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Figure 1. Effect of fluctuations in the excess radio background on the cosmic dawn 21-cm signal from z = 22. We compare the case of a uniform radio
background (left) to a case where the radio background is emitted by galaxies (right). Both models have the same mean intensity of the radio background.
Astrophysical model parameters are: Vc = 35 km s−1, f∗ = 0.4, fRadio = 1000. The X-ray and reionization parameters are irrelevant here as, for this example,
we focus only on the coupling transition, before the contributions of heating and ionization are significant. Each panel shows the corresponding 21-cm signal
projected in the direction perpendicular to the image. The projected signal is obtained by taking the minimum value along each column of the cubic simulation
box.

emission from these galaxies enhances the contrast between the spin
temperature and the radiation temperature inside the same coupled
bubbles, which results in a stronger 21-cm absorption compared to
the case with a uniform radio background of intensity equal to the
mean intensity of the fluctuating case.

An illustration of this is shown in Fig. 1, where we compare
the complete model (right-hand panel) to a reference case with a
uniform radio background of the same mean intensity (left-hand
panel). In the reference case, we can still see the coupled bubbles
in the 21-cm signal, but their contrast is greatly enhanced in the
full model, in which the radio enhancement is clustered around the
galactic haloes. To highlight the effect of the radio fluctuations, we
have used a simulation with moderately massive haloes (minimum
circular velocity of 35.5 km/s, corresponding to a minimum halo
mass for star formation of 3 × 108 M$ at z = 20) along with a high
value of the radio production efficiency fRadio = 1000.

The effect of the radio background fluctuations on the statistical
properties of the 21-cm signal, namely its power spectrum, is shown
in Fig. 2 for various values of fradio and two different (soft and hard)
X-ray SEDs. Here, we choose fairly high values of fRadio to highlight
the effects, while models with lower values of fRadio are explored in
the next section. We also show two limiting cases: the CMB-only
case (i.e. the case with fRadio = 0) and the ‘maximum radio’ case.
As we can see from equation (5), in the limit TRadio % TCMB, TK the
effect of the radio background saturates and the 21-cm brightness
temperature becomes independent of TRadio:

T21 = −26.8
(

1 + z

10

)1/2

(1 + δ)xHI xtot(TCMB)
TCMB

TK
mK, (15)

where xtot(TCMB) is the coupling coefficient calculated with Trad =
TCMB (and we have suppressed the dependence on cosmological

Figure 2. The 21-cm power spectrum at k = 0.1 Mpc−1 as a function of
redshift for various values of fradio (as indicated in the legend) and for two
different X-ray SEDs: soft (νmin = 0.1 keV/h, top) and hard (νmin = 1 keV/h,
bottom). The values of the other parameters are fixed: Vc = 16.5 km s−1, f∗
= 0.1, fX = 1, α = 1. We show the full, fluctuating radio background from
galaxies (solid) compared to the corresponding smooth radio background
with the same mean radio intensity at each redshift as in the fluctuating case
(dashed). We also show a case with no excess radio background (i.e. the
CMB-only case, black dotted line) and the ‘maximum radio’ limit (see text,
grey dotted line). Finally, we also show the SKA1 noise curve (magenta)
assuming a single beam, integration time of 1000 h, 10-MHz bandwidth, and
bins of width $k = k.
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Figure 1. Effect of fluctuations in the excess radio background on the cosmic dawn 21-cm signal from z = 22. We compare the case of a uniform radio
background (left) to a case where the radio background is emitted by galaxies (right). Both models have the same mean intensity of the radio background.
Astrophysical model parameters are: Vc = 35 km s−1, f∗ = 0.4, fRadio = 1000. The X-ray and reionization parameters are irrelevant here as, for this example,
we focus only on the coupling transition, before the contributions of heating and ionization are significant. Each panel shows the corresponding 21-cm signal
projected in the direction perpendicular to the image. The projected signal is obtained by taking the minimum value along each column of the cubic simulation
box.

emission from these galaxies enhances the contrast between the spin
temperature and the radiation temperature inside the same coupled
bubbles, which results in a stronger 21-cm absorption compared to
the case with a uniform radio background of intensity equal to the
mean intensity of the fluctuating case.

