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Abstract Studying the first generation of stars, galaxies and supssiveblack holes
as well as the epoch of reionization is one of the fundamepistions of modern as-
trophysics. The last few years have witnessed the first eoafion of the discoveries
of galaxies, quasars and Gamma-Ray Bursts at 7, with possible detections at
z ~ 10. There is also mounting evidence that cosmic reionizasanprolonged pro-
cess that peaks around~ 10 and ends at ~ 6 — 7. Observations of the highest
redshift intergalactic medium and the most metal-poorssitatthe Galaxy begin to
constrain the earliest chemical enrichment processe®iblttiverse. These observa-
tions provide a glimpse of cosmic history over the first billiyears after the Big Bang.
In this review, we will present recent results on the obsena of the high-redshift
Universe over the past decade, highlight key challengesiandrtainties in these ob-
servations, and preview what is possible with the next gaiar facilities in studying
the first light and mapping the history of reionization.
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1 INTRODUCTION

After the recombination epoch at~ 1200 (Komatsu et al. 2011), the intergalactic medium became
mostly neutral, while astronomical objects — stars, ga&asxquasars — had yet to be formed from
gravitational collapse. The Universe entered the “cosraik dges” (Rees 1998). At~ 20 — 50,

the first generation of dark matter halos with10° M, formed in the Universe. Baryons in these
haloes would first collapse to higher density through radéatooling of molecular hydrogen and the
very first generation of stars began to form in these syst&msfirst generation, or Population-Iil,
stars were metal-free and are thought to be much more mahsimecurrent generation stars, with
a characteristic mass of 30 — 100, (e.g. Abel et al. 2002; Yoshida et al. 2006). The formation
of the first stars has important consequences: firstly, theypawerful emitters of energeticV’
photons and provide important radiative feedback by imgizhe surrounding interstellar medium
(ISM) and eventually the still-largely-neutral intergetia medium (IGM); secondly, during the post
main sequence phase of these short-lived stars, they eéfmtickenergy as well as heavy elements
into the surrounding ISM, first through stellar wind, andr@ully by supernova explosion. Finally,
over a wide range of stellar masses, these massive starsolldpse to form the first stellar mass
black holes, which would become the seeds of the first gaparattive galactic nuclei (AGNs) and
grow into the first supermassive black holes and quasarthérunore, thé/ V' photons from the first
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Fig. 1 Cosmic history and landmark events since the epoch of reic@atidn. The formation of the
first generation of stars and galaxies is expected to hayeein@g at redshift > 20, while the epoch

of reionization is at = 6 — 15, marking the end of the cosmic dark ages. Image credit: Nakio
Astronomical Observatory of Japattp://www.naoj.org/Pressrel ease/2012/06/03/index.html).

generation of galaxies and quasars ionized the neutrablygdrin the IGM, resulting in theosmic
reionization at redshift of~ 10 (e.g., Dunkley et al. 2009), ending the cosmic dark ages.

Figure 1 illustrates the timeline of the first one billion yg@&f cosmic history. First light and
reionization are landmark events of cosmic evolution. Taeyalso one of the remaining frontiers
in our understanding of cosmic history and a focus of intariservational and theoretical investi-
gations on both fronts, making it a fast-moving field. Howee¥en with tremendous progress in
the last decade, some of the basic questions remain unatswaepoorly understood:

— When did the first stars and first galaxies form? What werie thasses?

— When did the first supermassive black holes form, and howhéidrowth of supermassive black
holes and galaxies affect each other at the early epoch?

— How did the first generation of objects affect the ISM and I@lvbugh radiative, kinetic and
chemical feedback? When did the first metals propagateliet¢GM?

— When was the epoch of reionization? Was it a gradual anaépgeld process or a sharp phase
transition? What were the sources of reionization?

The purpose of this review is to give a relatively brief ugdan the observational studies of the
highest redshift galaxies and quasars, focusing on sewy i the first galaxies and first supermas-
sive black holes, and the observational constraints on ica®ionization. There are many excellent
reviews on this subject. For comprehensive reviews, théersaare referred to the recent book by
Loeb (2010), and the articles from the Annual Review of Astnmy and Astrophysics in the last
decade or so by Bromm & Yoshida (2011); Morales & Wyithe (20Fan et al. (2006a); Bromm &
Larson (2004); Loeb & Barkana (2001).

Observationally, studying first light means searching fier inost distant galaxies and quasars.
Figure 2 summarizes the history of discovery for the modiadisgalaxies, quasars and Gamma-
Ray Bursts (GRBs) with secure spectroscopic confirmatidhis has always been one of the most
challenging and demanding tasks of observational astrgramit constantly puts the technical ca-
pability and available observing resources to the limite Tast few years have finally witnessed the
discovery of galaxies, quasars and GRBs at 7, within the first Gyr of cosmic history and close to,
or even within, the epoch of reionization. In Section 2 andti®a 3, we will review the basic tech-
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Fig.2 Record of the highest-redshift spectroscopically-corduingalaxies, quasars and Gamma-
Ray Bursts as a function of time.

Fig. 3 Reionization Simulation on the scale of 100 Mpc. Slicesugiothe simulation volume are
at redshiftsz = 18.5, 16.1, 14.5, 13.6, 12.6 and 11.3. The density figickdn in neutral regions,
yellow in ionized regions) and the HIl regionse() are both shown. Adapted from lliev et al. (2006).

nigques of high-redshift galaxy and quasar surveys, and ouet understanding of their physical
properties. We will discuss observations of first metaldim lGM and the use of most metal-poor
stars in the Milky Way as probes of first light in Section 4.

Theoretical modeling of the reionization process (Fig. &8 proven to be challenging: it re-
quires detailed simulations of not only the large scale adegical structure, but also small scale
baryonic processes and radiative transfer processesftbet the ionization state of the gas at all
scales. Observationally, the lack of complete Gunn-Pete{Gunn & Peterson 1965) absorption at
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z < 6 indicates that the IGM is highly ionized by that epoch (eBgcker et al. 2001; Djorgovski
et al. 2001). At the other end of the reionization historyiap@ation measurements of the cosmic
microwave background (CMB) from WMAP (e.g., Dunkley et &008) show a large optical depth
due to Thompson scattering of electrons in the early Un@/esgggesting that the IGM was largely
ionized byz ~ 10.6 & 1.2. However, a detailed history of reionization remains l&rgmcertain be-
yond these two crude constraints. In Section 5, we will itiee current observational constraints
on the history of reionization, which strongly suggest dqmged, gradual process.

The current highest redshift frontier is at> 7. However, this is not yet when the first gener-
ation of galaxies formed; the bulk of reionization actgiis also thought to be at earlier epochs.
Pushing to higher redshift to unveil the epoch of the firgttligequires more powerful next genera-
tion facilities both on the ground and in space. We close bgudising some of the future prospects
in Section 6.

