM can be observed in 21-cm emission or absorptiortjvelto the CMB background,
only if the hyperfine levels of the hydrogen atom are not inildgium with the CMB. This
means that the spin temperature muffiedifrom the CMB temperature. At the highest redshifts,
atomic collisions overcome the scattering of CMB photong drive the spin temperature to
the kinetic temperature of the gas. However, this becomeffentive atz ~ 30, and the spin
temperature then approaches the CMB temperature. Luakil?f-cm cosmologists, stellar
Lya photons come to the rescue [11], moving the spin temperdtack towards the kinetic
temperature through the indirect Wouthuysen-Fidfda [18, 19]. The Ly coupling era refers
to the time during which the Ly flux reaches and passes the level neededffectve 21-cm
coupling.

Unlike reionization and heating, kycoupling and Lyman-Werner feedback are not cosmic
events that change the overall state of the IGMx lopupling is basically a 21-cm event, and
it is important because of the prospect of detecting 21-criisgon from the early eraz(~
20— 30[213, 214]) of Lyr coupling. A 21-cm observation of kycoupling (see 7.2 for more
details) is the only currently feasible method of detectimg dominant population of galaxies
from such high redshifts and measuring their properti¢gbeethrough a global 21-cm detection
of the strong mean absorption signal or by interferometri@surement of the substantial 21-
cm fluctuations expected from this era [28]. While still faprfr the very first stars a ~ 65
[8, 9], this is the highest redshift range currently envigid for observing the dominant galaxy
population, a feat which would be very exciting.

LW feedback is a major feedbaclktect on the first stars. It indirectiyffects the IGM and
the 21-cm sky through itsfiect on the radiative output from stars (includinga,yX-ray, and
ionizing radiation). LW feedback dissociates moleculaddmgen and thus it ended star forma-
tion driven by molecular cooling [20] in halos ef 10°M,, [7, 6]. If the overall (time-averaged)
star-formation #ficiency in such small, early halos was significant, then thélradiation is ex-
pected to have produced significant feedback earlyyenZ0-25) [20, 215, 213, 155], at atime
when these halos still dominated the global star formatldnis feedback strengthened gradually
as the LW intensity increased, as has been found in nhumesirtailations that imposed a LW
background on forming early galaxies (either constant witte [216, 217, 218] or increasing
more realistically [219]). Because of its gradual rise, L&&dback did not actually halt or reduce
the global star formation, but it did slow down the otherwigpid rise of star formation at high
redshifts. Like other inhomogeneous negative feedbadksfdedback increased cosmic equal-
ity by first suppressing the sites of earliest star formafith, 213, 155] (Figure 19). While
some LW photons reached out to a distance df00 Mpc from each source, the feedback was
more local than that; emission from distant sources wasrabdanore weakly, so that half the
effective LW flux seen at a given point came from sources withitb Mpc away (Figure 20).

A discussion of the 21-cm signatures of thexgoupling and LW feedback eras is deferred
to § 7.2. We note that in this topic it is essential to include theybn - dark matter streaming
velocity (§ 5) as well, since it fiects the same halos as the LW feedback, and these same halos
may have dominated star formation during thexlgoupling era.
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Figure 19: Spatial images from a simulation showing the istmas of patchy reionization and the patchig-
dissociating background on a planar slice through a box hirme (35h Mpc)® at various epochs. The level dfy 21
(the LW photon intensity in units of T8 erg cnt? s71 Hz™1 sr 1) on the grid is depicted by various colors, with the
range [10° — 107] shown on the inset of the top-left panel. On top of edgh 21 color map, contours of thick colored
lines represent élierentJ 21 levels (red, orange, blue, cyan, and green correspondidgite; = 0.01, 0.1, 1, 10, and
100, respectively). The black lines represent ionizationts. From [215].
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Figure 20: The relativefiectiveness of causingztlissociation in an absorberatdue to stellar radiation from a source
atzs, shown versus the rati® = (1+ zs)/(1 + z,) since in this form this function is independent of redshithe complex
result (solid curve) incorporates the expected stellactspm of Population 11l stars [220, 28], along with the fu#tlof

76 relevant LW lines [20]. Beyond the max sho®Rr= 1.054 (which corresponds to 104 comoving Mpaat 20), fuw
immediately drops by five orders of magnitude. Also shown is a contynased approximation [215] (dashed curve)
which is based on a flat, averaged LW spectrum. Both functionsa@rmalized to unity &R = 1. From [155].
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6.3. Cosmic heating

Before discussing heating in the context of 21-cm cosmohagybegin with a brief summary
of the basic physics of X-ray heating. The comoving mean frath of an X-ray photon, to
photoelectric absorption in a universe of neutral fractign is* [88]

L(1+2\? E V3

For photons of energl 2> 1 keV, 1x becomes a significant fraction of the horizon (Eq. 12), and
in that case cosmological redshiffects lead to a substantial loss of energy between emission
and absorption (plus there is a significant time delay betvikese two events). Once the X-
rays are absorbed, the resulting (primary) fast electrbes interact with the surrounding gas
through the processes of collisional excitation, ionmatand electron-electron scattering. These
secondary processes quickly distribute the original X-@agrgy into ionization (of hydrogen
and helium in the IGM), heating (i.e., thermalized energyyd excitation (which results in low
energy photons that then escape, so that the enerdieidieely lost). The fraction of energy
that goes into heating varies with the ionization fractibthe background medium, from around
a third of the energy in a neutral medium up to nearly all ofehergy in a highly ionized one
[88, 221, 222, 223].

It has long been known that the Universe was reionized atriytaae (§ 6.1) and thus heated
to at least~ 10,000 K by the ionizing photons. While reionization was a majoage transition
in the IGM, the question of whether the gas had been radigtpre-heated prior to reionization
is also important. Significant pre-heating of the IGM ditgeitffects 21-cm observations, and
also produces some photoheating feedback (though muctewtretn that due to reionization).

The dependence of the 21-cm brightness temperature onrieéckiemperaturdk of the
gas takes the fornTy, « [1 — Tems/Tk] (EQ. 50 or 56). Thus, the midpoint of the heating
era, or the central moment of the “heating transition”, rete the moment when the mean gas
temperature is equal to that of the CMB, so that the cosmiariigas zero; actually, the latter
would be true in a universe with purely linear fluctuationst bon-linearities delay the time
when(Ty) = 0 by an extraAz ~ 0.5 [155]. Also, clearlyTy, is more sensitive to cold gas than
to hot gas (relative to the CMB temperature). Indeed, aydarles the 21-cm absorption can
be very strong (depending on how much the gas cools), butetitaes, oncelx > Tcus,

Ty, becomes independent @k and the 21-cm emission is said to be in the “saturated héating
regime.

For a long time it was confidently predicted that the univevas well into the saturated heat-
ing regime once cosmic reionization got significantly umeg®y. The stage for this widespread
belief was set by the landmark paper in 21-cm cosmology byavast al. (1997) [11]. They
considered several possible heating sources, mainly X{fray quasars (later observed to dis-
appear rapidly at > 3, e.g., [224]) and heating from byphotons (later shown to be negligibly
small [120, 225, 226]). However, stellar remnants — paldidy X-ray binaries (Figure 21) —
have become the most plausible source of cosmic heating.i§the result of a combination of
basic facts: 1) X-rays travel large distances even througbutral IGM; 2) Large populations
of X-ray binaries should have formed among the stellar rentsassociated with the significant

“4In Eq. (70), the power-law dependenceigfon x4 is -1; it has sometimes been incorrectly listed+dg3 [88] or
-1/3 [29].
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Figure 21: The most plausible sources for cosmic heating eefeionization are early X-ray binaries, dom-
inated by black-hole binaries [228] like the one illustchtbere, where material from a companion spills
onto a black hole, resulting in X-ray emission from its adoret disk. Credit: ESO drawing from

httpy/en.wikipedia.orgwiki/File:A_stellacblack hole.jpg .

cosmic star formation that we know must have occurred inrotoleeionize the universe; 3)
Observations of the local Universe suggest not only thaayxhinaries form wherever star for-
mation is found, but that their relative populations inseday an order of magnitude at the low
metallicity expected for high-redshift galaxies [227, 2289, 230, 231].