An illustration of this is shown in Fig. 1, where we compare
the complete model (right-hand panel) to a reference case with a
uniform radio background of the same mean intensity (left-hand
panel). In the reference case, we can still see the coupled bubbles
in the 21-cm signal, but their contrast is greatly enhanced in the
full model, in which the radio enhancement is clustered around the
galactic haloes. To highlight the effect of the radio fluctuations, we
have used a simulation with moderately massive haloes (minimum
circular velocity of 35.5 km/s, corresponding to a minimum halo
mass for star formation of 3 × 108 M$ at z = 20) along with a high
value of the radio production efficiency fRadio = 1000.

The effect of the radio background fluctuations on the statistical
properties of the 21-cm signal, namely its power spectrum, is shown
in Fig. 2 for various values of fradio and two different (soft and hard)
X-ray SEDs. Here, we choose fairly high values of fRadio to highlight
the effects, while models with lower values of fRadio are explored in
the next section. We also show two limiting cases: the CMB-only
case (i.e. the case with fRadio = 0) and the ‘maximum radio’ case.
As we can see from equation (5), in the limit TRadio % TCMB, TK the
effect of the radio background saturates and the 21-cm brightness
temperature becomes independent of TRadio:

T21 = −26.8
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mK, (15)

where xtot(TCMB) is the coupling coefficient calculated with Trad =
TCMB (and we have suppressed the dependence on cosmological

Figure 2. The 21-cm power spectrum at k = 0.1 Mpc−1 as a function of
redshift for various values of fradio (as indicated in the legend) and for two
different X-ray SEDs: soft (νmin = 0.1 keV/h, top) and hard (νmin = 1 keV/h,
bottom). The values of the other parameters are fixed: Vc = 16.5 km s−1, f∗
= 0.1, fX = 1, α = 1. We show the full, fluctuating radio background from
galaxies (solid) compared to the corresponding smooth radio background
with the same mean radio intensity at each redshift as in the fluctuating case
(dashed). We also show a case with no excess radio background (i.e. the
CMB-only case, black dotted line) and the ‘maximum radio’ limit (see text,
grey dotted line). Finally, we also show the SKA1 noise curve (magenta)
assuming a single beam, integration time of 1000 h, 10-MHz bandwidth, and
bins of width $k = k.
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Figure 1. Effect of fluctuations in the excess radio background on the cosmic dawn 21-cm signal from z = 22. We compare the case of a uniform radio
background (left) to a case where the radio background is emitted by galaxies (right). Both models have the same mean intensity of the radio background.
Astrophysical model parameters are: Vc = 35 km s−1, f∗ = 0.4, fRadio = 1000. The X-ray and reionization parameters are irrelevant here as, for this example,
we focus only on the coupling transition, before the contributions of heating and ionization are significant. Each panel shows the corresponding 21-cm signal
projected in the direction perpendicular to the image. The projected signal is obtained by taking the minimum value along each column of the cubic simulation
box.

emission from these galaxies enhances the contrast between the spin
temperature and the radiation temperature inside the same coupled
bubbles, which results in a stronger 21-cm absorption compared to
the case with a uniform radio background of intensity equal to the
mean intensity of the fluctuating case.

An illustration of this is shown in Fig. 1, where we compare
the complete model (right-hand panel) to a reference case with a
uniform radio background of the same mean intensity (left-hand
panel). In the reference case, we can still see the coupled bubbles
in the 21-cm signal, but their contrast is greatly enhanced in the
full model, in which the radio enhancement is clustered around the
galactic haloes. To highlight the effect of the radio fluctuations, we
have used a simulation with moderately massive haloes (minimum
circular velocity of 35.5 km/s, corresponding to a minimum halo
mass for star formation of 3 × 108 M$ at z = 20) along with a high
value of the radio production efficiency fRadio = 1000.