2 FIRST GALAXIES

Searches for the highest redshift galaxies are completelgrdby our technical ability to carry out
deep imaging and spectroscopic observations towardsisioi@y longer wavelengths. Observations
of the first billion years{ > 6) only opened up in the last decade or so, with the adventafively
wide-field, deep imaging observations using the largestiguiebased 8—10 m class telescopes and
HST for imaging selection, and the ability to carry out deapdptical and near-IR spectroscopic
confirmation. A large number of selection methods have beed to select photometric samples of
high-redshift galaxies; however, spectroscopic confiromadf these candidates remains extremely
challenging. Our understanding of the statistical prapsiaf thez > 6 galaxy population has been
rapidly improving; detailed studies of their physical peojies are just beginning and are limited to
the brightest sources at this redshift. A very comprehenseent review of this subject is given in
Dunlop (2012).

2.1 Surveys of High-redshift Galaxies
2.1.1 Lyman break galaxies (LBGS)

The most commonly used method of selecting high-redshigixigs as well as high-redshift quasars
is the Lyman Break technique: a galaxy’s spectrum is siganfiiy absorbed by neutral hydrogenin
both its own ISM and the intervening IGM at wavelengths shotthan Lyy, which redshifts into
the optical wavelength at > 3. Therefore high-redshift objects would appear to have @drc
and drop out in the bluer bands that are affected by the Lynraal8 This selection technique
only requires broad-band photometry, therefore it can Ipdieghto wide-field surveys both on the
ground and from space, and is able to reach low continuumnasity. It was applied in wide-
field z > 4 quasar surveys in the 1980s (Warren et al. 1987) and revalaéd the studies of
high-redshift galaxies by the works of Steidel and collabors (e.g. Steidel et al. 1996). As the
Lyman Break redshifts towards a longer and longer wavelemgt and eventually near-IR imaging
is needed to select galaxieszat> 5. For the highest redshift at > 7, the HST deep fields have
proven to be the most powerful resource for discovery, éafigafter the successful deployment of
the infrared channel of its Wide-Field Camera 3 (WFC3). 8ands of LBGs have been selected
through photometric selection at> 5, with a handful of highly likely detections at redshift as
high asz ~ 10 (Bouwens et al. 2011a). The new HST Multi-Cycle TreasureggRnm CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011) is utilizing the&and WFC3/IR instruments on the
HST, aiming at studying the evolution of LBGs from= 1.5 up toz = 8 with a sample of more
than 250000 galaxies, and is able to reach stellar mass aad®0? M. LBG surveys are also
carried out through deep ground-based imaging, which lyscaVer significantly larger areas than
HST is able to, therefore discovering the most luminous LB&&s example, Bowler et al. (2012)
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Fig. 4 The rest-frame continuuf@V luminosity density (ight axis) atz ~ 10, and the star forma-
tion rate densityl€ft axis) derived from the extinction-corrected luminosity depsithe comoving
star formation density in the Universe has a broad peak-at2 — 5 and appears to be declining
towards higher redshift at the end of the reionization epddapted from Bouwens et al. (2011a).

conducted a survey of 1 d&geaching a continuum level of 25 mag AB, and selected a sawofpl
~ 10 highly luminous galaxies at > 6.5.

A key result from LBG surveys is the determination of the @llestar formation history over
cosmic time, since the observed rest-fraing luminosity directly traces the unobscured star for-
mation rate.

Figure 4 shows the most recent compilation by Bouwens e2@llXa) using a number of HST
deep field observations, after correcting for extinctiohigh-redshift galaxies. The star formation
density peaks at = 2 — 5, and begins to evolve modestly towards high redshift. Thaution
appears to accelerateat> 6, indicating that we are closing in on the epoch of initiall@uip of
galaxy populations close to the reionization epoch.

Confirming LBGs spectroscopically at high redshift, howeves proven to be challenging
for the current generation of telescopes. Contaminanta &ither low-redshift galaxies where the
Lyman Break is confused with the 408(break, or red galactic objects (e.g. L and T dwarfs), reguir
spectroscopic follow-up to positively identify their réud§. At = > 6 — 7, continuum detection is
nearly impossible with ground-based spectroscopy; réc$tiermination is based on byemission
line detection, often at low S/N level and relies criticadly the accurate removal of very strong at-
mospheric OH lines. There have been examples of highly ceetsial spectroscopic confirmations
over the years. The highest redshift LBGs with secure rédshuurrently atz = 7.1 (Vanzella et al.
2011).

2.1.2 Ly« emitters

The nebula Ly emission line is the strongest emission line in the resk&& V' from young star
forming galaxies. At > 5, it often has high equivalent width (rest-frame30 A up to~ 200 A),
and therefore can represent a significant flux enhancemeant gdiaxies are observed with narrow-
band filters centered at the expectedlwavelength. Ly searches are usually conducted in a few
clean wavelength windows«( 100 — 300,&) with a much reduced level of OH emission from the
atmosphere, allowing the ground-based survey to reachyafaiert flux level as a result of lower
sky background. Commonly used windows correspond o tgdshifts ofz = 4.5,5.7,6.5 (e.g.,

Hu et al. 2002; Rhoads et al. 2003; Taniguchi et al. 2010)ebtent years, deep-depletion CCD
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Fig.5 The highest-redshift spectroscopically confirmed galexy & 7.22. The figure shows the
one- and two- dimensional spectra of SXDF-NB1006-2 obthimith the spectrograph DEIMOS on
the Keck Telescope. The asymmetric emission line profilengllly suggests that the line is dyat

z = 7.22. Adapted from Shibuya et al. (2012).

detectors have enabled efficient observationsatl um, and opened up the atmospheric windows
corresponding ta = 7.0 and 7.3 (lye et al. 2006; Ota et al. 2008; lye 2008). There latse@been
attempts to utilize windows in thé-band at higher redshift (e.g., Cuby et al. 2007; Clemenai.et
2012) but such surveys have proven to be challenging. A nagjeantage of the Ly survey is that

it has selected objects with strong emission lines in negéticlean atmospheric windows, therefore
greatly reducing the difficulty of spectroscopic confirroati

Surveys of Lyy emitters have proven to be an extremely effective way ofyshggthe high-
redshift Universe, especially with a series of successhjbgts using the prime focus camera on the
8.2m Subaru telescopes (e.g., Kashikawa et al. 2006; Ouahi2010). The majority of galaxies at
z > 6.5 with spectroscopic confirmation are selected with this hégqie, with the current highest
redshift atz = 7.22 (Fig. 5, Shibuya et al. 2012). BecausenLgmitter surveys only focus on objects
with strong Lyn emission lines, there is a possible bias between the gglaxy population and
LBG population, which is regarded to be more representédeause it is selected on the basis of
continuum luminosity. Radiative transfer of &yphotons is a key to understanding the nature of
Lya galaxies (e.g., Zheng et al. 2010). On the other hand,dgtectability is also affected by IGM
radiative transfer and provides a powerful way to probe tbty of reionization (Sect. 5.2).