Even with X-ray binaries as the plausible source, the comexpectation of saturated heat-
ing before reionization had remained, and had been assumadry mock analyses made in
preparation for upcoming data ([232] is a recent examplekey reason for this is that until
recently, calculations of cosmic X-ray heating [41, 29, 238, 234] had assumed power-law
spectra that place most of the X-ray energy at the low-enengly where the mean free path of
the soft X-rays is relatively short. This means that moshefémitted X-rays are absorbed soon
after they are emitted, before much energy is lost due to olugyital dfects. The absorbed
energy is then enough to heat the gas by the time of reioaizéti~ 10 times the temperature
of the CMB [92].

However, Fialkov et al. (2014) [92] recognized that the assdl X-ray spectrum is a critical
parameter for both the timing of cosmic heating and the tiegu21-cm signatures. The average
radiation from X-ray binaries is actually expected to havawch harder spectrum (Figure 22)
whose energy content (per logarithmic frequency interpaldks at~ 3 keV. Photons above
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a (roughly redshift-independent) critical energy~ofl keV have such a long mean free path
that by the start of reionization, most of these photons heteyet been absorbed, and the
absorbed ones came from distant sources that weetigely dimmed due to cosmological
redshift défects. This reduces the fraction of the X-ray energy absoalsdM heat by about a
factor of 5, enough to push the moment of the heating tramsitito the expected redshift range
of cosmic reionization (and thus, we will refer to this casdate heating). For this and other
reasons, the spectrum of the X-ray heating sources is a kayngter for 21-cm cosmology, as
further discussed i§ 7.3.

Based on low-redshift observations, other potential Xs@ayrces appear sub-dominant com-
pared to X-ray binaries. One such source is thermal emigsiom hot gas in galaxies, which
has a relatively soft X-ray spectrum. Its X-ray luminositylocal galaxies [238] is (for a given
star-formation rate) about a third of that of X-ray binari€siven the above-mentioned order-
of-magnitude increase expected in the emission from X-nagries at high redshift, the thermal
gas would have to be highhyfiicient at high redshift in order to contribute significantAlso,
some theoretical arguments suggest that X-rays produeg@iompton emission from relativistic
electrons in galaxies could be significant at high redsBB9[, though again the increase would
have to be very large compared to such emission in low-rédghirces; the expected spectrum
in this case (flat from- 100 eV to~ 100 GeV) would deliver most of the energy above 1 keV
and thus count as a hard spectrum in terms of 21-cm signa#nesher possible heating source,
large-scale structure shocks, is likely fieetive [240, 241, 149].

A natural X-ray source to consider is the population of brigiiasars. As noted above, while
guasars are believed to dominate the X-ray background atddehift [242], their rapid decline
beyondz ~ 3 [224] suggests that their total X-ray luminosity (inclodian extrapolation of their
observed luminosity function) is sub-dominant comparei4@y binaries during and prior to
reionization [228]. The rarity of quasars at early timesasunal since they seem to be hosted
mainly by halos comparable in mass to our own Milky Way; ther [absorption signature of
gas infall provides direct evidence for this [243]. More miising for early heating, perhaps,
is the possibility of a population of mini-quasars, i.e.ntrel black holes in early star-forming
halos. This must be considered speculative, since the batbs were so small compared to
galactic halos in the present universe that the correspgrigiack-hole masses are expected to
fall in a very diferent range from observed quasars, specifically withinriterinediate black-
hole range (19— 10*M,) that local observations have probed only to a limited exf2a4].
Thus, the properties of these mini-quasars are highly taicerand various assumptions can
allow them to produce either early or late heating [245, 22&]cal observations can be used
to try to estimate the possible importance of mini-quasars.internal feedback model that is
consistent with observations of local black-hole massegtias high-redshift quasar luminosity
functions [246] indicates a mini-quasar contribution tisssomewhat lower than X-ray binaries
[92], though the uncertainties are large. Regarding thetap®, standard models of accretion
disks [247] around black holes predict that the X-ray spentof mini-quasars [245] should peak
at 1- 5 keV, making it a hard spectrum for cosmic heating that isegsimilar to that of X-ray
binaries.

Regardless of the source of X-rays, an important paramettrei degree of absorption in
high-redshift halos compared to locally observed galaxiésve assume that the gas density
in high-redshift halos increases proportionally with tlesmic mean density, then the column
density through gas (within a galaxy or a halo) is proposdico (1+ 2)?M.” This simple
relation suggests that absorption of X-rays should ineredshigh redshift, since the redshift
dependence should have a strongéea than the decrease of the typical halo mass. However,
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Figure 22: X-ray spectra, mean free paths, and horizons. Xpected spectrum of X-ray binaries at high redshift
(solid curve) from population synthesis models [235, 228pisipared with the soft power-law spectrum (dashed curve)
adopted until recently [41, 29, 233, 91, 234]. Both indicite distribution into X-ray photons with enerdy of the
total X-ray energyEx produced per solar mass of newly-formed stars. The X-ray eonissdiX-ray binaries should be
dominated by the most massive systems in their high (that ishfyrigate [228], which is dominated by thermal disk
emission, with little emission expected or seen [235, 236] B8lbw 1 keV. Also shown are the mean free paths (dotted
curves) of X-ray photons arriving at= 10 (top) orz = 30 (bottom). For each of these redshifts, also indicatedtare t
effective horizon for X-rays (defined as geldrop-dt, like a mean free path) from the combinefteet of cosmological
redshift and time retardation of source}, @nd the distance o= 65 (x), the formation redshift of the first star [8, 9] (at
which the mean free path curves are cfiij.d\ote the separatgaxes that indicate energy content for the spectra (right)
or comoving distance for the other quantities (left). Fro@][9
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complex astrophysics could substantialfjeat this conclusion, since the lower binding energy
of the gas in low-mass halos could make it easier to clear ou¢of the blockading gas. Given
the large uncertainty in internal absorption (on top of ttheeouncertainties in source properties),
it is likely that only 21-cm observations will determine theecise characteristics of the high-
redshift sources of cosmic heating.

7. 21-cm Signatures of the First Stars

Ongoing and planned interferometric observations in 2ramogy hope to reach a sub-
mK sensitivity level [35, 88] (see alsh1). The best current observational upper limit is from
PAPER [33]: 22.4 mK at a wavenumber rangekof 0.1 — 0.35 Mpc* atz = 8.4, around an
order of magnitude away from plausible predictions (or twaeos of magnitude in terms of the
power spectrum). Global 21-cm experiments (measuringdtad $ky spectrum) are also being
pursued, with the best result thus far (from the EDGES erpamt) [44] being a lower limit of
Az > 0.06 for the duration of the reionization epoch. In the next sections we focus on
21-cm fluctuations, and consider global experiments ségigiia § 7.5.

7.1. 21-cm signatures of reionization

In § 6.1 we discussed the important realizations that reioiozat/as driven by groups of
galaxies, the early galaxies were strongly clustered ogelacales, and reionization had an
inside-out topology. These features of reionization stiall be observable with 21-cm cos-
mology. Figure 23 shows an example of 21-cm maps during i®tion, as predicted by nu-
merical simulations; a semi-numerical model gives a quiit@lar reionization field though it
differs in the fine details. Another example is shown in Figurewtt#ich is from a simulation
that computes the ionization, kyand X-ray fields.

The typical evolution of the 21-cm power spectrum duringnaigsreionization is illustrated
in Figure 25, using an analytical model [36] that was showibéoin reasonable agreement
with numerical simulations. Early on, when the cosmic iediZraction is~ 10%, the 21-cm
power spectrum simply traces the baryon density power gpactassuming here the limit of
saturated Ly coupling and saturated heating). As reionization advanidel bubbles form
around individual sources and begin to overlap betweerbgesiurces, giving the 21-cm power
spectrum an extra hump on large scales, with the correspohkdjradually decreasing as the
typical size of the bubbles increases. At the final stagesiohization, the 21-cm intensity
probes the distribution of remaining neutral gas in largalesunderdensities, and at the very end,
atomic hydrogen remains only within galaxies. Figure 2 dlsstrates how the 21-cm power
spectrum can be used to probe the properties of the galdsdieare the sources of reionization.
By artificially setting various values for the minimum citauvelocity (or mass) of halos that
dominate star formation, it is possible to simulate casesresemall galaxies dominate or where
large galaxies do (the latter case illustrating a situatibere internal feedback is highlyfective
within small galaxies). Placing a fixed total amount of ianigintensity within a smaller number
of more massive halos has a numberfééets on the 21-cm power spectrum; large halos are rarer
and more strongly biasgdustered, leading to a higher power spectrum (in ampljtualenore
prominent H Il bubble bump that extends to somewhat larggdescand a more rapid reionization
process (in terms of the corresponding redshift range).

