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has two themes: (i) Using the 21cm line of neutral hydrogen as the most direct probe into the
evolution of the neutral intergalactic medium during cosmic reionization. Such HI 21cm studies
are potentially the most important new window on cosmology since the discovery of the CMB. (ii)
Observing the gas, dust, star formation, and dynamics, of the first galaxies and AGN. Observations
at cm and mm wavelengths, provide an unobscured view of galaxy formation within 1 Gyr of the
Big Bang, and are an ideal complement to the study of stars, ionized gas, and AGN done using
near-IR telescopes. I summarize HI 21cm signals, challenges, and telescopes under construction.
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Cosmic reionization and rst light C.L. Carilli

1. Introduction

Cosmic reionization corresponds to the transition from a fully neutral intergalactic medium
(IGM) to an (almost) fully ionized IGM caused by the UV radiation from the first luminous objects.
Reionization is a key benchmark in cosmic structure formation, indicating the formation of the first
luminous objects. Reionization, and the preceding ’dark ages’, remain the last of the major phases
of cosmic evolution left to explore.

The SKA international science advisory committee identified cosmic reionization and first
light as one of the key science projects for a future square kilometer array. The KSP had two parts:

e Use the 21cm line of neutral hydrogen as the most direct probe into the evolution of the neu-
tral intergalactic medium during cosmic reionization. Such HI 21cm studies are potentially
the most important new window on cosmology since the discovery of the CMB.

e Observe the gas, dust, star formation, and dynamics, of the first galaxies and AGN. Obser-
vations at cm and mm wavelengths, provide an unobscured view of galaxy formation within
1 Gyr of the Big Bang, and are an ideal complement to the study of stars, ionized gas, and
AGN done using near-IR telescopes.

I should start with a mea culpa: the original SKA KSP was misnamed as study of the ’dark
ages’. The dark ages correspond to the period prior to reionization and first light, while the SKA
KSP focuses on essentially cosmic reionization, which signals the end of the dark ages. This review
will focus again on reionization, although I have included a summary of recent work suggesting
that the dark ages themselves may be a gold mine of cosmological discoveries through the HI 21cm
studies of the pre-galactic medium, potentially studied with a low frequency radio telescope on the
Moon (section 3.5).

Since this KSP was first proposed (Carilli et al. 2004), there has been an explosion in the-
oretical studies of the expected HI 21cm signal from reionization (lots of references), as well as
extensive reviews written on the first galaxies and the process of reionization (Furlanetto, Oh,
Briggs 2007; Ellis 2007; Fan, Carilli, Keating 2007). In this review, I will concentrate on updating
predicted signals, observational challenges, and telescopes under construction. More on the theory
of reionization can be found in Ferrara (this volume).

In Section 4, I present the latest results on studies of the most distant galaxies (z> 6), and a
look toward the promise of a 10% SKA demonstrator working at short cm wavelengths for such
studies. I begin with a brief review of the current observational constraints on cosmic reionization.
For more detail, see Fan, Carilli, Keating (2006).

2. Observational constraints on cosmic reionization

The last decade has seen the first observational evidence for cosmic reionization. The primary
results come from the Gunn-Peterson effect, ie. Lya absorption by the neutral IGM, toward the
most distant quasars (Z~ 6), and the large scale polarization of the CMB, corresponding to Thom-
son scattering during reionization. These observations suggest that reionization was a complex
process, with significant variance in both space and time, starting perhaps as high as z ~ 14, with
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Figure 1: The neutral fraction, by volume, of the intergalactic medium as a function of redshift. Current
constraints are shown, as well as representative models for the HI evolution. Also shown are potential causes
for uncertainty in the measurements (adapted from Fan , Carilli, Keating 2006).

the last vestiges of the the neutral IGM being etched-away by z ~ 6 (see review by Fan, Carilli,
Keating 20006).

Figure 1 shows the current state of observational constraints on the cosmic neutral fraction as
a function of redshift. The GP effect, and related statistical measures of eg. dark gaps in QSO
spectra (Fan et al. 2006), suggest a qualitative change in the nature of the IGM at z ~ 6, likely
signifying the end of reionization. At the other extreme, the CMB large scale polarization suggests
a significant ionization fraction extending to Z~ 11. A major task in the coming decade is to
"connect the dots’ from z~ 6 out to Z~ 14 in this figure.