A major difficulty in studying the first galaxies is their faifiux level. If high-redshift galax-
ies are located behind a massive cluster of galaxies at amietliate redshift, their flux could
be magnified by a factor of a few to a few tens. Both LBG surveys layar galaxy surveys have
taken advantage of lensing in searching for the higheshittdmlaxies. Hu et al. (2002) carried
out narrow-band surveys af ~ 6.5 Ly« galaxies. Stark et al. (2007) carried out a blind search of
Ly« emitters by placing slits along critical lines in the lergstiusters, and discovered a number of
candidates at > 7. Another HST Multicycle Treasure program, CLASH (Postmiale2012), is
conducting a deep multiband imaging survey of 25 massiv&ets ab.15 < z < 0.9, with one of
the main science goals of finding and characterizing the fain 7 population. Zheng et al. (2012)
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discovered a highly magnified-dropout object that is consistent with an LBGzatv 9.6 in the
CLASH program.

2.1.3 Sub-millimeter galaxies

A complementary way of studying high-redshift galaxie®islbserve their sub-millimeter radiation.
Dust in the ISM of star forming galaxies absoi}$” radiation from young stars and re-emits it in
the far-infrared and sub-millimeter wavelengths, formagecond peak in the galaxy’s SED that
contains a significant amount of its total bolometric lunsityy This far-infrared component has an
effective temperature df0 — 50 K and peaks at around 1@@n; as galaxy redshift increases, sub-
millimeter observations sample shorter rest-frame wangttes close to this SED peak, resulting in a
negativeK -correction which largely compensates for the increasingjhosity distance. Therefore,
galaxies at ~ 1 — 10 have comparable apparent flux when observed in the farredrand sub-
millimeter, making it a very effective wavelength to studghrredshift galaxies (e.g., Blain et al.
2000), although by observing dust emission, we by definitidhnot detect the first generation of
galaxies that formed in a metal-free environment.

Another advantage of observing young galaxies in subsméter is that this range is not af-
fected by dust extinction in star forming regions. In aduiti strong atomic and molecular lines
in sub-millimeter and radio wavelengths, such as [ClI] ar@, @ill enable redshift measurements
completely independent from optical/near-IR spectrogcAmumber of high-redshift galaxies have
been observed at> 5 (e.g., Riechers et al. 2010), some without an optical copatéand are based
on a “blind” radio line search (e.g., Walter et al. 2012). Titacama Millimeter Array (ALMA),
with its transformational capability in sub-millimeter sdrvations, will open a new window into
studies of the earliest galaxies in the Universe.

2.1.4 Gamma-Ray bursts

Gamma-Ray Bursts (GRBs) are the most powerful explosiotieituniverse, and could be detected
atz > 10. At high-redshift, the time dilation means that their aftew will fade away(1 + z) times
slower, aiding rapid spectroscopic follow-up observati¢eg Ciardi & Loeb 2000). Long-duration
GRBs are thought to have originated from the collapse of ivasgtars, therefore the evolution
of GRBs over cosmic time provides a complementary way to igesgtar formation rates in the
Universe (e.g. Robertson & Ellis 2012). If caught early deit near-IR afterglows would still be
bright enough to provide a powerful probe of the evolutiortted surrounding ISM in the GRB
host galaxies and intervening IGM. The launching of the SW#atellite (Gehrels et al. 2004)
revolutionized GRB afterglow studies. As shown in Figure/2hin a few years, the highest redshift
GRBs have been detected at redshift as high as8.2 (Salvaterra et al. 2009; Tanvir et al. 2009,
Fig. 6) with spectroscopic follow-up, and at ~ 9.4 (Cucchiara et al. 2011) with photometric
selections.

2.2 High-redshift Galaxies as the Sources of Reionization

Regardless of the detailed reionization history (Sectils,IGM has been almost fully ionized
since at least ~ 6. This places a minimum requirement on the emissivity/&f ionizing photons
per unit of comoving volume required to keep up with recoralion and maintaining reionization
(Miralda-Escudé et al. 2000)
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whereC = << %‘;2 is the clumping factor of the IGM.
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Fig. 6 The highest-redshift spectroscopically confirmed GRB &t 8.2. Both broadband photom-
etry and the sharp break in the afterglow spectra indicateitlis atz > 8. Adapted from Tanvir
et al. (2009).
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Fig. 7 Theobserved specific luminosity densityg(rv) versus redshift. The wide gray curves denote
the value ofpyv needed to sustain a fully reionized IGM at a given redshift, given ratio of
the clumping factor C over the escape fraction of ionizingtphs f... The width of these curves
represents changing stellar metallicities, from &0Z/Z. < 1.0. The right-hand vertical axis
shows the corresponding intrinsic number density (i.@qrgo escape) of ionizing photons for a
given specificUV luminosity density, using the median of a range of ages an@lhodies, and
assuming a constant star-formation history. The greerecsimews the predicted luminosity density
for sources brighter than Moo = —18 from the hydrodynamic simulations of Finlator et al. (201
Adapted from Finkelstein et al. (2012).
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Due to the rapid decline in the AGN populations at very higlmost models assume stellar
sources reionized the Universe. Robertson et al. (2010)rguines the current status in locating
galaxies responsible for cosmic reionization.

Figure 4 shows the present constraints on the evoluti@flofuminosity and star formation rate
of Lyman Break galaxies (Bouwens et al. 2011a). Compared2bl#\ the galaxy populations show
less evolution at > 5. However, despite rapid progress, there is still conslalerancertainty in
estimating the total V photon emissivity of star-forming galaxies at high-reésfihe uncertainties
come from three factors: the star formation rate, clumpawgdr, and/ V' escape factor.

Determining the total star formation rate requires dethifeeasurement of the luminosity func-
tion for high-redshift galaxies. The faint end slope of th& luminosity function ofz > 6 galaxies
is still poorly determined, with the index of the power lamging froma = 1.5 to 2.0 (e.g. Bunker
et al. 2004, Yan & Windhorst 2004). New surveys using HST/\BR@e able to reach considerably
fainter luminosity at this redshift; more recent measunet®appear to favor a steep faint-end slope
(e.g. Bouwens et al. 2011b), although still with large uteiaty. Finkelstein et al. (2012, Fig. 7)
present the most recent measurement of galaxy courits<at: < 8 based on deep observations
over the CANDELS field, and found that by counting titeserved galaxies in their survey, an es-
cape fraction o~ 30% is needed to sustain a fully-ionized IGM at~ 6, while the currently
detected population will not be able to maintain reionizattz > 7.

Determination of the escape fraction remains a key chafleSgeidel et al. (2001) inferred a
relatively large escape fraction based on a compositerspeacif 29 Lyman Break Galaxies. Shapley
etal. (2006) presented the first direct detection of the Lyottinuum from Lyman Break Galaxies,
indicating a lower escape fraction. The measurement, hexyvéyr only based on two detections.
Siana et al. (2007) presented deep #fdr- imaging of subf* galaxies atz ~ 1.3, showing no
detection of the Lyman continuum photons among 21 galaxissmed with HST. If this is true,
Gnedin (2008) argued that there might not be endu@hphotons from dwarf galaxies to reionize
the Universe by > 6. Given these uncertainties, the current data are consistémstar forming
galaxies, in particular, relatively low luminosity galasi as being the dominant sources of reionizing
photons, although more exotic sources, such as high-fédsini-quasars, cannot yet be ruled out
as minor contributors to the reionization budget.