An important question is how to fit the 21-cm data that are etqgeesoon from the cosmic
reionization era. In general, the 21-cm power spectrumdugionization is a complex superpo-
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Figure 23: 21-cm maps during reionization, in radiative $fan simulations versus a semi-numeric approach. Each
map is 94 Mpc on a side and 0.36 Mpc deep. The ionized fractimm®.41, 0.33, and 0.52 far = 8.16, 7.26, and
6.89, respectively. Left column: Radiative transfer cadtioh with ionizing sources (blue dots). Middle column: Halo
smoothing procedure with sources from the N-body simulatiRight column: Matching semi-numerical model based
on [25] and using the initial, linear dark matter overdendfyom [180].
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Figure 24: 21-cm maps from a 1A®Mpc simulation box that includes inhomogeneoug land X-ray radiation fields,
in addition to reionization. The ionized fractions are @PP0.03, 0.35, and 0.84 far= 20.60, 15.24, 10.00, and 7.40,
respectively. From [181].
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Figure 25: Evolution of the 21-cm power spectrum througheiainization, for a model that sets the cosmic mean ionized
fractionx; = 98% atz = 6.5. Shown are times whex = 10%, 30%, 50%, 70%, 90%, and 98% (from top to bottom
at largek). At the very end of reionization, atomic hydrogen remains/amithin galaxies (this gas is not included in
these plots). The panels show twdtdient possibilities for the masses of galactic halos, assuemminimum circular
velocity for star formation o¥/. = 35 knys (left panel) or 100 kifs (right panel). From [36].

sition of the fluctuations in density and ionization (andgibly heating: se@ 7.4); in order to in-
terpret it quantitatively and reconstruct the history adnézation and of early galaxy formation, a
flexible model is needed. Fitting to data cannot be done tjredth numerical simulations, and
is difficult even with a faster-running semi-numerical code. Thhues first maximum likelihood
fitting of mock data [36] was done with the analytical modetatbabove. The computational
efficiency of this approach made it possible to employ a flexiblgparameter model that param-
eterized the uncertainties in the properties of high-rétghlaxies; specifically, the parameters
were the cofficients of quadratic polynomial approximations to the rétiskolution of two pa-
rameters: the minimum circular velocity of galactic halasd the overall #iciency of ionizing
photon production within galaxies. The conclusion (seaif§6) was that observations with a
first-generation experiment should measure the cosmigzédrfraction to~ 1% accuracy at the
very end of reionization, and a few percent accuracy arobedrid-point of reionization. The
mean halo mass hosting the ionizing sources should be naddso better than 10% accuracy
when reionization is /3 of the way through, and to 20% accuracy throughout the aksitage
of reionization [36]. Recently the semi-numerical code RIFAST [91], in a sped-up version
that employs some approximations, has been incorporatedtlgi within 21CMMC, a Monte
Carlo Markov Chain statistical analysis code. One resuiivdd with this code (see Figure 27)
is that combining three observations fat 8, 9 and 10) of the 21-cm power spectrum will allow
upcoming 21-cm arrays to accurately constrain the basanpeters of reionization [250].

7.2. 21-cm signatures of kycoupling and LW feedback

As previously discussed, the idea of unusually large flizna in the abundance of early
galaxies § 3.1) first made a major impact on studies of cosmic reioropa§ 6.1). The same
idea was also key in opening up cosmic dawn, prior to reiditimato interferometric 21-cm
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Figure 26: Expected reconstruction errors throughout cosemnization, from fitting models to mock data of the 21-cm
power spectrum (with the expected errors of a first-germratkperiment). The models are based on an analytical model
[248, 249] that is in reasonable agreement [36] with numesirallations of reionization. The-axis shows the stage

of reionization, i.e., the fraction of the IGM that has beeionized &). Models of varying degrees of flexibility are
considered, with 2—6 free parameters (bottom to top in eacbfsmirves). The input model of the mock universe sets
the end of reionization (defined as 98% of the IGM being iotjz#t z = 6.5, with galactic halos assumed to have a
minimum circular velocity (Eq. 23). = 35 knys. A horizontal dashed line separates the two areas of thehad
show the expected relative error in the intensity-weighme@n mass of galactic halos (top) and éhsoluteerror in the
ionized fraction (bottom). Dots on the horizontal line shéw values of corresponding to the 19 assumed observed
redshifts (in the range= 6.5 — 12). From [36].
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Figure 27: The recovered constraints from 21CMMC on vari@isnization model parameters from combining three
independentZ = 8, 9 and 10) 1000 hr observations of the 21 cm power spectrumeeTditerent telescope arrays are
compared: the current LOFAR (turquoise), and the future HERA) and SKA phase 1 (blue). Across the diagonal pan-
els, the 1D marginalized PDFs are shown for the recoveredigsition parameters [the ionizingfieiencyp, showing

the corresponding escape fraction of ionizing photfagson the topRmfp, the mean free path of ionizing photons within
ionized regions; and qu(T\ﬁfe‘]), WhereT\Efedis the minimum virial temperature of star-forming halos], witle input
model parameter value indicated by a vertical dashed linéndthiree panels below the diagonal, 2D joint marginalized
likelihood contours are shown for various pairs out of the¢hreionization parameters. The {thick) and 2- (thin)
contours are shown, with crosses marking the input parametees. From [250].

67



observations, by launching the study of fluctuations in titerisity of early cosmic radiation
fields. The fact that fluctuations in the galaxy number dgnsituse fluctuations even in the
intensity of long-range radiation was first shown, spedifidar the Lya radiation background,
by Barkana & Loeb (2005) [28]. The spin temperature of hydrogtoms in the IGM is coupled
to the gas temperature indirectly through the WouthuysetdEfect [18, 19], which involves
the absorption of Ly photons § 4). While it had been previously known [11, 120] that this
Lya coupling likely occurred in the IGM due to kyphotons emitted by early starszat 20-30,
this radiation background had been assumed to be uniforis.iftaition was based on the fact
that each atom sees &yadiation from sources as far away-a800 Mpc. However, it turns out
that relatively large, potentially observable, 21-cm fluations are generated during the era of
initial Ly & coupling, for two reasons: fluctuations in the number dgrwithe (highly biased)
early galaxies are significant even on scales of order 100 ipat also a significant fraction of
the Lya flux received by each atom comes from sources at smallemdissa Since relatively
few galaxies contribute most of the flux seen at any giventpéinisson fluctuations can be
significant as well, producing correlated 21-cm fluctuaigsince a single galaxy contributes
Ly« flux to many surrounding points in the IGM). If observed, therlfluctuation signal would
not only constitute the first detection of these early galsxbut the shape and amplitude of the
resulting 21-cm power spectrum would also probe their yeepoperties [28] (Figure 28).

This discovery of Ly fluctuations has led to a variety of follow-up work, inclugimore
precise analyses of the atomic cascades of Lyman seriesnshfdt23, 251]. Also, a significant
boost is predicted in the 21-cm power spectrum frora flyctuations due to the repeated scatter-
ing of the photons from stars on their way to the hydrogen atamt in the wing of the Ly line
[252, 253, 254] (Figure 29). The repeated scatterings nieatriiie Lyr photons do not reach
as far (in the fixed time until they redshift into — and then olit- the line), which decreases
the overall large-scale smoothing and thus increases tdigbed level of 21-cm fluctuations.
Moreover, the increased sensitivity tod-yphotons from short distances makes the overall 21-
cm power spectrum sensitive to the sizes of H Il regions atvhry early stage in reionization
(Figure 29). Note that in addition to direct stellar emissibya photons are also produced in the
IGM from X-ray ionization; however, despite early overasdies [29], the contribution of these
Lya photons in typical models is 1% compared to stellar lkyyphotons [214].

