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Figure 11. 21 cm differential brightness temperatures δTb at z = 27.8, 25.9, and 18.1 (from left to right), averaged along the line of sight, in cubical cut-outs
of linear extent 300 comoving kpc centred on the first sink particle, in the simulations with (top) and without (bottom) HMXBs. The computation assumed that
the spin temperature is equal to the gas temperature, Ts = Tgas, as may be expected after the establishment of a Lyα background by the first stars. At early times
(left-hand and middle panels), in the absence of HMXBs, there is no significant pre-heating of the IGM outside the stellar H II regions, and the neutral IGM is
seen in 21 cm absorption (δTb < 0). In contrast, in the presence of HMXBs, X-ray pre-heating quickly establishes a nearly uniform temperature floor, and the
neutral gas outside stellar H II regions is seen in 21 cm emission (δTb > 0). At late times (right-hand panels), the gas in the simulation with HMXBs is highly
ionized and the 21 cm signal of the IGM nearly vanishes. In contrast, in the absence of HMXBs, the IGM outside stellar H II regions remains significantly
neutral and is visible in 21 cm emission. The systematic differences in the differential brightness temperature of the IGM may potentially be used to constrain
the nature of the first sources in upcoming 21 cm observations.

have assumed Tc = Tgas for the colour temperature Tc of the Lyα

photons.
Depending on the spin temperature of the hydrogen atom, the

21 cm line may be seen in emission (δTb > 0) or absorption
(δTb < 0). Estimates of the spin temperature are complicated by
uncertainties in the radiative coupling by Lyα photons that may
originate from stellar atmospheres or from recombining or excited
ions, and whose intensity is difficult to compute because it requires
solving the RT equation for Lyα photons (e.g. Baek et al. 2009; Ya-
jima & Li 2013). Therefore, most works simply assume either full
collisional or full radiative coupling given the circumstances (e.g.
Greif et al. 2009; Tokutani et al. 2009). For example, once the first
generation of stars turns on, Lyα coupling is expected to quickly set
the spin temperature to the gas temperature (e.g. Chen & Miralda-
Escudé 2008; Ciardi, Salvaterra & Di Matteo 2010; Mesinger et al.
2013). Note from equation (27) that for Ts ≫ TCMB, the differential
brightness temperature is independent of the spin temperature (e.g.,
Scott & Rees 1990).

Here, we compute the 21 cm signal assuming the two limiting
cases of pure collisional coupling (yα = 0) and perfect coupling to
the gas kinetic temperature (Ts = Tgas), due to Lyα scattering via
the Wouthuysen–Field effect (Wouthuysen 1952; Field 1958), but

neglecting any accompanying Lyα heating of the gas. Such a strong
radiative coupling is expected after the establishment of a Lyα

background by the first stars (e.g. Kuhlen, Madau & Montgomery
2006). The efficiency of collisional coupling is given by ycol =
T∗(CH + Ce + Cp)/(A10Tgas). Here, T∗ = hPν21 cm/kB = 0.0681 K
is the temperature associated with the 21 cm hyperfine-structure
transition, A10 = 2.85 × 10−15 s−1 is the Einstein A coefficient and
CH, Ce, and Cp are the de-excitation rates of the triplet state due to
collisions with neutral atoms, electrons, and protons, respectively.
The collisions with neutral atoms are determined by CH = nHκ ,
where κ is the effective single-atom rate coefficient from Zygelman
(2005). The e–H collision term is written as Ce = neγe, where γe

is given by Liszt (2001) and Smith (1966). The rate coefficient
for proton-induced de-excitation is just 3.2 times larger than that
for neutral atoms at Tgas > 30 K (Smith 1966), γp = 3.2κ , and
Cp = npγp. Excitation by protons is typically unimportant, as it is
much weaker than that by electrons at the same temperature (e.g.
Kuhlen et al. 2006).

We point out that our high-resolution region, corresponding to the
angular size of ∼0.1 arcmin and a frequency range of ∼0.01 MHz
(e.g. Furlanetto et al. 2006), is unlikely to be resolved in observa-
tions even with the Square Kilometre Array (SKA; e.g. Mellema
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