3 FIRST SUPERMASSIVE BLACK HOLES

Discoveries of luminous quasarsat- 6 — 7 show that active, massive black holes of the order a
billion solar masses existed a few hundred million yearsrdlfte first star formation in the Universe,
at the end of the reionization epoch. How does the black hofrilation grow with cosmic time?
How does the evolution of quasar density trace the accrétistory of early supermassive black
holes? Locally, the tight correlation between the mass nfratBHs and the velocity dispersion of
host galaxies implies that black hole activity and galaxyrfation are strongly coupled. How are
the formation of galaxies and black hole activity relatedaty epochs?

As of summer 2012, 33 quasars have been discovered-at, ~ 70 atz > 5.5, and over 100 at
z > 5. Most of them were discovered using data from wide-field roolor imaging surveys such as
the Sloan Digital Sky Survey (SDSS, e.g., Fan et al. 200Gciglet al. 2009), the Canadian-French
High-z Quasar Survey (CFHQS, e.g., Willott et al. 2010a) and the &S Infrared Deep Sky
Survey (UKIDSS, e.g, Mortlock et al. 2009). Currently, thghest redshift quasars arezat 7.09,
discovered in UKIDSS (Mortlock et al. 2011).

Figure 8 presents the spectra of all 33 published quasars>at6. Two features stand out
immediately: there is strong redshift evolution of the smaission of the IGM: transmitted flux is
clearly detected in the spectra of quasars at 6 and blueward of the Ly emission line; the
absorption troughs deepen for the high-redshift quasas,camplete Gunn-Peterson absorption
begins to appear along lines of sightzat- 6.1. We will discuss this in detail in Section 5. On the
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Fig. 8 Moderate dispersion spectra of all published quasars-ab as of 2012 June. Note the strong
Ly« absorption blueward of Ly emission, especially the presence of complete Gunn-PReters
troughs atz > 6.1 at the end of the reionization epoch, and the existence ofigtmetal emis-
sion lines in the spectra, indicative of super-solar mieigflin the quasar environments. Adapted
from Fan et al. (2004).

other hand, redward of lyemission, the spectra show clear detection of metal enmidisies such
as NV, SilV (and CIV, Mgll and Fell features in near-IR spesttopy). Rapid chemical enrichment
has occurred in the vicinity of these luminous quasars.

The density of luminous quasars is a strong function of riédshpeaks atz ~ 2 — 3 and
declines exponentially towards lower and higher redsliétg. Boyle et al. 2000; Schmidt et al.
1995). Compared to the evolution of star-formation ratdaWniverse, the quasar density peaks at
higher redshifts, and evolves much faster. This exponlatgidine continues to the highest redshifts.

Figure 9 (based on Fan et al. 2004) presents the density shguatM1450 < —26.7 found in
6000 deg of SDSS data at ~ 6, along with the results from lower redshift (Fan et al. 200He
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quasar density at ~ 6 found here is consistent with extrapolating the best-fitsquduminosity
functions in the rangg < z < 5. The comoving density of luminous quasars at 6 is ~ 40 times
smaller than that at ~ 3, as we approach the epoch of formation of the first supernembsick
holes in the Universe.

The existence of these objects is an amazing feat in the gsafegalaxy formation and chal-
lenges models of black hole formation. The SDS%- 6 quasars are among the most luminous
quasars at any redshift; their apparent magnitudes-arg even at: > 6! They are likely powered
by supermassive black holes with several billion solar mssand reside in the dark matter halo of
10'3M,,. They are among the most massive black holes and galaxiag eg@shifts. How could the
universe have formed with such massive galaxies, and ificpkat, have assembled such massive
black holes in the first Gyr of cosmic evolution? They are idjethe rarest and most biased systems
in the early Universe, and probably started the initial aggage at a redshift much higher than 10,
well into the dark ages, providing important clues to thda@anation and co-evolution of the earliest
supermassive black holes and galaxies.

The black hole mass estimates of the 6 — 7 SDSS quasars range from several tim@$M /.,
to several timeg0° M,. In conventional models of supermassive black hole foromatihey grow
by a radiatively-efficient (with~ 10% efficiency in converting gravitational potential energy to
radiation), Eddington-limited accretion process, witheafolding timescale of mass growth 40
Myr. Indeed, most ~ 6 — 7 quasars are found to be accreting close to the maximum Euxingte
(Willott et al. 2010b; De Rosa et al. 2011). Assuming corntimsl Eddington accretion from a seed
black hole of 100M, the formation redshift for seed black holes must be at 10. Even with
continuous accretion, black holes in the most luminous ansdsarely had enough time to grow. A
number of models have been proposed to overcome this isshier; by direct formation of much
more massive< 10° M) seed black holes, or by an early phase of super-Eddingtoetin (e.g.,
Volonteri 2010). The fact that the highest redshift quastnsght at the threshold of the reionization
epoch simply indicates that the initial growth of those BHsl o be very efficient and very early.

Another challenge is thiack of evolution in the physical properties of luminous quasarsnes
their density shows strong evolution. The average speetraigy distributions of luminous quasars
in the rest-framé&/ V' show little evolution out to high redshift (Fan et al. 200k intrinsic spectrum
of the most distant quasarat= 7.09 (Mortlock et al. 2011) is indistinguishable from that of zagar
in the local Universe. Using emission line ratios, it is shdwat quasar broad emission line regions
have roughly solar or even higher metallicitieszat- 6 (e.g., Freudling et al. 2003; Jiang et al.
2007; De Rosa et al. 2011). This lack of evolution demonstrtitat the emission line region and the
accretion disk can form on a short timescale and are deco g the cosmological environment.
These results put strong constraints on the enrichmerdriisf quasar host galaxies and quasar
environments as they grow to resemble the centers of cudi@ngiant elliptical galaxies in less
than one billion years.

Does this lack of high-energy SED evolution extend towaoagier wavelengths? Much of the
AGN emission is re-processed by the dust and gas in the histygand re-emitted in IR wave-
lengths. This is the region where the AGN SEDs reach thekkgén particular, have the properties
of dust in the quasar environment, such as temperature angagition of dust and geometry of
a dust torus, also been well established in such a shortdates Jiang et al. (2010) carried out a
survey of hot dust properties among~ 6 quasars using the Spitzer Space Telescope. They found
that while most quasars show the presence of strong dussiemias in low-redshift quasars (e.g.,
lower panel, Fig. 10), two objects in the sample (upper pdfigl 10) are completely undetected
with Spitzer to a faint limit. Prominent hot dust radiatiaghpught to be ubiquitous among type-
1 quasars, is simply not there. Instead, their SEDs in theeapb mid-IR region are consistent
with a pure accretion disk emission spectrum. No such objgsbeen discovered at lower redshift.
Furthermore, these two quasars have the smallest blackiads, with the hot-dust abundance in
the sample building up in tandem with the growth of the cétieck hole, whereas at low redshift
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Fig.9 Evolution of the density of luminous quasars based on the SBX®1 2dF surveys. Next
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Fig. 10 The discovery of the first dust-free quasar at high redshtie lower panel displays the
SEDs of a normal quasar at~ 6, while the upper panel presents the SEDs of a dust-free quasa
which shows no detection of hot dust and is consistent with gdisk emission in the near to mid-IR.
Adapted from Jiang et al. (2010).
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it is almost independent of the black hole mass. Thus 6 quasars are indeed at an early evolu-
tionary stage, with rapid mass accretion and dust formaliba two hot-dust-free quasars are likely
to be first-generation quasars born in dust-free environsnemd are too young to have formed a
detectable amount of hot dust around them.