As discussed i§ 6.2, LW feedback is an important feedbadkeet on early galaxies, as it
dissociates molecular hydrogen and eventually ends stawafmon driven by molecular cooling
[20]. Thus, it dfects 21-cm fluctuations indirectly by changing the amourt distribution of
star formation [213]. Thefect becomes particularly striking once the baryon - darkienat
streaming velocity§ 5) is included. Assuming that star formation is dominated @M, halos
at very high redshift, the streaming velocity strongfieats them and produces a distinctive BAO
signature in the 21-cm fluctuation$ 7.3). Since LW feedbackicts star formation in precisely
the same halos that arffected by the streaming velocity, thfectiveness of the feedback has a
major dfect on 21-cm observations [155] (Figure 30). This is paléidy important since there
is a substantial uncertainty in the strength of LW feedbackarly star formation (although this
subject has been explored somewhat with numerical sinonlsitf 6.2); thus, the prospect that
21-cm observations over a range of redshifts will detectithe evolution of the LW feedback
is quite interesting.

7.3. Large 21-cm fluctuations from early cosmic heating
As discussed in detail ift 6.3, until recently it was expected that the universe had lpee-
heated well before cosmic reionization. This early heatitag thought to be likely due to the
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Figure 28: Power spectra of 21-cm brightness fluctuationsi units) from Ly fluctuations, plotted versus (comoving)
wavenumber. Shown are two components of the power spectrurimtbanciple can be separated (in the limit of linear
perturbations) based on the line-of-sight anisotropy ef 2fi-cm fluctuations [13]§(4.3): P,z (top panel) contains
contributions directly from density fluctuations and frdme tlensity-induced fluctuations in galaxy density and floege

in Lya flux, andPyn_s (bottom panel) is due to ly fluctuations from Poisson fluctuations in galaxy numbers.s€&he
results are for galaxies formed via atomic cooling in haloz-at20, with a star formationféiciency set to produce the
Lya coupling transition at this redshift. They also assume lifieatuations, and that the IGM gas cooled adiabatically
down to this redshift. Each set of solid curves includesyftiottom to top ak = 0.1 Mpc™, stellar radiation emitted
up to Ly, Lys, or full Lyman-band emission, all assuming Pop Il stars. Nbt the results shown here from the first
such prediction [28] were later updated (Figure 29).
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Figure 29: 21-cm power spectruf(in terms of the brightness temperature fluctuation at waveeuk)tas a function of

k. Shown are two components of the power spectrum that in ptncan be separated (in the limit of linear perturbations)
based on the line-of-sight anisotropy of the 21-cm fluctrei{13] § 4.3): Prux—s (top panels) contains the contribution
of density-induced Ly fluctuations and?,,s (bottom panels) is due to kyfluctuations from Poisson fluctuations in
galaxy numbers. Compared here are the earlier result from(if28uiding the correction from [123, 251]) (short-dashed
curves), the result corrected to use the precise densityeamperature power spectra from [70] (long-dashed curves),
and from [254] the same calculation with a cfiitdue to individual H Il regions around galaxies (solid cupteg lower

of each pair), and the full calculation (higher solid curfeach pair) which also includes the redistribution of pimsto
due to scattering in the wing of the &jine. Two possible examples are shown for galactic halosyevtieir minimum
circular velocity is assumed to b = 16.5 knys (left panels, corresponding to atomic coolingMer= 35.5 knys (right
panels, an example of a case where internal feedback makesnuaes halos irficient at star formation). Negative
portions are shown dotted in absolute value. Note that tresdts assume the simple case of a fixed H Il region size
around all galaxies; more realistically, the small-scalgirig seen in this Figure may be smoothed out by a scatter in
H Il region sizes, but the overall shape and the peak of eacte @re more robust predictions. From [254].
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Figure 30: Power spectra of the 21-cm brightness temperfiurarious strengths of LW feedback: no feedback (red),
relatively weak feedback (blue), relatively strong feedb@reen) and saturated feedback (i.e.Haamolecules; black);
each case is shown either with (solid) or without (dasheelstheaming velocity. The weak and strong feedback cases
roughly bracket current uncertainties, although recentiitions [219] give some support to the strong case. Thetsesul
in each case are shown at a time of particularly strong hedtictuations, aAz = 3 earlier (i.e., higheg) than the
moment when the cosmic mean 21-cm temperature is zero. The stgeaghdgity increases and flattens the large-scale
power spectrum, and strengthens the BAOs (e.g., at the smaje-peak a = 0.05 Mpc™2); this efect (which is wiped
out in the limiting case of saturated feedback) is partiallpmessed by the LW feedback. This Figure from [155]
assumed the case of early cosmic heating by a soft X-ray spe¢¥rid.3); in the more likely case of late heating by a
hard X-ray spectrum§(7.4), the combinedféect of LW feedback and the streaming velocity would be mofiécdit to
observe with heating fluctuations, but would still be obabte during the somewhat earlier era obdfjuctuations.
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high heating #iciency of the soft X-ray spectrum that had been assumed ¢uledions of cos-
mic heating. Soft X-rays are absorbed in the neutral IGM osfatively short distances, making
heating a local phenomenon that can potentially give risarte temperature fluctuations in the
early IGM. Indeed, when combined with the idea of unusualgé fluctuations in the abun-
dance of early galaxies 3.1), the expectation of large-scale fluctuations in icidra(§ 6.1)
and in the Lyr radiation background§(7.2) can be extended to the X-ray background. The first
calculation of heating due to an inhomogeneous X-ray baxkyt, by Pritchard & Furlanetto
(2007) [29], applied to X-rays a similar method as in therlgase [28]; integrating the heating
over time to find the distribution of gas temperatures, tiseltavas the prediction of another era
of detectably large 21-cm fluctuations (Figure 31).

As discussed ir§ 3.2, while numerical simulations are the best, most aceuragthod for
studying early galaxy formation on small scales, they am@biato simultaneously cover large
volumes. Simulations that successfully resolve the tinyifgalaxies that dominated star forma-
tion at early times are limited te 1 Mpc volumes, and cannot explore the large cosmological
scales that might be accessible to 21-cm observations lvan currently limited to low reso-
lution). On the other hand, analytical calculations aratihto linear (plus sometimes weakly
non-linear) scales, and thus cannot directly probe thelinear astrophysics of halo and star
formation. Even if the results of simulations are incorpedavithin them, analytical approaches
assume small fluctuations and linear bias (see the end dabgetB), assumptions that break
down in the current context, where the stellar density gdnieorders of magnitude on scales of
a few Mpc. Even on 100 Mpc scales, fluctuations in the gas testyre are as large as order
unity (see below). Thus, linear, analytical calculatioas only yield rough estimates, even for
large-scale fluctuations.

As a result of these considerations, perhaps the best tunethod to generate observable
21-cm predictions from the era of early galaxies is with arfdjtsemi-numerical code that com-
bines linear theory and full calculations on large scalek analytical models and the results of
numerical simulations on small scales. Such methods hae d@mpared with numerical sim-
ulations of reionization [180, 181], and have also been ts@dedict the fect of the streaming
velocity on high-redshift galaxy formation [45, 143]. Figl82 shows a prediction of the 21-cm
signatures of X-ray heating made with the semi-numericdec®1CMFAST [234]. The light-
cone slices show the progression through cosmic 21-cmriistollisional decoupling during
the dark ages (black, far-right region),d.goupling (black to yellow transition), X-ray heating
(yellow to blue), and reionization (blue to black).

In the case of soft X-ray heating sources, heating fluctoatéwe the largest, most promising
source of pre-reionization 21-cm fluctuations, but everhis tase there remains a large uncer-
tainty in predicting the signal. The redshift at which thigral peaks depends on the overall
efficiency of X-ray production, with higherfigciency leading to an earlier cosmic heating era.
This uncertainty is not too problematic since planned olzg&ms will cover a wide redshift
range and find the signal if it is there. Given the correctnétishe strength of the signal still
depends on the typical mass of the galactic halos that httsted sources. The more massive the
halos, the more highly biased (clustered) they are expéoctedve been, thus producing a larger
21-cm fluctuation signal. However, the baryon - dark matieesning velocity § 5) greatly cuts
down this uncertainty, as it boosts the expected signal fmmmass halos nearly to the same
level as that from high-mass halos. Observational prexfistthat include the streaming velocity
were achieved with a semi-numerical method [255].