These first measurements of cosmic reionization are truly a water-shed event. However, it
has also become clear that these important first probes of cosmic reionization are fundamentally
limited. Figure 1 also lists potential causes for uncertainty in the measurements (adapted from Fan ,
Carilli, Keating 2006). The CMB polarization remains only a 30 result, and it represents an integral
measure of the Thomson scattering optical depth back to recombination, and hence can be fit by
many different reionization scenarios. For the Gunn-Peterson effect, the IGM becomes optically
thick to Lya absorption for a neutral fraction > 1073, and hence the diagnostic capabilities of
this probe effectively saturate at low neutral fractions. The GP conclusions are also depend on an
assumed clumping factor for the IGM.
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Figure 2: The predicted HI 21cm signals versus redshift for different HI masses, assuming a constant line
width of 300 km s~!. Sensitivity of low frequency telescopes are also shown, for 1000 hour integration with
LOFAR and the GMRT, and 100 hour with SKA.

3. HI 21cm signalsfrom cosmic reionization

3.1 Large Scale Structure

It is widely recognized that the most direct and incisive means of studying cosmic reionization
is through the 21cm line of neutral Hydrogen (Furlanetto et al. 2006; Carilli 2006). The study of HI
21cm emission from cosmic reionization entails the study of large scale structure (LSS), meaning
HI masses > 10'2 M.

Figure 2 shows the signal strength expected for a given HI mass versus redshift. A constant
line width of 300 km s~! was assumed for simplicity. The key point is that, even with future large
area telescopes such as the SKA, HI measurements at these high redshifts will be restricted to LSS,
not individual galaxies. Fortunately, during this epoch the entire IGM can be neutral, and the LSS
in question is not simply mass clustering, but involves a combination of structure in cosmic density,
neutral fraction, and HI excitation temperature.

The optical depth on the 21cm line of neutral hydrogen is given by:

3
SEMA 6 00743 (14 8)(1 4 222 H () /(2 3.1)

"~ Tokev2, TsH(2) Ts ar'b
where A is the Einstein coefficient and v,; = 1420.40575 MHz (eg. Santos et al. 2005). This
equation shows immediately the rich physics involved in studying the HI 21cm line during reion-
ization, with T depending on the evolution of cosmic over-densities, 0 (predominantly in the linear
regime), the neutral fraction, Xy, (ie. reionization), the HI excitation, or spin, temperature, Ts, and
the velocity structure, %’, including the Hubble flow and peculiar velocities.
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In the Raleigh-Jeans limit, the observed brightness temperature (relative to the CMB) due to
the HI 21cm line at a frequency v = vy, /(14 2), is given by:

_ Ts—Tcems

TCMB 1/2
= ~ 7(1 1——)(1 K 2
B 12 T~ 7(140)Xui( Ts )(1+2)"/° mK, 3.2)

The conversion factor from brightness temperature to specific intensity, I, is given by: |, =
ﬁﬂg =22(1+ Z)_ZTB Jy deg_z. These equations show that for Ts ~ Tcmp one expects
no 21cm signal. When Ts >> Tcup, the brightness temperature becomes independent of spin tem-
perature. When Ts << Tcmp, we expect a strong negative (ie. absorption) signal against the CMB.

The interplay between the CMB temperature, the kinetic temperature, and the spin tempera-
ture, coupled with radiative transfer, lead to a number of interesting physical regimes for the HI
21cm signal (Ali 2005; Barkana & Loeb 2004; Carilli 2005; Furlanetto et al. 2006; Fan, Carilli,

Keating 2006):

o At z> 200 equilibrium between Tcvmp, Tk, and Ts is maintained by Thomson scattering off
residual free electrons and gas collisions. In this case Ts= Tcyp and there is no 21cm signal.

e At z~ 30 to 200, the gas cools adiabatically, with temperature falling as (1 +2)?, ie. faster
than the (1+z) for the CMB. However, the mean density is still high enough to couple Ts and
Tk, and the HI 21cm signal would be seen in absorption against the CMB (Sethi 2005; see
section 3.5).

e At Z~ 20 to 30, collisions can no longer couple Tk to Ts, and Ts again approaches Tcmp.
However, the Lya photons from the first luminous objects (Pop III stars or mini-quasars),
may induce local coupling of T and Ts, thereby leading to some 21cm absorption regions
(Cen 2006). At the same time, Xrays from these same objects could lead to local IGM
warming above Tcyp (Chen & Miralda-Escude 2003). Hence one might expect a patch-work
of regions with no signal, absorption, and perhaps emission, in the 21cm line.

o At z~ 6 to 20 all the physical processes come to play. The IGM is being warmed by hard
Xrays from the first galaxies and black holes (Loeb & Zaldarriaga 2004; Barkana & Loeb
2004; Ciardi & Madau 2003), as well as by weak shocks associated with structure formation
(Furlanetto, Zaldarriaga, & Hernquist 2005), such that Tk is likely larger than Tepmp globally
(Furlanetto et al. 2004b). Likewise, these objects are reionizing the universe, leading to a
fundamental topological change in the IGM, from the linear evolution of large scale structure,
to a bubble dominated era of HII regions (Furlanetto et al. 2005a).