Spectra ofz ~ 6 quasars reveal strong metal emission lines from the sudingrgas. This
suggests vigorous recent star formation in their host gegaxhich enriched quasar environments.
Luminous high-redshift quasars are likely located in thesgst environments in the early Universe.
However, direct imaging of the stellar light of host galaxie extremely difficult for luminous
high-redshift quasars. In observed far-IR to mm wavelesigtihe radiation is dominated by the
reprocessed radiation from cool/warm dust in the host galaroviding the best window to study
host galaxy properties while minimizing contaminatiorefrthe quasar light. Millimeter and sub-
millimeter continuum surveys of ~ 6 quasars (e.g., Bertoldi et al. 2003; Wang et al. 2007, 2008)
found that about 1/3 of high redshift quasars host galakiasstave luminosity comparable to those
of hyper-luminous IR galaxiedfr ~ 10'3 L). Assuming the dust heating came from starburst
activity, this suggests an enormous star formation raté0éf— 103 M yr—!. Quasar growth is
accompanied by intense star formation.

Radio-line surveys of sub-millimeter-bright quasars at 6 detected strong CO emission in
their host galaxies (e.g., Wang et al. 2010). The impliedemalar gas masses axe10'° M, and
line widths range from 200 km™¢ to 800 km s!. Observations of gas dynamics in quasar host
galaxies also provide the only way to study theoMer black hole - bulge mass relations at the
highest redshift. CO imaging of a few> 4 quasars shows a systematic departure from thezlow
relationship (Riechers et al. 2008, 2009; Walter et al. 200/ng et al. (2010) found that, assuming
random inclination angles for the molecular gas,4he 6 quasars are, on average, a factor 15 above
the black hole — bulge mass relation, in the sense of ovesiseblack holes. This result suggests
that BHs in high redshift quasars grow at a faster rate coetptr the rate their host galaxies are
being assembled; the M-relation, if it existed at: ~ 6, would show a strong cosmic evolution.
Detailed sub-millimeter and radio observations of quasmt lyalaxies also provide evidence for
guasar feedback on their hosts that could lead to the estiatdint of the Ms relation. Maiolino et al.
(2012) detected a broad wing in the [CII] line ofa- 6.4 quasar, suggesting strong outflow driven
by the quasar which could quench the star formation actofithe entire galaxy. Recently, the [Cl]
line was detected in the highest redshift quasar-at7.1 (Venemans et al. 2012). Such observations
will become routine and no longer be limited to the most lumnimsources when ALMA reaches its
full capability.

4 FIRST METALS AND FIRST STARS

The early star formation process that presumably startschicoreionization also enriched the ISM
and IGM with heavy elements. This is important as a chemaadiback mechanism, since the first
metals in the ISM and IGM immediately affect the heating aadling of gas and the subsequent
star formation. Detailed metal enrichment models in théyaamiverse are reviewed in Ciardi &
Ferrara (2005). Becker et al. (2006, 2011) uncovered a nugftlew-ionization IGM metal ab-
sorption systems to redshift as highas- 6.2, indicating an early IGM enrichment at the end of
the reionization epoch. Systematic searches of CIV, ugtladl strongest IGM absorption line, have
yielded detections of more than 20 IGM CIV systems at 5 (e.g., Simcoe et al. 2011; Ryan-Weber
et al. 2009).

Figure 11 illustrates the evolution of IGM CIV mass densitghwedshift. The relative invari-
ance in the amount of CIV absorption betweer 2 — 5 (Pettini et al. 2003; Songaila 2001) could
imply that a significant amount of IGM metals was injected at 5. Schaye et al. (2003) found a
lower bound of [C/H]~ —4 even in the underdense regions of the IGM at 4. Meanwhile, CIV
absorber surveys have convincingly demonstrated thae tises rapid evolution in the comoving
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Fig. 11 Evolution of the mass density in CIV absorption in the ingdagtic medium. There is a
strong downturn at > 5, indicating an evolution in either the Carbon enrichmeriboization state
at this redshift. Adapted from Simcoe et al. (2011).
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Fig. 12 The IGM metal absorption system with the highest known rétdahz = 6.25. Adapted
from Becker et al. (2011).

number density of CIV absorbers, with a factor-ob decrease between= 5 and 6 (e.g., Simcoe
et al. 2011; Ryan-Weber et al. 2009).

IGM s evolving rapidly in a post-reionization Universe. attare the sources of early metals and
how did they get there? Evolution of high-redshift galaxigscally relies on their ability to regulate
their star formation with galactic superwind feedback. ®at al. (2006) showed that simulations
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without feedback build galaxies with mass and star fornmatates at least three times too high.
A fundamental prediction of the galactic superwind modethist they, at the same time, would
enrich their surrounding IGM with heavy elements — they aredources of early IGM enrichment.
Adelberger et al. (2005) studied the IGM-galaxy connectibn ~ 3 based on a survey of galaxies
associated with CIV absorption. Only one of the stronge$t §istems at > 5 has an associated

galaxy identified through ultra-deep ground-based Epectroscopy (Gonzalo Diaz et al. 2011).

Madau et al. (2001) found that by assuming massive stargadrthe Universe with yield pro-
duced from Population Il or Il stars, the Universe would é@ mean metallicity of- 1073 ~
10~*Z, after reionization, comparable to those values found inhiig-redshift quasar absorp-
tion lines. While these measurements do not directly cairsthe reionization history, they sug-
gest that one could detect numerous metal absorption lines atz > 6. Furlanetto & Loeb
(2003) suggest using observations of low-ionization ghtsam lines such as Cll or Ol to constrain
properties of the stellar population that ionized the Urgeeatz > 6, such as star formation effi-
ciency and escape fraction from supernova winds. To directhstrain the reionization history, Oh
(2002) suggested using @302 absorption as a tracer of the neutral fraction. Ol hast iden-
tical ionization potentials as H and should be in a tight geagxchange equilibrium with H, while

its lower abundance means that it would not saturate evem wWigUniverse was mostly neutral:
& =10-¢ (NSLQZ@) 5. Ol (and SillA1260) forests could provide combined constraints on the
reionization and metal enrichment histories. Oh (2002jljoted that a handful of Ol lines could be
detected in the Gunn-Peterson trough redshift regions oWkr: > 6 quasars when observed at

high resolution.