The effect of the radio background fluctuations on the statistical
properties of the 21-cm signal, namely its power spectrum, is shown
in Fig. 2 for various values of fradio and two different (soft and hard)
X-ray SEDs. Here, we choose fairly high values of fRadio to highlight
the effects, while models with lower values of fRadio are explored in
the next section. We also show two limiting cases: the CMB-only
case (i.e. the case with fRadio = 0) and the ‘maximum radio’ case.
As we can see from equation (5), in the limit TRadio % TCMB, TK the
effect of the radio background saturates and the 21-cm brightness
temperature becomes independent of TRadio:

T21 = −26.8
(

1 + z
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TCMB
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where xtot(TCMB) is the coupling coefficient calculated with Trad =
TCMB (and we have suppressed the dependence on cosmological

Figure 2. The 21-cm power spectrum at k = 0.1 Mpc−1 as a function of
redshift for various values of fradio (as indicated in the legend) and for two
different X-ray SEDs: soft (νmin = 0.1 keV/h, top) and hard (νmin = 1 keV/h,
bottom). The values of the other parameters are fixed: Vc = 16.5 km s−1, f∗
= 0.1, fX = 1, α = 1. We show the full, fluctuating radio background from
galaxies (solid) compared to the corresponding smooth radio background
with the same mean radio intensity at each redshift as in the fluctuating case
(dashed). We also show a case with no excess radio background (i.e. the
CMB-only case, black dotted line) and the ‘maximum radio’ limit (see text,
grey dotted line). Finally, we also show the SKA1 noise curve (magenta)
assuming a single beam, integration time of 1000 h, 10-MHz bandwidth, and
bins of width $k = k.
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Figure 9. Same as Fig. 1 (top panel) and Fig. 7 (bottom panel) in the main text.

Figure 10. Same as Fig. 4 in appendix.
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Figure 1. Line-of-sight e�ect of fluctuations in the excess radio background on the cosmic dawn 21-cm signal from I = 20. We compare the case of a fluctuating
radio background (left panel) from our previous work to the line-of-sight contribution of the fluctuating radio background emitted by galaxies (middle panel).
The 21-cm slice perpendicular to the line-of-sight has also been shown (righ panel). Both models have the same radio production e�ciency. Astrophysical
model parameters are: +2 = 16.5 km s�1, 5⇤ = 0.1, 5Radio = 3000. As for this example, we show the 21-cm slices from I = 20, when the heating and ionization
are insignificant, the X-ray and reionization parameters are irrelevant here. Left and middle panels show the 21-cm slices in the direction perpendicular to the
image. The right panel shows the 21-cm slice of the same cubic simulation box along the direction perpendicular to the line-of-sight.

Ly-U fluctuations along with some contributions from the density
fluctuations. As the radio fluctuations considered in this work, are
assumed to be originated from the high redshift radio sources such
as star forming galaxies, there is a positive correlations between the
radio fields and both the Ly-U fluctuations and density fluctuations.
So the radio emission from these galaxies results in an enhancement
in the 21-cm brightness temperature during the coupling transition.
When we consider the line-of-sight radio background, the contribu-
tions from the radio sources add up along the line-of-sight direction
resulting a significant boost in the contrast between the spin temper-
ature and the radiation temperature.

To understand the e�ects of the LoS radio fluctuations on the
21-cm signal, we use a high value of radio production e�ciency,
5R = 3000 and low mass halos with a minimum circular velocity
(+⇠ ) of 16.5 km/s corresponding to the minimum halo mass for star
formation of 3 ⇥ 107"� at I = 20.