This approach built upon previous semi-numerical methagkd for high-redshift galaxy
formation [45, 143, 91]. It used the known statistical pmbigs of the initial density and ve-
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Figure 31: Power spectra of 21-cm brightness fluctuatioms fremperature fluctuations during cosmic X-ray heating
[29]. Shown are the total isotropically-averaged flucmmiitop panel) and the main anisotropic telPp (bottom panel)
from the line-of-sight anisotropy of the 21-cm fluctuatid8] (§ 4.3). These quantities are shown at a wavenumber
k = 0.1 Mpc 2, including the €ects of heating fluctuations only (dotted curves) Ifjuctuations only (dashed curves),
or both (solid curves). Two models are shown, one correspgridi Pop Il stars (thick curves) and the other to Pop IlI
stars (thin curves). Note that this Figure from [29] assunmezhl fluctuations, early heating by a soft spectrum of X-ray
sources, and did not include the boost in the [flctuations by a factor of 1.5 (Figure 29) from multiple scattering.
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Figure 32: Slices through the predicted 21 cm signal for ndalculated with the semi-numerical code 21CMFAST.
The slices show the evolution of the 21-cm brightness tentperavith distance along the light cone, with the redshift
indicated on thex-axis, and they-axis showing spatial structure at each redshift. In the modme, T indicates the
minimum assumed virial temperature of galactic halog @@orresponds to atomic cooling), fuv and fx parameterize
the ionizing and X-ray ficiency, respectively, and the final number indicates the meaay>photon energy (“1 keV”
indicates a soft power-law starting at 0.3 keV, with a meart@henergy of 0.9 keV, these quantities are 3 times larger
for the “3 keV” case). These models assume heating via softyX-rexcept for the extreme (bottom-most) model in
which very intense X-rays dominate reionization (not jusitirey). From [234].
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locity perturbations to generate a realistic sample us&eam large, linear scales. This was
followed by a calculation of the stellar content of each powthe grid using a model [9] pre-
viously developed to describe the streaming velocifga on galaxy formation; this includes
analytical models as well as fits to the results of smallescaimerical simulations. Like other
semi-numerical codes, it assumed standard initial peatiohs (e.g., from a period of inflation),
where the density and velocity components are Gaussiaomafidlids.

Velocities are coherent on larger scales than the densigytalthe extra factor of/k in the
velocity from the continuity equation that relates the twedd$. This is clearly apparent in the
example shown in Figure 33 of a thin slice of a simulated v@ufrhe density field fluctuates on
relatively small scales, while the velocity field shows atarscale cosmic web, with coherent
structure on scales of order 100 Mpc. This means that thedaggales will be dominated by
the pattern due to the velocityfect, as long as the streaming velocity significantfgets star
formation.

The resulting distribution of stellar density at= 20 is also shown in Figure 33. Note the
large biasing (i.e., amplification of fluctuations) of tharst density fluctuations ranging up to
+50% yield (without including the streaming velocity) a fielflstellar density that varies by over
a factor of 20 (when both fields are smoothed on a 3 Mpc scale).v&locity dfect produces a
more prominent cosmic web on large scales, marked by largerent regions that have a low
density of stars, separated by ribbons or filaments of higtfstmation. The #ect is much more
striking at higher redshifts (Figure 34), and it thus subttdly alters the feedback environment
of the very first generations of stars. The various typesdifteon that produce feedback spread
out to a considerable distance from each source, but thismtis is typically not as large as the
span of the velocity-induced features. This means thapnsgdf low velocity (and thus high star
formation) experience radiative feedback substantialyier than regions of high velocity (low
star formation). Thus, the substantiflleet of the velocities on early star formation makes early
feedback much more inhomogeneous than previously thought.

Observationally, these degree-scale fluctuatidfectvarious cosmic radiation backgrounds,
and in particular the history of 21-cm emission and absomtAs noted above, in the presence
of soft X-ray heating sources, the heating fluctuations pcedhe largest pre-reionization 21-cm
fluctuations, typically from sometime after thed-goupling has mostly saturated. As for the LW
flux, here we consider the case of negligible LW feedback (@s assumed in Figures 33 and
34), but below we bracket théfect of the LW flux by also considering the opposite limitingea
where the LW transition has already saturated (i.e., cotalylelestroyed hydrogen molecules);
the dfect of various strengths of LW feedback was discussed in uheta! in§ 7.2.

Figure 35 shows the gas temperature distributiom at 20, assumed to be at the heating
transition, i.e., when the mean H | gas temperature was dquilat of the CMB. Regions
where the gas moved rapidly with respect to the dark mateek(ebd regions, top right panel of
Figure 33) produced fewer stars (dark blue regions, botight panel of Figure 33) and thus a
lower X-ray intensity, leaving large regions with gas tteastill colder than the CMB by a factor
of several (dark blue regions, top right panel of Figure 3% spatial reach of X-rays results in
a gas temperature distribution that is smoother than thghiifon of stars, and this brings out
the dfect of large-scale fluctuations and thus highlights thereshbetween thefkact of density
and velocity fluctuations.

During the heating transitior§ (6.3), the 21-cm brightness temperature (shown in the bot-
tom panels of Figure 35) mainly measures the gas (kinetiop&atureTy, although it is also
proportional to the gas density (and to the square root-efZl The form of the dependence,
Tp < 1-Tems/ Tk, makes the 21-cm intensity more sensitive to cold gas thaottgas (relative
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Figure 33: Hect of the streaming velocity on the number density of staredghift 20. The large-scale density (top
left panel) and velocity (top right panel) fields are showntlos top. For the density field, the fractional perturbation
relative to the mean is shown, at 20; for the velocity field, the magnitude of the relative motiorunits of the root-
mean-square value is shown (the map is independent of reiisthifise relative units). For the same slice, the traditional
calculation (lower left panel), which includes thifeet of density only, is compared to the new prediction (lovightr
panel), which includes thefect of the same density field plus that of the streaming velo@itye colors in the bottom
panels correspond to the logarithm (base 10) of the gasdreictunits of its cosmic mean value in each case. The panels
all show a 3 Mpc thick slice (the pixel size of the grid in thens@umerical code) from a simulated volume 384 Mpc on
a side (based on [255], but taken from &elient box from the one shown in the Figures in [255], i.e. gfdlifferent set

of random initial conditions).
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Figure 34: Hect of the streaming velocity on the number density of stamsdztift 40. For the same slice as in Figure 33,
we compare the traditional calculation (left panel), whictludes the €ect of density only, to the new prediction (right
panel), which includes thefect of the same density field plus that of the streaming velo@itye colors correspond to

the logarithm of the gas fraction in units of its cosmic meamgah each case. The color scale spans the same range as
in Figure 33 for easy comparison.

to the CMB temperature). Thus, the large voids in star foimngtroduced by a high streaming
velocity lead to prominent 21-cm absorption (dark blueaagj bottom right panel of Figure 35)
seen on top of the pattern from th&ezt of density fluctuations. These deep 21-cm cold spots
are a major observable signature of tiieet of the streaming velocity on early galaxies.

While Figure 35 illustrates the detailed pattern that theastring velocity imprints on the
21-cm intensity distribution, upcoming experiments arpested to yield noisy maps that likely
must be analyzed statistically. Figure 36 shows the predigfect on the power spectrum of the
fluctuations in 21-cm intensity [255]. The velocities enbatarge-scale fluctuations (blue solid
curve compared with red dotted), leading to a flatter powecspm with prominent baryon
acoustic oscillations (reflecting the BAO signature in Feg@i4). The signal is potentially ob-
servable with a redshift 20 version of current instrumegte€n dashed curve). If there is com-
plete LW feedback (solid purple curve), then the small gakthat rely on molecular-hydrogen
cooling are unable to form; the larger galaxies that doneimathat case are almost tected
by the streaming velocity, so the 21-cm power spectrum teverthe density-dominated shape
(compare the solid purple and red dotted curves), but itimesceven higher since more massive
galactic halos are even more strongly biased.

Thus, regardless of the strength of the LW feedback (or atkgative feedbackfkects on
small galaxies), the 21-cm power spectrum at the peak of ¢ladirig transition should feature
large fluctuations on observable scales. Beyond just deteatthe signal, only a mild additional
accuracy is necessary in order to determine whether fekdizsuppressed star formation in
the smallest halos. If it has not, then the velocifieet produces strong BAOs on top of a
flattened power spectrum, in particular raising it by a factb4 on large scalesk(= 0.05
Mpct, wavelength 130 Mpc, observed ang)@ &f a degree) where the experimental sensitivity
is optimal. If this characteristic shape is observed it wlocbnfirm that million mass halos
dominated galaxy formation at this early epoch.