Becker et al. (2006, 2011, Fig. 12) obtained high-resoiytiigh S/N spectra of a sample of six
guasars at > 5 using Keck/HERES and detected an Ol system up06.26. They do not find a
dense Ol forest, consistent with a high degree of IGM iomraat 2 ~ 6. However, it is puzzling
that the line of sight of SDSS J1148+5251-€ 6.42), which has the highest ionization fraction at
z > 6 (Sect. 3.3), also has the highest density of Ol lines, rgitie possibility that low metallicity,
not high ionization, may be the cause for the lack of Ol lirigstailed modeling of IGM enrichment
is needed to interpret results from high-redshift metadin

The first stars, i.e., Population 11l (Pop IIl) stars with @aenetallicity, are likely to be very
massive due to inefficient cooling and the large Jeans mabgiearly universe (Abel et al. 2002;
Yoshida et al. 2006). Massive Pop lll stars are probably keyributors to both the ionization pho-
tons that caused cosmic reionization and to the early predsesmic chemical evolution (Whalen
et al. 2008; Mackey et al. 2003; Bromm et al. 2003). Obsewnatof the formation of individual
Pop-11l stars are probably beyond the reach of even JWSTk{&son 2012). Can we detect the
combined contribution of Pop-IIl stars among high-redsh#laxies? There have been a number
of such attempts that searched for the Hel640 emission lines, since they can arise from highly
energetic ionizing photons associated with hot, meta-ftars. Dawson et al. (2004), Ouchi et al.
(2008), and Nagao et al. (2005) searched for an We$HO line in either stacked or individual spec-
tra of Lya-emitting galaxies, and their non-detections constragntfassive Pop Ill star formation
rate to a fewM, yr—!, usually a few tenths of the overall SFR in these galaxies.ffibst stringent
limit so far came from deep HST narrow-band observations0fa6.96 Lya emitter centered on
its expected Hell emission line (Cai et al. 2011), settingigper limit on the Pop Il star formation
rate in this galaxy to be: 0.5M¢, yr=!, or ~ 6% of its on-going star formation at ~ 7.

The other direction for probing the first generation of stanfation is to study the most metal
poor stars in the Galaxy. While Pop Il stars are expecteetmbssive, they will quickly enrich the
surrounding ISM with heavy elements, resulting in a critioatallicity (e.g., Bromm & Loeb 2003;
Schneider et al. 2003) below which there is more efficientingand formation of low mass stars
that could survive until the current epoch. Chemical abucda of these low-mass second genera-
tion stars bear signatures of the nucleosythesis and cheariachment processes of the first stars.
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Fig. 13 The most metal-poor star currently known, SDSS J1029+1TM28figure shows the spectral
range of the Call K and K lines. A synthetic profile with meitly 4.5 is superimposed, with-
enhanced by a factor of 2.5. This star has an iron abundamr¢e[E —4.89 and the absence of any
measurable C or N enhancements indicates an overall meétadif Z < 7.4 x 10~7. Adapted from
Caffau et al. (2012).

Discoveries of stars with [Fe/H] as low as—5 but strongly enhanced in carbon and nitrogen (e.g.
Christlieb et al. 2002; Frebel et al. 2005) support thisypiet Recently, Caffau et al. (2011, 2012,
Fig. 13) reported the discovery of a low-mass star with theekt overall metallicity yet known. Not
only does it have one of the lowest iron abundances ([Fe/H}89), but the lack of carbon and
nitrogen enhancement indicates that its metal-massdragti< 7.4 x 10~". Observations of such
objects show that low-mass star formation is possible witreenely low metallicity and has a direct
impact on our understanding of the first star formation atilybest redshift.

5 HISTORY OF REIONIZATION

The epoch of reionization is a crucial phase of cosmic eiamiytvhen theUV' photons from the
first generation of galaxies and quasars ionized the ndutthbgen in the IGM, ending the cosmic
dark ages. Reionization is the most important radiativellieek from the first stars and galaxies,
and represents the last major phase transition in cosntmriias neutral hydrogen in the Universe
became ionized. With current observational constraints still not clear (1)When did reionization
happen? Whether it was early ¢ 15) or late ¢ ~ 6 — 8), and whether it had an extended history or
resembled a phase transition? kB)w did reionization proceed? Was it homogeneous or did it have
a large scatter? How did HIl regions grow during reionizatmd how did the overlap happen?



First Light and Reionization 881

Probability

5 10 15 20 25 30
ZI’

Fig. 14 Left: Marginalized probability distribution fot,eion in the standard model with instanta-
neous reionization. Sudden reionizationzat= 6 is ruled out at a high level of significance, sug-
gesting that reionization was a gradual procédght: in a model with two steps of reionization
(with ionization fractionz. at redshiftz,., followed by full ionization atz = 7), the WMAP data are
consistent with an extended reionization process. Adafpbted Dunkley et al. (2009).

5.1 CMB Polarization

A key constraint on reionization comes from observationpalfrizations in the CMB. Thomson
scattering produces CMB polarization when free-electoatitsrers are illuminated by an anisotropic
photon distribution. Large scale CMB polarization therefprobes the ionization history by mea-
suring the total optical depths of the CMB produced by freetbns generated from the reioniza-
tion process. The strongest polarization constraint cofimoes the WMAP 7-yr results (Komatsu
et al. 2011), with the best-fit values of= 0.088 + 0.014 and z,c;on = 10.6 £+ 1.2, assuming an
instantaneous reionization at.;.,. However, the CMB polarization only measures an integrated
reionization signal.

Figure 14 illustrates the degeneracy of the reionizatidshét and detailed reionization history
based on CMB data alone, using a simple reionization modahaisig that the universe was partially
reionized at,;o, t0 an ionization fraction of., and then became fully ionized at= 7.

Detailed measurements of reionization history, therefi@guire observations of high-redshift
sources during the reionization era. These observatidhaetionly map the evolution of the IGM
ionization statefy1(z), but also reveal the topology and spatial distribution efikionization pro-
cess, and identify the sources that are responsible fanigzition.

5.2 Gunn-Peterson Test

Gunn & Peterson (1965) first proposed usingvltgsonance absorption in the spectrum of distant
guasars as a direct probe of the neutral hydrogen densityeifGM at high-redshift. The Gunn-
Peterson optical depth for byphotons is

7'1'62

fa/\aH_l(Z)nHla (2)

TGP —
MeC

wheref,, is the oscillator strength of the hytransition,\,, = 1216A, H(z) is the Hubble constant
at redshiftz, andny is the density of neutral hydrogen in the IGM. At high redihif

Q,,h2\ "2 Oph? 1+2\*2% /n
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Fig. 15 Evolution of optical depth with combined hyand Ly3 results. The dashed line is for a
redshift evolution ofrap o (14 2)*®. At z > 5.5, the best fit evolution haszp o (1 + 2)~1%9,
indicating an accelerated evolution. The large open sysith error bars are the average and
standard deviation of optical depth at each redshift. Thepsavariance also increases rapidly with
redshift. Adapted from Fan et al. (2006b).
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Fig. 16 Evidence for a significantly neutral IGM around the highestshift quasar at = 7.1.
Left panel shows the excess absorption at the quasar eeseftyn wavelength, likely due to the
presence of a strong IGM Gunn-Peterson damping wing; righepshows the very small near
zone size of thiz = 7.1 quasar compared with quasarszat- 6, indicating a much more neutral
surrounding IGM. Both observations are consistent with @™ Ineutral fraction offu; > 0.1.
Adapted from Mortlock et al. (2011).

for a uniform IGM. Even a tiny neutral fractiorfy; ~ 104, gives rise to complete Gunn-Peterson
absorption. Note that this test is only sensitive at the ditldeoreionization when the IGM is already
mostly ionized, and saturates for the higher neutral foadti the earlier stage.