Due to the positive correlation between the contributions from the
radio fluctuations and the Ly-U coupling and the density field, the
radio fluctuations boost the 21-cm power spectrum at high redshifts
and when we consider the line of sight component of the radio
fluctuations, the enhancement in the power spectrum becomes much
more pronounced up to a factor of 10 at redshifts prior to the onset
of X-ray heating. The enhancement in the 21-cm power spectrum is
shown in Fig. 2 for two di�erent values of wavenumber. Here we
also show the case without excess radio background, i.e, CMB only
case with 5Radio = 0 (dotted black line in both panels). Note that
the line of sight consideration of the uniform radio background has
no special feature compared to the uniform radio background used
in the previous work. So throughout this paper, the power spectrum
due to the uniform radio background has been shown for this work
only (dashed blue line). The heating fluctuations are anti-correlated
with 21-cm fluctuations from all the other sources meaning that once
the X-ray photons emitted from the first generation of stars and X-
ray sources heat up the IGM, this heating mechanism reduces the
21-cm fluctuations as long as the gas is cooler than the background
radiation temperature. X-ray photons with lower energies (⇠ 0.5 keV)

are absorbed locally, while the hard X-ray photons which are more
energetic (& 1 keV) lose their energy due to the redshift e�ect as
they have such a long mean free path that some of them are not
absorbed even by the end of reionization. As a result, hard X-ray give
rise to mild fluctuations on large scale (& 100 Mpc). So the heating
fluctuations are weaker for hard X-ray SED compared to the soft
X-ray SED. In presence of a su�ciently strong radio background,
the heating peak disappears. Instead we see a single over all peak at
the intermediate redshifts between Ly-U and the X-ray heating peak
(occurring in the CMB only case). When we consider the LoS radio
fluctuations, this over all peak gets a significant boost which is by a
factor of 10 approximately at the intermediate redshifts between LyU
coupling and heating transition.

In case of the soft X-ray SED, strong heating fluctuations dominate
over the fluctuations imprinted by the radio background resulting
a clear heating peak in the 21-cm power spectrum. However, the
height of peak due to the radio fluctuations di�ers compared to the
uniform radio case (with the same mean intensity). Though with
the radio fluctuations the heating peak shifts towards lower redshift
compared to the case without excess radio (CMB only). This is
because in presence of excess radio fluctuations, kinetic temperature
needs more time to get closer to the radiation temperature (at the
heating peak, )K = )CMB + )radio). Interestingly, when we take into
account the LoS radio fluctuations, fluctuations imprinted by the LoS
radio background become strong enough compared to the heating
fluctuations and ends up washing out the heating peak from the
power spectrum and producing a single over all peak at redshift that
is intermediate to the Ly-U and the heating peak (occurring in the
radio fluctuations without LoS case) as can be clearly seen in the top
panel of Fig. 3. The general trend is that when the Ly-U fluctuations
dominate, the radio fluctuations and hence it’s LoS components start
to enhance the 21-cm power spectrum and wash out the heating peak
for both cases of X-ray SEDs (heating peak for the soft X-ray SED
only vanishes due to the LoS radio fluctuations) and have a reduced
e�ect towards the EoR due to the saturation of the fluctuations from
the radio sources.

MNRAS 000, 1–11 (2022)



Constraints on radio background from LOFAR 4183

Figure 2. We show the excess-background models colour coded with respect to the probability that the data is consistent with the model (equation 10), as is
indicated on the colour bar. Left: Binned power spectra versus wavenumber (in units of Mpc−1, where we have assumed h = 0.6704 for conversion from Table 1)
at z = 9.1. The white dashed line shows the maximum power of the models in the standard case (the corresponding likelihood value is L = 0.4898). Magenta
data points correspond to the LOFAR data from Table 1 (two-sided error bars). Right: corresponding thermal histories, i.e. evolution of the mean temperature
of neutral intergalactic gas with redshift. Each curve is shown down to the (model-dependent) redshift of end of reionization.