3.2 TheHI 21cm signals

Global signal: The left panel in Figure 3 shows predictions of the global (all sky) increase
in the background temperature due to the HI 21cm line from the neutral IGM (Gnedin & Shaver
2003). The predicted HI signal peaks at roughly 20 mK above the foreground at z ~ 10. At
higher redshift, prior to IGM warming, but allowing for Ly emission from the first luminous
objects, the HI is seen in absorption against the CMB. Since this is an all sky signal, the sensitivity
of the experiment is independent of telescope collecting area, and the experiment can be done
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Figure 3: Left: Global (all sky) HI signal from reionization (Gnedin & Shaver 2003). The shaded region
shows the expected thermal noise in a carefully controlled experiment. Center: Predicted HI 21cm bright-
ness temperature power spectrum (in log bins) at redshifts 8 and 12 (Mcquinn et al. 2006). The thin black
line shows the signal when density fluctuations dominate. The dashed green line shows the predicted signal
for Xi = 0.2 at z= 12, and X; = 0.6 at z= 8, in the (Furlanetto et al. 2004) semi-analytic model. The thick
blue line shows the SKA sensitivity in 1000hrs. The thick red dot-dash show the sensitivity of the pathfinder
experiment LOFAR. The cutoff at low k is set by the primary beam. Right: The simulated SKA spectrum
of a radio continuum source at Z= 10 (Carilli et al. 2002). The straight line is the intrinsic power law
(synchrotron) spectrum of the source. The noise curve shows the effect of the 21cm line in the neutral IGM,
including noise expected for the SKA in a 100 hour integration.

using small area telescopes at low frequency, with very well controlled. and calibrated, frequency
response (Bowman, Rogers, Hewitt 2007). Note that the line signal is only ~ 10~* that of the mean
foreground continuum emission at ~ 150 MHz.

Power spectra: The middle panel in Figure 3 shows the predicted power spectrum of spatial
fluctuations in the sky brightness temperature due to the HI 21cm line (Mcquinn et al. 2006). For
power spectral analyses the sensitivity is greatly enhanced relative to direct imaging due to the fact
that the universe is isotropic, and hence one can average the measurements in annuli in the Fourier
(uv) domain, ie. the statistics of fluctuations along an annulus in the uv-plane are equivalent.
Moreover, unlike the CMB, HI line studies provide spatial and redshift information, and hence the
power spectral analysis can be performed in three dimensions. The rms fluctuations at z= 10 peak
at about 10 mK rms on scales ¢ ~ 5000.

A recent analysis by Lidz et al. (2008) shows that the MWA should be able to determine the
HI 21cm power-spectrum over roughly a decade in wavenumber, K ~ 0.1 to 1h Mpc~!. These
data should be able to constrain both the amplitude and slope of the power spectrum. A key
aspect of these measurements is determination of the redshift evolution of these quantities, with
the amplitude of the rms power in the HI 21cm fluctuations peaking at redshift when the IGM is
roughly 50% neutral.

Absorption toward discrete radio sources: An interesting alternative to emission studies
is the possibility of studying smaller scale structure in the neutral IGM by looking for HI 21cm
absorption toward the first radio-loud objects (AGN, star forming galaxies, GRBs) (Carilli et al.
2002). The rightpanel of Figure 3 shows the predicted HI 21cm absorption signal toward a high
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Figure4: The simulated HI 21cm brightness temperature distribution during reionization at z= 12,9, 7 (left
to right) (Zaldariagga et al. 2004)

redshift radio source due to the ‘cosmic web’ prior to reionization, based on numerical simulations.
For a source at Z= 10, these simulations predict an average optical depth due to 21cm absorption
of about 1%, corresponding to the ‘radio Gunn-Peterson effect’, and about five narrow (few km/s)
absorption lines per MHz with optical depths of a few to 10%. These latter lines are equivalent to
the Ly o forest seen after reionization (a recent treatment of this problem can be found in Furlanetto
2006). Furlanetto & Loeb (2002) predict a similar HI 21cm absorption line density due to gas in
minihalos as that expected for the 21cm forest.