Fan et al. (2006b) measured the evolution of Gunn-Peterpticab depths along the line of

sight of 19 quasars with > 5.7 from the SDSS (Fig. 15). They found that afs < 5.5, the
optical depth can be best fitted asc (1 + 2)*3, while atz,,s > 5.5, the evolution of optical depth
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acceleratest oc (1 + 2)>1%. There is also a rapid increase in the variation of opticatid@long
different lines of sighto () /7 increases from- 15% atz ~ 5,t0 > 30% atz > 6, in whichr is
averaged over a scale of 60 comoving Mpc. Assuming photoionization equilibrium and adal
of IGM density distribution, one can convert the measuréebéize optical depth to IGM properties,
such as the level dffV ionizing background and average neutral fractionzAt 6 the volume-
averaged neutral fraction of the IGM has increased t)—3-3, with both ionizing background and
neutral fraction experiencing about a one order of mageittlthnge over a narrow redshift range,
and the mean-free-path bfl” photons is shown to be 1 physical Mpc at: > 6 (Fan et al. 2006b).
However, with the emergence of complete Gunn-Petersogli®atz > 6, it becomes increasingly
difficult to place stringent limits on the optical depth aredlitral fraction of the IGM. More sensitive
tests are required to probe the ionization state of the |GNatds the neutral era.

5.3 Beyond the Gunn-Peterson Test: Evidence for a SignificaiNeutral Fractionat z ~ 7

For a largely neutral IGMy ~ 10°, the damping wing of the GP trough arising from the large GP
optical depth of the neutral medium will extend into the ritbf the Lyv emission line (Miralda-
Escude 1998). This IGM damping is more extended than therptisio caused by a discrete high Hl
column density damped kysystem and can be distinguished from it with high S/N spscpy.
Using the spectrum of a GRB at= 6.3, Totani et al. (2006) derived an upper limit ff; < 0.5
based on the lack of an IGM damping wing.

The discovery of quasar ULAS J1120+064 7.085) provides the first opportunity to study
the IGM ionization state at ~ 7. Mortlock et al. (2011, Figure 16) found that thed.ymission
line profile is quantitatively different from those of lovedshift quasars, and can only be fitted by
assuming a smooth absorption envelop that extends to tlededf the rest-frame kywavelength.
This profile is difficult to explain by a damped system but carebsily modeled by an IGM with
Jur ~ 10.

Luminous quasars produce a highly ionized HIl region ardinedn even when the IGM is still
mostly neutral otherwise. The presence of (time boundesingo Stromgren spheres around the
highest redshift SDSS QSOs has been deduced from the otiskffezence between the redshift of
the onset of the Gunn-Peterson effect and the systemicifealsthe host galaxy (White et al. 2005;
Wyithe & Loeb 2004). The physical size of these spheres ig#fly ~ 5 Mpc atz > 6. The size of
the Stromgren spheres is determined bytié luminosity of the QSO, the HI density of the IGM,
and the age of the QSO. However, the size of this HIl regionthasbserved size of the proximity
zone around quasars are both strongly affected by a numbactof's, in particular, the details of
radiative transfer inside the quasar’s Stromgren splhegactice, it is also non-trivial to define the
size of the proximity zone in the presence of patchy lfgrest absorption.

Defining the size of a Stromgren sphere using quasar speaiaervationally difficult. Usually,
one defines aear zone as the region close to the quasar along the line of sight ichvpbhotoion-
ization is dominated by/V radiation from the quasar itself and the Gunn-Petersorcalptiepth
is significantly lower than the general IGM. Fan et al. (2008iodied the sizes of near zones as-
sociated with luminous SDSS quasars:at- 5.7, and found a decrease by a factor of 2.8 in the
sizes of near zones from= 5.7 to 6.4, validating the physical picture that quasar HIl regiores ar
expanding into an increasingly neutral IGM at higher refishBinceRnz o< [(1 4 2) fi] ~ /2, this
corresponds to more than an order of magnitude increase Gtk neutral fraction, consistent with
Gunn-Peterson optical depth measurements over a similahiferange.

A high S/N spectrum of ULAS J1120+0641 & 7.085) shows a deep Gunn-Peterson absorp-
tion trough fromz = 5.9 to 7.0, although by itself, the limit on the IGM neutral fract is similar
to that atz ~ 6 due to saturation of the Gunn-Peterson effect. Howeveraliserption spectrum
does show a significant difference from those ofits 6 counterparts: as shown in Figure 16, the
IGM optical depth remains high until very close to the quasdshift, with a near zone size 1.9
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Fig. 17 Evolution of number density and star formation rate invlgalaxies at the end of reioniza-
tion. A rapid decline in the density of kygalaxies is an indication that a partially neutral IGM is
attenuating Ly emission lines at > 6.5. Adapted from Shibuya et al. (2012).

physical Mpc. This is a factor of 2.5 smaller than the near zone sizezat- 6.2, after correcting
for the luminosity effect. After discussing other possibigplanations, Mortlock et al. (2011) and
Bolton et al. (2011) conclude that the small near zone sizensistent with an IGM neutral fraction
fur > 0.1, consistent with the damping wing result discussed above.

Properties of Ly galaxies can also be used to directly probe the IGM neuteatifsn. For
z ~ 6, at~ 10A redward of Ly of the host galaxy, the optical depth is of order unity for atna
IGM. Without a large Stromgren sphere, the intrinsielgmission will be considerably attenuated.
In the simplest picture, one predicts: (1) thenLgalaxy luminosity function will decrease sharply
in an increasingly neutral IGM, even if the total star forioatrate in the Universe remains roughly
constant, and (2) the ly profiles will have a stronger red wing and a smaller averaggévatpnt
width before the onset of reionization.

Malhotra & Rhoads (2004) and Stern et al. (2005) combined.#&leA survey of Lya galaxies
(Rhoads et al. 2003) with other bysurveys in the literature to determine the luminosity fiorcof
Lya galaxies at = 6.5 and 5.7. They found no evolution between these two redshi$t bonsistent
with the IGM being largely ionized by ~ 6.5. However, using deep Subaru data, Ota et al. (2008)
show a rapid decline of Ly galaxy density at ~ 6.6 — 7.0, but only a mild evolution in the density
of continuum-selected galaxies over the same redshifteailgez ~ 7.2 Ly« emitter survey by
Shibuya et al. (2012) confirmed this trend (Fig. 17). Theaxgtnsity evolution can be interpreted
as the attenuation due to a rapid evolution of neutral hyeindgaction withzy; ~ 0.3 — 0.6 at
z ~ 7. The interpretations of these results, however, requireerdetailed modeling (e.g Haiman
2002; Furlanetto et al. 2006; McQuinn et al. 2007).