While Figure 36 considers a single redshift, similar obsowa over the fullAz ~ 6 red-
shift range of significant heating fluctuations could adiudétect the slow advance of the LW
feedback process, during which the power spectrum is pellio continuously change shape,

77



T, without velocity T, with velocity

40

-80

Figure 35: Hrect of the streaming velocity on the gas temperafig@nd on the 21-cm brightness temperatUigeat
redshift 20. For the same slice as in Figure 33, we compareatiiitmal calculations (left-hand panels), which include
the dfect of density only, to the new predictions (right-hand ge)pevhich include the #ect of density and streaming
velocity. The colors in the top panels correspond to theritiga of the gas (kinetic) temperature in units of the CMB
temperature at = 20. The colors in the bottom panels correspond to the 21-éghtmess temperature in millikelvin
units. Note that the observed wavelength of this 21-cm tamtfias redshifted by the expansion of the universe to 4.4
meters (corresponding to a frequency of 68 MHz).
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Figure 36: Signature of the streaming velocity in the 21-crwgrospectrum, at the peak of the X-ray heating transi-
tion. The prediction is shown including the streaming velpeifect (blue solid curve) or with thefiect of density
only (red dotted curve), both for the case of a late LW trémsifor which the LW feedback is still negligible at the
heating transition. These predictions are compared to tjeqed le telescope sensitivity (green dashed curve) based
on a 1000-hour observation with an instrument like the MwehiWide-field Array or the Low Frequency Array but
designed to operate at 50—100 MHz [35], including an estichdegradation factor due to foreground removal [256];
this sensitivity is defined as the signal that would yield a sneament with a signal-to-noise ratio of unity in e&dhin

of sizeAk = 0.5k averaged over an 8 MHz frequency band (where only thermaénsigcluded). Future experiments
like the Square Kilometer Array should reach a better seitgitoy more than an order of magnitude [35]. To allow for
the possibility of feedback, the prediction is also showthia opposite limit of maximum feedback, i.e., an early LW
transition that has already saturated (purple solid curvebhis plot, the heating transition has been fixead at 20 for
easy comparison among the various cases. Error bars on the rediatjpn curve indicate the4 o- sample variance in
one simulation box. From [255].
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gradually steepening as the BAO signature weakens towandsdshift (see Figure 30 §7.2).
This is all the case if the Universe was heated by soft X-rHyswas heated by hard X-rays (see
the next subsection), then the heating peak is largely érase similar éfects of the streaming
velocity are expected on the 21-cm signal duringzhe25 fluctuation peak from the Lyman-
coupling transition§ 7.2).

7.4. Late heating and reionization

As discussed i§ 6.3, it was recently realized that the hard X-ray spectruaratteristic of
X-ray binaries, the most plausible source of early cosmatihg, is predicted to have produced
a relatively late heating, possibly encroaching on thenigation era. Theféect of this on the
global 21-cm signal is discussed §n7.5. Here we discuss the key consequences for 21-cm
fluctuations.

A major dfect of X-ray heating by a hard spectrum is the suppressioi-ai2 fluctuations
due to heating. Under the previously assumed soft spebieasttort typical distance traveled
by the X-ray photons was found to produce large fluctuatiarthe gas temperature and thus in
the 21-cm intensity around the time of the heating transjtregardless of when this transition
occurred [29, 233, 255]§(7.3). However, the larger source distances associatedanitard
spectrum lead to a much more uniform heating, with corregipgty low temperature fluctua-
tions even around the time of the heating transition, wher2thrcm intensity is quite sensitive
to the gas temperature. This trend is strengthened by latingeas it occurs at a time when the
heating sources are no longer as rare and strongly biaskeyasould be in the case of an earlier
heating era. Thus, heating with a hard X-ray spectrum isigtexdi to produce a new signature
in the 21-cm fluctuation signal: a deepnimumduring reionization [92]. This results from the
low level of gas temperature fluctuations in combinatiorhwitsuppression of the 21-cm impact
of other types of fluctuations (i.e., in density and ioniaaji in particular, right at the heating
transition, the cosmic mean 21-cm intensity is (very ngagro, and thus all fluctuations other
than those in the gas temperature disappear (to linear)drder the 21-cm sky.

This dfect is visually apparent in simulated maps (Figure 37). lconping observations, it
is likely to be apparent in the measured 21-cm power spectRigure 38). Depending on the
parameters, the deep minimum (reaching below 1 mK) may @at@my time during reionization,
but is likely to occur before its mid-point. Previously, tfiectuation signal was expected to
lie within a narrow, well-defined range, allowing for a rélaty straight-forward interpretation
of the data in terms of the progress of reionization; the ipdig of a hard X-ray spectrum,
however, introduces a variety of possibilities, makingkiely that modeling of the 21-cm data
will involve an analysis of the interplay of heating and réation.

If a sufficient sensitivity level can be achieved, a low minimum in2ecm power spectrum
during reionization would be a clear signature of late mgatiue to a hard X-ray spectrum.
Indeed, a clear observational indication that this featmeesponds to a cosmic milestone is
that the minima at ak > 0.5 Mpc™* should occur at essentially the same redshift (namely the
true redshift of the heating transition); lower wavenunsbesrrespond to larger scales than the
typical X-ray mean free path, leading to a more complicatedigion and to minima delayed to
lower redshifts (see also Figure 41). More generally, olzggms of the 21-cm power spectrum
over a broad range of wavenumbers will clearly probe the Kaectrum of the sources of
cosmic heating [92, 257, 258, 130].

Beyond reionization, heating by high-energy X-rays rensabe previously expected signal
from an early heating transitior§ (7.3) atz ~ 15 - 20, but leaves in place the similar~
20 - 25 signal from the Lymam- coupling transition that is likely detectable with the Sgua
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Figure 37: Example of a predicted 21-cm map from a semi-numerazié, atz = 12.1, comparing the case of heating
sources with a hard X-ray spectrum (right panel) and theipusly-assumed soft spectrum (left panel), shown on a
common scale. For the hard spectrum, this redshift corresponiti® cosmic heating transition. In this comparison,
both cases have the same underlying distribution of star filemat a given redshift, so they have the same ionized
patches (at an early stage of reionization, when 14% of tiM h@s been reionized) and a similar distribution pattern
of gas temperature and of 21-cm temperature. However, fteretice is visually striking, in that the map for the hard
spectrum is strongly suppressed in terms of both the typilalevof T, and the typical size of its fluctuations. From
[258].

Kilometre Array § 7.2); actually, in this case the kypeak is stronger and more extended in
redshift, since it is not cutfbby early heating as in the case of soft X-rays [258]. It cousta
affect other observations of high-redshift galaxies. For goansince late heating implies weak
photoheating feedback during the cosmic heating era, lassnhalos may continue to produce
copious stars in each region right up to its local reion@atnote though that internal feedback
(arising from supernovae or mini-quasars) could still tistar formation in small halos.

7.5. The global 21-cm spectrum

This section thus far has focused on 21-cm fluctuations, ampditicular the 21-cm power
spectrum. The power spectrum encodes a lot of informatiautatne various sources of 21-
cm fluctuations, and it is a rich dataset consisting of arreiftinction of wavenumber at each
redshift, or potentially even much more than that due to the-df-sight anisotropy§ 4.3).
This information can hopefully be extracted from data okediwith radio interferometers, after
dealing with the expected thermal noise and sample varjdoegground residuals, and artifacts
of the imperfectly-known responses of the radio antenndeeceivers.