σ (ki, "θ )] for all ki, and the probability is close to zero when #2
th(ki, "θ )

is greater than [#2
21(ki) + σ (ki, "θ )] for any ki.

As an illustration, in Fig. 2 we show the complete set of excess-
background power spectra (7702 models in total) colour coded by the
probability that the data is consistent with the model. For comparison,
we also show the maximum power of the models in the standard case
(white line). The upper limits from Mertens et al. (2020) are plotted
for reference. As we see from the figure, the current observational
limits from LOFAR are strong enough to rule out a significant fraction
of the explored excess-background scenarios (all corresponding to a
cold IGM with ∼ 50 per cent ionization at z = 9.1, as we will see
later). However, for the standard astrophysical scenarios where the
values of the power spectra are lower, only the most extreme models
can be ruled out, and only in the lowest k-bin. A set of corresponding
thermal histories is plotted in the right-hand panel of Fig. 2. The
LOFAR upper limits by Mertens et al. (2020) disfavour a late X-ray
heating that leaves the IGM cold for most of the EoR. Scenarios with
early X-ray heating cannot be ruled out by the data as, typically, the
corresponding power-spectrum values are low.

5 R ESULTS

Using the predicted values of the spherically averaged binned power
spectrum in all seven k-bins, we can rule out scenarios that yield
strong fluctuations at z = 9.1. In the standard scenario with the CMB
as a background radiation, a few factors need to come together to
ensure maximum power. First, the spin temperature has to be fully
coupled to the gas temperature, which, for realistic star formation
scenarios, is guaranteed to be the case at z = 9.1 (e.g. Cohen,
Fialkov & Barkana 2018). Secondly, the larger the contrast between
Tgas and Trad, the stronger the signal. For Trad = TCMB, the strongest
contrast between the two temperatures is reached in cases of cold
IGM. In the case of the excess-background models, the coupling is
less efficient compared to the standard models; however, the signals
are enhanced due to the larger contrast between the gas temperature
and the temperature of the background radiation. Similarly to the
standard case, the deepest signals correspond to the scenarios with the
inefficient X-ray heating. Finally, fluctuations in the gas temperature
and the neutral fraction play a role. Because here we have chosen a

hard X-ray spectrum (Fragos et al. 2013; Fialkov et al. 2014), heating
is nearly homogeneous, and the dominant source of fluctuations at
z = 9.1 is the non-uniform process of reionization with peak power at
∼ 50 per cent ionization fraction. For a fixed thermal history, nearly
homogeneous reionization would result in a smoother signal and,
thus, lower power of the 21-cm fluctuations, compared to a patchy
reionization scenario.

5.1 Limits on the excess-radio background

Using L("θ ), we calculate the normalized probability for each of the
parameters, "θ = [f∗, Vc, fX, τ, Rmfp, Ar], and parameter pairs,
marginalizing over the rest of the parameter space. The resulting
probability distributions are normalized using the criterion that the
total probability (area under the curve) is 1 within the considered prior
ranges. The resulting two-dimensional (2D) and one-dimensional
(1D) probabilities of all the model parameters are shown in Fig. 3,
where we divided each probability function by its peak value to show
the marginalized likelihood of all possible combinations uniformly.
Using 1D probabilities, we find the 68 per cent, 95 per cent, and
99 per cent confidence intervals for Ar, and 68 per cent and 95 per cent
confidence intervals for fX, while the constraints on the other
parameters are weaker and could be inferred only at 68 per cent level
(see Table 2). We calculate each confidence level (CL) by selecting
parameter-bins with the highest probability up to the corresponding
cumulative probability (e.g. of 0.68 for the 68 per cent CL). We also
note the limits where the 1D probabilities are below exp (−1/2) of
the peak (similar to the Gaussian 1σ definition).

