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1. Introduction

The redshifted 21-cm line is an ideal probe of cosmic reionization as its brightness 67} (z)
directly depends upon the neutral fraction of the InterGalactic Medium (IGM) xyy:

6Tp(2) ~ 27xm(z) (1 - TV(Z)) (1+8(2) <H)

Ty(z) dv,/dr+H
14z 0.15 [ Qph*\ (1-Y,
Ny K 1.1
10 Qui? <0.023> < 075 ) ™ (1-1)

where T, is the cosmic microwave background (CMB) temperature, T is the spin temperature, 0 is

the fractional overdensity in baryons, dv,/dr is the peculiar velocity term, Qy = 0.315 is the matter
density, = H/(100kms~!Mpc~!) = 0.673 is the normalized Hubble parameter and Q, = 0.049
is the baryon density (Planck collaboration, 2015). Field (1959) showed that the resonant scattering
of Ly photons from HI atoms can quickly couple the spin temperature to the gas temperature 7
(i.e. Ty = Tj) in the high redshift (z > 6) IGM. Before widespread reionization, therefore, the 21-cm
signal is a sensitive probe of the thermal history of the IGM.

Theoretical models identify different epochs in the evolution of the 21-cm brightness temper-
ature (i.e. Furlanetto 2006, Pritchard & Loeb 2010, Mesinger, Greig & Sobacchi 2016):

® 74 < 7 < z4: the first stars are formed at z, and are expected to emit Ly photons that will
start driving the spin temperature to the gas temperature via resonant scattering (Wouthuysen
1952, Field 1959). Full coupling is achieved at z,;

e 7, <z < zq: after Lya coupling, sufficient radiation is released and starts heating the IGM.
Most of the gas remains colder than the CMB apart from small pockets around the brightest
sources: the colder the gas with respect to the CMB, the brighter (in absorption) the 21-cm
signal

e 7, < 7 < zj: as heating continues, the gas temperature is eventually driven above the CMB
temperature until saturation, i.e. Ty = T; > T, is reached at z;. From this point onwards, the
21-cm emission is no longer a sensitive probe of the thermal state of the IGM;

e 7, < 7z <z after saturation, the ionization fraction raises to several percents due to the
continued emission of ionizing photons from the first galaxies, marking the beginning of
cosmic reionization (z,). Although most models make this assumptions, if gas heating is
inefficient, saturation may happen after the ionization fraction start to significantly increase
(i.e., 7y <z < z,), leading to a “cold reionization", i.e. with T < T}, (Mesinger, Ferrara &
Spiegel 2013; Fialkov, Barkana & Visbal 2014).

The sources of IGM heating remain rather uncertain even from a theoretical standpoint, but their
main constituent is generally accepted to be X-ray emission from first stellar black holes (e.g.,
Pritchard & Furlanetto 2007) or very hot interstellar medium (e.g., Pacucci et al. 2014), although
Lyo radiation and shocks are contributing at a minor level (e.g., McQuinn & O’Leary 2012). Ob-
servations of the 21-cm emission before the spin temperature is saturated can, therefore, indirectly
probe the presence and nature of X-ray sources in the early Universe.
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2. Constraints on the IGM temperature from 21-cm observations

Observations of the redshifted 21-cm are carried out using low frequency radio astronomical
instrumentation: if they target the sky—averaged (global) signal they use a single dipole operat-
ing over a relatively large frequency range (i.e. Bowman & Rogers 2010; Bernardi, McQuinn &
Greenhill 2015; Singh et al. 2015), whereas if they aim to measure fluctuations above the mean
signal they require the angular resolution provided by interferometric arrays.

The presence of Galactic and extragalactic foregrounds that are a few orders of magnitude
brighter than the 21-cm emission everywhere in the sky (e.g., Bernardi et al. 2009, 2010; Dillon
et al. 2014; Parsons et al. 2014) is the greatest hurdle to detect the signal, however, recent obser-
vations with the Precision Array to Probe the Epoch of Reionization (PAPER, Parsons et al. 2010)
have managed to derive upper limits to the 21-cm signal at z = 8.4 that provide a first evidence that
the IGM was heated at z = z, > 8.4 (Ali et al. 2015; Pober et al. 2015; Greig, Mesinger & Pober
2016; Figure 1).
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Figure 1: Left: constraints on the IGM spin temperature at z = 8.4 (from Pober et al. 2015), assuming full
copling between the gas and spin temperature, 7; = T;. Right: constraints on the durationa and mid-point of
reionization for “cold reionization" scenarios from global signal measurements (from Monsalve et al. 2017,
see text for details).

As reionization is believed to be well underway at z, = 8.4, the 21-cm brightness temper-
ature depends on both the HI neutral fraction and the gas temperature (equation 1.1), under the
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assumption of full coupling between the gas and spin temperature. Given a certain neutral fraction,
however, the magnitude of the 21-cm brightness fluctuations is inversely proportional to the gas
temperature, making the reasonable assumption that the fluctuation power is approximately con-
stant over a wide range of modes (e.g., McQuinn et al. 2007). The PAPER fluctuation upper limits
lead to a 7; 2 6 K lower limit on the gas temperature at z, = 8.4. This value can be compared
against the gas temperature expected in a “maximally cold" model, e.g. a model where the gas was
never heated and the spin temperature was instantaneously coupled to the gas temperature when
the first stars were formed (e.g., Bernardi et al. 2016; Monsalve et al. 2017). Although such model
is somewhat unrealistic, it provides a lower bound to the gas temperature.

In a maximally cold model, the gas temperature at z, can be obtained by assuming adiabatic
cooling - Tj o< (1+z)? - from thermal decoupling between the CMB and the gas at redshift z; =~ 150
(e.g., Furlanetto 2006):

1+ 2z
1424

2
Tie(zs) = Ts(zs) = Tyo(1 +24) [ ] ~ 1.6K, (2.1)
(recalling that the CMB temperature today is 7y,0 = 2.726 K), which requires gas heating at z > 8.4
in order not to violate the upper limits and implying that reionization may not be “completely cold".

Similar conclusions are drawn from observations of the global 21-cm signal in the 6 < z < 12
range that set joint constraints on the duration and mid-point of reionization (when xyg; = 0.5)
together with a 7, > —100 mK (20) upper limit amplitude on the 21-cm signal (Monsalve et al.
2017; Figure 1). For a maximally cold model, this constraint implies T;(z.) 2 5 K, again implying
that reionization cannot be completely cold and the IGM must have been previously heated.

The presence of an heating X-ray background would be more readily inferred from observa-
tions at even higher redshift, where the IGM is essentially fully neutral and the 21-cm signal only
depends upon the gas temperature. Bernardi et al. (2016) presented a -890 mK upper limit on the
amplitude of the 21-cm absorption in the 13 < z < 27 range, implying 7; 2 3 K. A maximally cold
model, however, leads to 7} .(z = 25) ~ 12 K, therefore more sensitive observations are needed to
place meaningful constraints on the IGM temperature prior reionization.

3. Conclusions and future outlooks

In this paper I have briefly reviewed current measurements of the temperature of the IGM at
high redshift (z > 6) using 21-cm line observations. Although in their early days, these observations
already provide some evidence that the IGM must have been heated at z = 8.4. Although the nature
of the heating sources remains unconstrained at the current sensitivity levels, future observations
may be able to probe the nature of X-ray sources in the early Universe, that are expected to provide
the dominant heating contribution in most theoretical models.
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