A very different approach is to measure the total sky spectrum andt dleteedshift evo-
lution of the global, cosmic mean 21-cm intensity. A globgberiment requires a simple, rela-
tively cheap setup (an all-sky antenna) compared to theufiticin experiments, and the total sky
naturally yields a higher signal-to-noise ratio and a spdlgtsmoother foreground than found
in small patches (which are the basic units of the fluctuagixperiments). In order to make
success more likely, observations can focus on constrastiarp frequency features, without
attempting to measure the absolute cosmological 21-cms@migevel (which is much harder).
During reionization, there should be a decrease in the gRibam emission due to the overall
disappearance of atomic hydrogen6(1). This global step, while not sudden, is still expected
to be fairly sharp in frequency. At higher redshifts, a stdgprease towards negative brightness
temperature should occur due to the rise of the first stargesudt of Ly coupling of the cold
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Figure 38: The fluctuation level of the 21-cm brightness temafpee is shown versus the ionized (mass) fraction of the
universex; (starting on the right fronz = 15). We compare results obtained with a hard X-ray binary tspec[228]
(solid curves) to those with the previously-adopted soéicsium (dashed curves), and show the commonly-assumed
saturated heating case for reference (black dotted curVés)curves show various cases, in order to give a reasonable
idea of the range of parameter space given current uncéeminthus, the best guess for the X-rdficéency (green
curves) is shown along with arfiigiency lower (red curves) or higher (blue curves) by a facforv10, each with
either early or late reionization (given current uncetiagabout its timing: seg 6.1). The fluctuation is shown at a
wavenumbek = 0.1 Mpc! (top panels) ok = 0.5 Mpc™! (bottom panels), for two possible cases of galactic halos,
either a minimum halo mass set by atomic cooling (left panelshtodthat are ten times more massive (right panels).
The lowerk value roughly tracks large-scale fluctuations (heatintyear, and ionized bubbles later), while the higher

k value corresponds to a smaller scale (though one that chhestiheasured accurately with current experiments) and
thus tracks more closely the evolution of density fluctuatioro illustrate the #ect of the X-ray spectrum on the results,
consider the fluctuation level & = 0.5 Mpc™! at the mid-point of reionization (i.ex; = 0.5); the parameter space
explored here gives a possible range of 3.6—4.9 mK for thespefttrum, while the hard spectrum gives a much broader
range of 0.3—4.4 mK. Note also that the latter values are &jlgimuch lower than the often-assumed limit of saturated
heating (which gives a corresponding range of 4.1-5.1 mkymHO2].

82



108

200 150 100 75
O T T 71 \

T T T

L
—~
2]
~
L

T (K)

T T

E < L | ]
B 4 & 50 4 -
E ] o

B~ o ] r F B 4
0.8 F ® 4 k f LA ]
06 [ \ — L | i |
wWoooF \ E ~100 |- Lo -
0.4 — N\ ] L \ I 1

£ ] (N
02 F \\ 3 I 1
ok | L i

L L L L ‘ L L L ‘ L L L L ‘ L L L L 7150 L L L L ‘ L L L L ‘ L L L L ‘ L L L L
5 10 15 20 25 5 10 15 20 25
Z Z

Figure 39: Examples of predicted global 21-cm historieswsihg how they reflect the cosmic history of star formation
and its various #ects on the IGM. A range of parameters are shown in order tatefleasonable range of uncertainty:
the best-guess X-rayffciency (solid curves), a loweffleciency by a factor of 5 (dot-dashed curves), and the addition
of two possible models for photoheating feedback (short-lang-dashed curves). Panel (a) shows the CNIB),(
gas kinetic Tk) and spin Ts) temperatures (dotted, thin, and thick solid curves, resmdyg). Panel (b) shows the
progress of reionization, in terms of the cosmic mean ionizadtiisn ;. Panel (c) shows the resulting global mean
21-cm brightness temperature measured with respect to the; @MBis panel, the two dotted lines shaw if shock
heating is ignored. Note that this panel shows the obsemneegiéncy on top in addition to the redshift on the bottom.
All models here assume Pop Il stars and a soft X-ray spectruraaifrty sources. From [41].

IGM (§ 6.2), followed by a sharp rise up to positive values due tartoseating § 6.3). Thus,

a detection of the global signal would trace the overall dodmstory of the first stars through
their dfect on 21-cm emission (Figure 39). Maximume-likelihood gsak of data fitting show
that global 21-cm measurements during cosmic reionizatianld be able to detect a wide range
of realistic models and measure the main features of thaigsition history while constraining
the key properties of the ionizing sources; this is true ialgses (that assumed the saturated
heating limit) using a flexible toy model [42] or/&CDM-based model [43], though the results
are rather sensitive to assumptions on just hofitadilt it will be to remove the #ect of the
foregrounds.

The late heating§(6.3 and§ 7.4) expected due to the hard spectrum of X-ray binaries has a
particularly important fect on the global 21-cm signal. Théect of late heating is to give the
cosmic gas more time to cool adiabatically to well below tiBCtemperature, thus producing
mean 21-cm absorption that reaches a maximum depth in tige rekl0 to—180 mK atz ~
15-19 (Figure 40). This may make it easier for experiments teat¢he global 21-cm spectrum
from before reionization and thus probe the correspondarty galaxies. Global experiments
are most sensitive to the frequency derivative of the 21-dghtness temperature; late heating
extends the steep portion of the spectrum to higher freqegnmoving the maximum positive
derivative to a~ 10% higher frequency (where the foregrounds are significaveaker) while
also changing the value of this maximum derivative 440%. On the other hand, at lower
redshift, late heating significantly suppresses the gletegd from reionization, which suggests
that global 21-cm experiments should focus instead on thiieearas of Lyr coupling and
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Figure 40: The ffect of late cosmic heating on the global 21-cm spectrum. Thaicamean 21-cm brightness tempera-
ture (T21) relative to the CMB is shown versus observed frequencyh(thié redshift indicated on top), for the hard X-ray
binary spectrum [228] (solid curves) and for the previotedippted soft spectrum (dashed curves); note also thediduci
dotted line aff2; = 0. Various cases are shown, in order to give a reasonablefdba range of parameter space given
current uncertainties; the notation matches that in Fig8ré=8om [92].

cosmic heating.

8. Summary and Conclusions

The study of the first stars, galaxies, and black holes, agid dfect on the 21-cm sky, is
entering a critical stage. While this subject has been dpumiaheoretically for several decades,
including a great acceleration in recent years, obsemallipthis field is in its infancy. Thus, we
are about to experience that pinnacle of excitement thatsamith the first clash of a scientific
theory with experimental data. In such a collision of théioed expectations with reality, there
are several possible outcomes. The predictions can becfgrferified, an outcome that makes
the successful theorists gleeful and proud, but at the siamecid extremely boring. At the other
extreme, the predictions can fail completely, making thetists a laughing-stock, but revealing
previously unexpected cosmic events, which makes thishgtigsthe most exciting one. Neither
of these extreme possibilities is expected in the case @@ tosmology. The shear magnitude
of the uncertainty about high-redshift astrophysics maékedirst possibility unlikely, even in the
absence of exotic cosmic events such as dark matter decaye@ther hand, complete failure
is made unlikely by the fact that the theory is grounded imdsatiomic physics as well as models
of galaxy formation that are significantly constrained bgeatvations of the current Universe,
at one end, and the CMB at the other (initial condition) entlug, the most likely outcome is
an intermediate one, where the overall framework of thézakéxpectations will be confirmed,
but with some, hopefully interesting and significant, sisgms, such as an unexpected, new class
of astrophysical sources (which will be noticed if it donmtigdone of the types of radiation that
drove the 21-cm emission). Regardless of the precise owtcdns likely that once a clear
detection of the 21-cm signal from early cosmic history isiaeed, the field will get a big boost,
analogous to the development of CMB observations and theftey the first detection of CMB
temperature fluctuations by the COBE satellite. This bigaktgh moment for 21-cm cosmology
will hopefully occur within the next few years, and will bellffaved up with confirmations and
more detailed measurements soon afterwards.
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A great wealth of data is potentially available in 21-cm cofagy (§ 6 and§ 7). Even just
the isotropically-averaged 21-cm power spectrum, medsasea function of wavenumber and
redshift, is a rich data set that probes many details of thews.cosmological and astrophysical
sources of 21-cm fluctuations (see Figure 41). A number ah@osvents leave clear signatures
in the power spectrum, but the redshifts of the associatifes (such as the peaks) vary with
scale, since severalftirent sources of 21-cm fluctuations contribute at any givee,tand these
sources vary dierently with scale. In the model shown in Figure 41, for whieionization ends
atz ~ 7, the reionization peak of fluctuations occurs in the range 7.5 — 9 depending on
wavenumber. While the uncertainties are still large, it neams that the IGM was most likely
heated by X-ray sources with a hard spectrgdre.g and§ 7.4), a possibility not considered until
recently; in this case, the cosmic heating transition peedia clear minimum on small scales,
but a weak heating peak remains on the largest scales thirges than the typical distance
traveled even by hard X-rays. Continuing with Figure 41 lthe peak occurs in this example at
z=18-20, and (generally in the case of late heating) it is both ttengest and highest-redshift
signal from the first stars (In the case of a soft X-ray specirihe heating peak is somewhat
higher than the Ly peak [258]). We note that additional theoretical uncetitegresult from the
complexity of the astrophysics during early times, inchglsubstantial transitions in the basic
character of star formation expected due to various typesetiir feedback such as supernova
outflows, LW radiation, and metal enrichment. The dark adesing which 21-cm emission
is not significantly &ected by astrophysical sources and becomes a purely cagicadlprobe,
begin atz > 30; at this point the predicted fluctuation signal is quit®,land since the galactic
foreground increases rapidly with redshift (with the btiggss temperature of the sky(1+ 2)>6
[88]), observations of this era lie in the somewhat distanire.