Marginalizing over the residual model parameters (f∗, Vc, fX, τ ,
Rmfp), we derive constraints on Ar finding that LOFAR upper limit
rules out Ar > 15.9 at 68 per cent, Ar > 182 at 95 per cent and Ar

> 259 at 99 per cent, equivalent to 0.8 per cent, 9.6 per cent, and
13.6 per cent, respectively, of the CMB at 1.42 GHz. The 95 per cent
limit on Ar of 182 is equivalent to 262 mK at 1.42 GHz and is
within 3σ of the LWA1 measurement. The likelihood, which peaks
at low values of Ar, drops by a factor of exp (− 1/2) by Ar =
60.9 corresponding to 3.2 per cent of the CMB at 1.42 GHz. In
our analysis, we have fixed the value of the spectral index of the
radio background to β = −2.6. We have checked that the uncertainty
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tra for the HERA redshifts (z = 7.93 and 10.37) and
wave numbers (from k = 0.086 to 1.1 cMpc�1). The
architecture of the emulator includes a multi-layer per-
ceptron with 4 hidden layers of 100 nodes each, imple-
mented using scikit-learn (Pedregosa et al. 2011). The
power spectra are predicted with a relative error of 20%;
we take this uncertainty into account by adding it in
quadrature to the observational error �i in equation (9).
Although this is an approximation, the associated error
is negligible in the context of current analysis. A de-
tailed discussion of the emulator and its accuracy can
be found in Appendix B.

We explore the parameter space using the MCMC
Ensemble sampler emcee (Foreman-Mackey et al.
2013), and we visualize and analyze the results using
anesthetic (Handley 2019) and GetDist (Lewis 2019).

8.4. Results: A radio background generated by galaxies

As was alluded to above, models with an additional
radio background can easily, unlike most standard sce-
narios, exceed the HERA upper limits. To illustrate
this point, we show a random subset of the simulated
power spectra for the case of a radio background from
galaxies in Figure 13. The power spectra are shown at
z = 7.93 and colored with respect to their compatibility
with HERA constraints, indicating the di↵erence in log-
likelihood � log Lm compared to the best fit (which is
�2

21
⇡ 0 mK2). For comparison, we also plot the current

HERA limits marked by data points with error bars.
Clearly, a substantial fraction of the models (shades
of orange) are excluded by the current HERA limits
with high significance. In comparison, corresponding
standard models (no additional radio background) have
much lower amplitudes. We show the envelope of these
models (i.e. the maximal possible amplitude of the en-
semble of standard models at each k) with the thick
dashed line in Figure 13 and discuss astrophysical im-
plications of HERA for these cases in section 8.6.

Using the HERA likelihood alone (Lm) we show the
marginalized constraints on the parameters in Figure
14. The diagonal panels show the 1D marginalized pos-
terior PDFs while the others show the 2D marginalized
PDFs with the dashed and dotted lines indicating the
68 and 95% confidence contours (containing 68 and 95%
of the 2D posterior probability, respectively). The 2D
marginalized posteriors involving f⇤, Vc, and ⌧ are rel-
atively flat with the ratio between minimum and maxi-

Figure 13. Power spectra of 1000 randomly selected models
with an extra radio background created by galaxies, at z =
7.93 (HERA Band 2). A number of these models can be
ruled out by the HERA data as shown by the color of the
lines indicating the likelihood of each model. We use the
decimated data points as described in section 3.2.1, taking
only the “even” points of Band 1 and “odd” points of Band 2.
We show the Band 2 points with black circles for the points
we take into account and white circles for the unused data.
The error bars show 1� errors and the crosses indicate the 2�
upper limits. For comparison, the thick dashed line shows
the maximal possible amplitude of the ensemble of standard
models at each wave number k (i.e. the envelope).

mum posterior probability17 being between 0.2 and 0.6.
This results in confidence contours which could be easily
a↵ected by fluctuations due to the random sampling and
are strongly dependent on the prior. On the contrary,
we find the 2D posterior in the fX–fr plane to show
a strong contrast between minimum and maximum re-
gions (with minimum/maximum posterior ratio of 0.03,
i.e. dropping by more than three e-folds). There is a
vanishing probability for models with both a strong ra-
dio background (large fr) and weak X-ray heating (low
fX). The large contrast in the probability across this
sub-space indicates that the constraints on the combi-
nation of fX and fr are expected to be robust, i.e. even
for di↵erent priors (which would cause a small shift in
the contour lines) most of the high-fr low-fX region will
still be excluded.