Figure 18 shows the current limits on the cosmic neutraltivacversus redshift. The obser-
vations paint an interesting picture. On the one hand, studf GP optical depths and variations
suggest a qualitative change in the state of the IGM at 6. These data indicate a significant
neutral fractiongzy; > 1072, and perhaps as high as 0.1zat 6, as compared tey; < 10~ at
z < 5.5. At z ~ 7, recent results using the quasanLgamping wing, near zone size andLgalaxy
density confirm this trend, and suggest a significant nel@®&l with fy; > 0.1. The IGM charac-
teristics at this epoch are consistent with the end of thicdation’ stage of reionization (Gnedin &
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Fig. 18 The volume averaged neutral fraction of the IGM versus réds$ing various techniques.
The dashed line shows the model of Gnedin (2004) with latization at: = 6 — 7, and the dotted
line illustrates the model with early reionizationzat- 14. Current observational constraints indicate
that the peak of the reionization activity isat~ 7 — 13. Although they still cannot differentiate
between various models of reionization history, the rassiitongly suggest a gradual reionization
process, which can only be confirmed with IGM observations at7.

Fan 2006). On the other hand, the measurement of the larbesuarization of the CMB suggests
a significant ionization fraction extending to higher raétshz ~ 11+ 1, implying a relatively early
reionization.

Note that, however, the CMB results in Figure 18 assume gspaase transition” in the IGM
ionization state. The combination of the current constsasimply indicate that this “phase transi-
tion” picture is not consistent with observations; reiatian is likely to be a prolonged, complex
process. While there must have been a large amount of freais atz > 10 to explain the large
CMB optical depth, the IGM remains only partially ionizedtilias late asz ~ 7. This result, if
confirmed by future high-redshift observations, will havagnificant impact on our understanding
of the formation and evolution of the first generation gadaxi

6 FUTURE PROSPECTS

At the time of this review, the frontier for observing thetdist Universe is at ~ 7, at which secure
spectroscopy of a handful of galaxies, quasars and GRB#sexrisd detailed studies of both the
intrinsic properties of galaxies and quasars, and the &volwf the IGM has started. At > 7,
samples of photometrically selected galaxies also beganterge, although detailed spectroscopy
is still at, or beyond, the limit of the current generationiliies. Even though sample sizes are still
small, atz ~ 7, or about 800 million years after the Big Bang, there is tevaeevidence that the
Universe is undergoing a fundamental transition as we goeoaghing the epoch of first light:

— A rapidly evolving galaxy population. As discussed in $8t®, the star formation density of
the Universe begins to decrease significantly at 6. The galaxy density at ~ 7 can barely
keep the Universe ionized and a significantly higher fractibescapind/V' photons might be
required, suggesting a change in intrinsic properties bges.

— Arapidly evolving quasar population. As discussed in 8a, the density of luminous quasars
declines dramatically from ~ 2 to 6. Meanwhile, growth of supermassive black holes begins
to be severely limited by an accretion timescale at 7. Possible detection of dust-free quasars
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from the metal-free environment is consistent with the allgicture that the first generation of
supermassive black holes begins to emerge at this epoch.

— A rapidly evolving IGM. As discussed in Sections 4 and 5rent observations suggest that
reionization has yet to be completed by~ 6 — 7, accompanied by a rapid increase in the
neutral fraction of IGM. Furthermore, the IGM metal contappears to be evolving as well,
suggesting the earliest IGM chemical enrichment processtifar behind.

WMAP results on CMB polarization give the most direct indioa that the epoch of first gen-
eration star formation is at > 10. In the coming decade, large, coordinated projects usingiat
generation facilities, in particular deep HST surveys.(6CANDELS and CLASH) and deep spec-
troscopic observations on 8-10m class telescopes, wilirmoato make progress on finding and
studying physical processes in the population of galaxiessa7 — 10; Wide-field near-IR surveys
using dedicated facilities such as VISTA will likely produa handful of: > 8 quasars; the contin-
ued effort on follow-up of GRBs is also expected to extendhtibe range of redshifts and quality
of GBR observations. However, direct observations of gakquasars and IGM at > 10 will
likely have to await for the construction of the next genieraof facilities. Indeed, studying the first
light and reionization is both a major motivation and stra@egence requirement for many of these
facilities being planned or under construction. Here wénhignt a few examples:

— JWST: searching for the first light. JIWST will representer(d) of magnitude increase in the
sensitivity of detecting and observing high-redshift gaéda and IGM, and will identify the
reionization population. Figure 19 shows a prediction afhhiedshift galaxy number counts
as a function of limiting magnitudes. A JWST survey will reaan AB magnitude of 32, and
detect dwarf galaxies at> 15. A key project that surveys the HST/GOODS field will detect a
large number of galaxies even upze- 15. In addition, JIWST/NIRSPEC will provide spectro-
scopic confirmation of at least the brighter candidatesse&lmservations will provide the most
valuable samples of high-redshift star-forming galaxieprobe the reionization history. Deep,
space-based IR spectroscopy will allow studies of steltgoupation and star formation history
of galaxy populations at > 7 and will map the IGM ionization and enrichment history thgbu
high S/N spectroscopy of high-redshift quasars (and GRBS).

— EUCLID/WFIRST: search for the earliest supermassive lblaales. Although the approved
ESA mission EUCLID and the planned NASA mission WFIRST hdweirt primary science
goals in the area of dark energy, the wide-field near-inttranarveys these missions plan to
carry out will reach~ 2 — 4 magnitudes fainter than ground-based surveys with siraileal
coverage, and will enable discoveries of a large numberoftbst distant quasarsat- 8— 10,
directly probing the epoch of formation and evolution of fingt supermassive black holes. Both
missions could find> 1000 quasars at > 7 and~ 20 quasars at > 10 based on extrapolating
current measurements of the quasar luminosity functian-ai.

— 21cm: history of reionization. The 21cm transition of mallhydrogen provides a unique probe
of reionization, by directly observing the properties oM@®eutral hydrogen. The 21cm spin
temperature begins to decouple from the CMB temperaturbeat/hiverse expands and first
structures start to grow at high redshifts. Unlike thell@unn-Peterson effect, it does not satu-
rate, and therefore can probe a mostly neutral IGM; unlikeBgdMlarization, it provides a full
3-dimensional map of the IGM structure and is sensitive tadewange of astronomical scales
and processes. Figure 20 presents a simulation of the 2beralsiover the first billion years of
cosmic history. The key issue is the faintness of the 21cmesignd the removal of strong (and
varying) foreground. A number of pathfinder facilities atese to completion and might allow
statistical detections of high-redshift 21cm signals;gheare kilometer array (SKA) will allow
a full 3-D mapping of the cosmic evolution through 21cm réidia
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Fig. 19 Sensitivity of JWST deep surveys compared to the currergrggdion HST surveys of high-
redshift galaxies. JWST can trace the entire reionizatfotk from the first light a& ~ 20 to the
end of reionization at ~ 6. Adapted from Windhorst et al. (2008).
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Fig.20 Simulation of 21cm signals as a probe of reionization. Tharégshows a slice through
redshift as reionization proceeds in the IGM. Note the seglected signal compared to the strong
foreground radiation. Adapted from Thomas et al. (2009).
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