Actually measuring a data set like that shown in Figure 41ld/a@bviously constitute an
amazing advance in our understanding of cosmic history.dvew it is important to also look for
robust, model-independent signatures that can convilycamnfirm and complement the results
obtained from fitting parameterized models to the (angkrayed) 21-cm power spectrum. This
is particularly needed in a field looking to probe a new, utegul regime of cosmic history.
Luckily, the field of 21-cm cosmology has indeed emerged asrg kich one. For example,
the line-of-sight anisotropy of the power spectrug(3) is potentially an immensely important
source of additional information, and it has only begun t@kglored. It can provide a number
of model-independent probes of early galaxies that wouldpgtement inferences made based
on the angle-averaged power spectrum. In particular, timeirimt.? term of the anisotropy
acts as a cosmic clock, its sign changing as it tracks vaidogsic milestones; for instance,
measuring it to be negative during reionization would digeconfirm the inside-out topology
of this transition (i.e., where overdense regions reiofiiizt). Another example of a possible
model-independent signature is the streaming velociti st associated strong BAO features.
In addition, the global 21-cm spectru${.5) is a wonderfully complementary probe of the same
cosmic history. One way to express this is that the 21-cmufatiins can be written as a product
of the mean intensity and its relative fluctuations, andrimfation on the global spectrum helps
to separate these two quantities and thus break a degeneracy

In this review we have focused on the 21-cm power spectruciu@iing its angular anisotropy).
There are good reasons for this, even though it is not an apgstaut case as in CMB studies,
where the power spectrum carries the most important cogiwalbinformation in the signal
(which is thought to reflect the underlying Gaussian randetd fof primordial perturbations).
In general, there are twoftierent modes for studying galaxies: The collective (galdxgter-
ing) and the individual (studying individual galaxies). -&h cosmology during cosmic dawn
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and the EOR will be dominated by the collective regime. The@lfluctuations will be dom-
inated by various radiation fields, and the intensity of éhfislds at any point will be made up
of the contributions of many individual sources, excephpes in a few rare regions. Thus, the
structures that will be seen will be a collectivBeet, and thus mainly dependent on the clus-
tering of sources. The power spectrum naturally measurshhstering. More specifically,
the distribution of sources throughout this era is driverth®yunderlying density distribution of
matter (except for the additionaffect of the streaming velocity). This density distributian i
determined by the power spectrum, and for linear fluctuatitire 21-cm map is also determined
by its power spectrum (which is the underlying power speuttimes a window function, corre-
sponding to a convolution in real space that accounts fosplagial redistribution of photons of
the various relevant frequency regimes). It is true thattlaee some non-linear distortions along
the way, but still, on the (relatively large) scales resblgdy upcoming radio arrays, the power
spectrum should capture most of the information availabke full image. Indeed, as described
throughout this review, the 21-cm power spectrum can be tssegtonstruct the most interest-
ing astrophysical information that we desire: at what rdtslhya coupling, cosmic heating,
and reionization occurred, how fast they progressed, whathctic halos dominated each era,
and what the spectrum was of the sources (e.g., the X-rayrapemn the case of X-ray heating).
The most non-linear process is reionization (with its sketges in the expected scenario that is
dominated by UV photons), but the non-Gaussianity of theation field only reflects the rapid
absorption of ionizing photons, and may not probe much éstamg physics beyond that. Also,
in the near future the power spectrum is likely to be the maailable observable from the least
explored, and thus most exciting, high-redshift regimehaf pre-EOR cosmic dawn; imaging
from such an early time will be flicult even for the SKA.

That said, the non-Gaussianity of 21-cm fluctuations [2%@sdmake other statistics beyond
the power spectrum interesting, including the bispectr@8i p60], the 21-cm PDF (probabil-
ity distribution function, i.e., histogram of values of tB&-cm brightness temperature) [38, 39,
178, 40, 261, 262], and theftkrence PDF (i.e., histogram ©f differences between pixel pairs)
[263, 264]; some of the additional information availabldétia PDF can be captured by its skew-
ness [265, 266]. Also, while in this review we have focusedvilg on the emerging field of
21-cm cosmology, other cosmological probes are makinglragivances and should explore
complementary aspects of high-redshift galaxies. The daivebb Space Telescope (JWST,;
httpy/www.jwst.nasa.goy should discover at least the largest galaxies at earlystiras well
as rare bright objects (such as supernovae or gamma-ratgbirsnore typical galaxies. The
planned generation of larger ground-based optiRdelescopes, including the Thirty Meter Tele-
scope (TMT; httpywww.tmt.org), the Giant Magellan Telescope (GMT; hifaww.gmto.org),
and the European Extremely Large Telescope (E-ELT; httpw.eso.orgpublig/teles-instfe-
elt/) should give us detailed, spectroscopic information onesofithese objects and their sur-
rounding IGM. Imaging the 21-cm sky, as planned for the SKA|, be very interesting around
particular bright objects. In another area, the CMB, in &ddito its further development as a
cosmological probe, may allow the detection of the smallessignature of CMB scattering by
the ionized bubbles during cosmic reionization [172, 173,267].

We have also discussed in this review the complementaraiction in this field between nu-
merical simulations, analytical (or semi-analytical) retsj and semi-numerical methods. Each
method has its advantages and disadvantages, and in faariidslimportant not to overlook the
limitations of numerical simulationg 3.2).

Another highlight of this work is in pointing out how the ideunusually large fluctuations
in the number density of high-redshift galaxi€s3.1) is a common thread that has driven the
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whole topic of 21-cm fluctuations, from the understandinthefcharacter of reionizatio§ 6.1)

to the first predictions of large-scale 21-cm fluctuatiorsrfrthe inhomogeneous by(§ 7.2)
and X-ray § 7.3) backgrounds. It has recently been joined by an excitawg source of large-
scale fluctuations, the supersonic streaming velog§i§)( This new source comes with a strong
signature of baryon acoustic oscillations, making it a ptié tool for identifying the presence
of tiny, million solar mass halos at very early times. Theaining velocity certainly had a major
effect on the first generation of stars, and it may also have hadat gignificance at redshifts
that are observable with 21-cm experimentd (3), though this depends on just hotli@ently
such small halos were able to form stars. We have also higkliba diferent issue, one of basic
21-cm physics: we have helped clarify the literature reipayrthe low-temperature corrections
to the basic expressions of 21-cm cosmolo§¥ Q).

In this review we have focused on the astrophysical era afr@lzosmology that is accessi-
ble to upcoming experiments. However, it is also importarkgep in mind the great long-term
promise of the development of 21-cm cosmology. When 21-crsareanents reach small spa-
tial scales, this will open up a variety of new probes andiappbns, especially in the dark ages
during which 21-cm cosmology will be a clean cosmologicalqa. For example, 21-cm fluctu-
ations should be present down to much smaller scales than ftid@ations (which are cutfb
by the combination of Silk damping and the width of the swefatlast scattering). This implies
a far greater potential sensitivity of 21-cm measuremengssmall primordial non-Gaussianity
[12, 268]. Measuring the primordial power spectrum on sreedlles will also probe the tilt of
the power spectrum and could potentially uncover afatoe to dark matter properties (such as
in the warm dark matter or fuzzy dark matter [269] models)sdilthe gas temperature can in
principle be mapped through itffect on the small-scale power spectrum (i.e., the filteringana
discussed ir§ 2.4) as well as more directly through the anisotrogffee of the thermal smooth-
ing of the 21-cm power spectrum [70]; e.g., if the cosmic gamdiatively heated to £, then
the smoothing is expected on a scale~020 kpc. On small scales, the supersonic streaming
velocity also has a significanffect on the 21-cm power spectrum [159]. Further back in time, a
21-cm signal is expected from the cosmological epoch ofrrdxnation [270].

We would like to end in the same way that the author concludexviaw written a decade
ago [21], with the sincere hope of not having to write thisingedecade from now: Astronomers
are eager to start tuning into the cosmic radio channels-@h2tosmology.
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