17 These are measured from the bins in Figure 14 using the mini-
mum/maximum bin sample count (/ posterior value). A value
close to one shows that the PDF is largely flat and therefore does
not provide a strong constraint.
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Ly α photons and the 21-cm signal 5489

Figure 9. The updated range of possible 21-cm signals (both the global signal and the power spectrum) in standard astrophysical models. Left: Variety of the
possible 21-cm power spectra at K = 0.1 Mpc−1. The blue lines show the results from this work, including the effects of Ly α heating, CMB heating, multiple
scattering, and Poisson fluctuations. The black lines show the results from our previous work (Cohen et al. 2018, 2019), where these effects were not included.
In each case, 2000 randomly selected models are shown (the thin lines) as well as the envelope showing the upper limit at each redshift (the thick lines) derived
from the entire data sets that cover the parameter ranges listed in Table 1 (5968 new models, and 29641/11164 old global signals/power spectra). The red and
orange triangle markers show upper limits from LOFAR (Mertens et al. 2020) and MWA (Trott et al. 2020), respectively. Right: Possible 21-cm global signals.
Same colour coding as for the models on the left. The black lines show the results from our previous work (Cohen et al. 2017, 2019). Here, the envelopes are
lower limits (i.e. indicating the strongest possible absorption at each redshift).

6 SU M M A RY

In this work, we have presented revised predictions for the 21-cm
signal that take into account three subtle astrophysical effects induced
by the Ly α radiative background: Ly α heating, CMB heating, and
the multiple scattering of Ly α photons. The impact of all these effects
on the power spectrum of the 21-cm signal is considered here for the
first time, while the effects of Ly α heating and CMB heating on the
global 21-cm signal have been previously calculated for a handful of
high-redshift astrophysical scenarios. In this work, we created a large
data set of models, varying the astrophysical parameters in order to
cover a broad range of plausible values, and we explored the impact
of these processes on the 21-cm signal.

We have found that both Ly α and CMB heating of the IGM have an
important effect once the WF coupling due to Ly α photons begins to
saturate. CMB heating becomes significant first (when xα ∼ 5−10),
and Ly α heating overtakes it after a delay (when xα ∼ 50−100).
Both effects are particularly important for astrophysical scenarios
with inefficient X-ray heating (typically with fX ! 0.1 for an SED of
XRBs). With the formation of the first population of stars and build
up of the Ly α background, these processes heat the cold hydrogen
gas, eventually raising its temperature even in the absence of other
heating mechanisms. Because these processes inevitably take place
as a result of star formation, which also enables the WF coupling
that is necessary for a strong 21-cm signal, the popular limiting
case of an adiabatically cold IGM with saturated WF coupling is
not a realistic bound to consider when comparing models to data.
Since the deepest absorption troughs in the global 21-cm spectra
and the strongest reionization power spectra are obtained for the
coldest possible IGM, Ly α and CMB heating significantly change
predictions for those signals that are the easiest ones to rule out
observationally. With the newly included effects our models reach an
absorption floor at z ∼ 15−19 with a maximum absorption depth of
−165 mK (considering here standard astrophysical models, without

an excess radio background or cooling by millicharged dark matter),
in striking contrast with predictions for an adiabatically expanding
Universe where the absorption troughs are deeper at lower redshifts
(e.g. −264 mK at z = 10, Cohen et al. 2016). Owing to the lower
intensity of the 21-cm signals, the 21-cm power spectra are also
reduced at low redshifts, with peak power lower by a factor of 6.6
at z = 9 and K = 0.1 Mpc−1. This suppression places standard
astrophysical models further out of reach of ongoing experiments
(e.g. Mertens et al. 2020; Trott et al. 2020).