Tomography: Figure 4 shows the expected evolution of the HI 21¢m signal during reioniza-
tion based on numerical simulations (Zaldariagga et al. 2004; see also Zahn et al. 2007; Iliev et al.
2006; Shapiro et al. 2006, etc...). In this simulation, the HII regions caused by galaxy formation are
seen in the redshift range z~ 8 to 10, reaching scales up to 2’ (frequency widths ~ 0.3 MHz ~ 0.5
Mpc physical size). These regions have (negative) brightness temperatures up to 20 mK relative
to the mean HI signal. This corresponds to 5uJy beam ™! in a 2’ beam at 140 MHz. Only the full
SKA will able to image such structures.

Largest Cosmic Stromgren Spheres (CSS): While direct detection of the typical structure of
HI and HII regions may be out of reach of the near-term EoR 21cm telescopes, there is a chance that
even this first generation of telescopes will be able to detect the rare, very large scale HII regions
associated with luminous quasars near the end of reionization. The expected signal is ~ 20mK
XXy on a scale ~ 10’ to 15/, with a line width of ~ 1 to 2 MHz (Wyithe, Loeb, Barnes 2005).
This corresponds to 0.5 XXy mly beam ™!, for a 15’ beam at Z~ 6 to 7, where Xy, is the IGM
neutral fraction. Figure 5 shows a simulation of the expected images from near-term reionization
telescopes, such as the MWA, for these very large structures. The key aspect of these systems is that
the structures are three dimensional, making them much easier to detect than continuum structures
at a similar brightness.

Wyithe et al. (2005) predict that, for late reionization, there should be several tens of (mostly
fossil) large (> 4Mpc physical) CSS per 10° field of view in Z~ 6 to 8. An interesting addition to
the QSO CSS studies is the possibility that massive galaxy formation at very high redshift is highly
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Figure 5: The simulated HI 21cm brightness temperature distribution for the largest expected structures
during reionization, those associated with luminous QSOs, or highly clustered massive galaxy formation
(Wyithe, Loeb, Barnes 2005). Left shows channel images with 1.25 MHz width, and right shows the spec-
trum at the position of the source.

clustered, occuring in rare peaks in the cosmic density field. The total number of ionizing photons
from star formation integrated over the lifetime of the system can match that radiated by a luminous
QSO (Li et al. 2007; Wyithe et al. 2007), and hence generate CSS comparable to those predicted
for the QSOs. The star forming systems will both increase the size of the spheres around bright
QSOs (since QSO and massive galaxy formation are likely to be coupled), as well as increase the
number of large spheres, in cases where the QSO has not turned-on yet.

To add a personal bias to this review, my prediction is that the first robust detection of the
neutral IGM using the 21cm line will not be through power-spectral studies, but come through a
repeatable, very large, three dimensional "hole’ seen in images made in the very wide, deep field
(AB > 10°, Az > 2), with up-coming reionization telescopes.

3.3 Telescopes

Table 1 summarizes the current experiments under construction to study the HI 21cm signal
from cosmic reionization. These experiments vary from single dipole antennas to study the all-sky
signal, to 10,000 dipole arrays to perform the power spectral analysis, and potentially to image the
largest structures during reionization (eg. the quasar Stromgren spheres).

Most of the experiments have a few to 10% of the collecting area of the SKA, and there are
many common features:

e All rely on some form of a wide-band dipole or spiral antenna, eg. log-periodic yagis, sleeve
dipoles, or bow-ties, with steering of the array response through electronic phasing of the
elements.

e The front-end electronics are relatively simple (uncooled amplifier/balun), since the system
performance is dominated by the sky brightness temperature.

e Most rely on a grouping of dipoles into ’tiles’ or ’stations’, to decrease the field-of-view, and
to decrease the data rate into the correlator to a managable level.

o The large number of array elements, and the need for wide-field, high dynamic range imaging
over an octave, or more, of bandwidth, demand major computing resources, both for basic
cross-correlation, and subsequent calibration, imaging, and analysis. For example, assuming
an array of 1000 tiles, a 100 MHz bandwidth, and 8 bit sampling, the total data rate coming
into the correlator is 1.6 Tbit s~'. The LOFAR array is working with IBM to apply the 27.4
Tflop Blue Gene supercomputing technology to interferometric imaging (Falcke 2006).