In contrast with the extra heating terms that suppress the signal at
low redshifts, the multiple scattering of Ly α photons enhances the
power spectrum by a scale-dependent factor of ∼2−3 and renders the
cosmic dawn 21-cm signal easier to observe with radio telescopes,
such as the SKA, NenuFAR, and HERA. This effect peaks at the
onset of star formation during the coupling transition; however, we
find that it can also be significant at lower redshifts in cases with
weak X-ray heating.

We conclude that, although created by subtle physical processes,
the newly included effects of the Ly α background on the 21-cm
signal are important. The landscape of possible 21-cm signals is
strongly modified when these effects are included, which should
be taken into account for a reliable estimation of high redshift
astrophysical parameters from observations of both 21-cm power
spectra and global signals.
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Figure 14. HERA constraints on models with extra radio background from galaxies. The triangle plot shows the marginalized
1D and 2D posteriors for all model parameters, with 68% and 95% confidence contours indicated by black dotted and dashed
lines, respectively. The backgrounds show the 2D histograms of posterior values to illustrate how strongly a region is excluded,
white background indicates a posterior close to zero while dark blue corresponds to the maximum posterior value of a panel.
The grey areas in diagonal panels, and the solid orange lines show the individual 68% confidence limits on fX and fr (numbers
quoted in text). Combined, these approximately correspond to our main result, the 95% confidence excluded region in the
fX-fr space, as shown in the center bottom panel. The inset in the top right corner shows the corresponding constraints on the
derived parameters, T rad and TK , at z = 8 for both prior and posterior. The prior is uniform in the model parameters (log

10
f⇤,

log
10

Vc, log10 fX, ⌧ , log10 fr) but therefore non-uniform in the derived parameters, T rad and TK . The blue and orange dashed
lines show upper bounds (at 95% confidence) on log

10
(T rad/TK) from prior and posterior, respectively.
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Figure B1. EDGES low-band parameter constraints for the external radio model. Models explored are shown in grey, and models compatible with EDGES
low-band are shown in colour. The horizontal dashed lines show the upper limit on Ar derived from ARCADE2/LWA1 measurements.

Figure B2. EDGES low-band parameter constraints for the radio from galaxies model. The explored parameters are shown in grey, and models compatible
with EDGES low-band are shown in colour.

(v) The upper limit on Vc = 35 km s−1 is lower for the radio from
galaxies model, compared to the external radio model, where it is Vc

= 47.5 km s−1.
(vi) The minimum allowed value on the radio background param-

eter is Ar = 1.9 for the external background, and fRadio × f∗ ∼ 140 or

fRadio ∼ 360 for the other model. It is not possible to directly compare
these quantities as they are defined quite differently.
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low-band are shown in colour. The horizontal dashed lines show the upper limit on Ar derived from ARCADE2/LWA1 measurements.
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with EDGES low-band are shown in colour.
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Figure 14. HERA constraints on models with extra radio background from galaxies. The triangle plot shows the marginalized
1D and 2D posteriors for all model parameters, with 68% and 95% confidence contours indicated by black dotted and dashed
lines, respectively. The backgrounds show the 2D histograms of posterior values to illustrate how strongly a region is excluded,
white background indicates a posterior close to zero while dark blue corresponds to the maximum posterior value of a panel.
The grey areas in diagonal panels, and the solid orange lines show the individual 68% confidence limits on fX and fr (numbers
quoted in text). Combined, these approximately correspond to our main result, the 95% confidence excluded region in the
fX-fr space, as shown in the center bottom panel. The inset in the top right corner shows the corresponding constraints on the
derived parameters, T rad and TK , at z = 8 for both prior and posterior. The prior is uniform in the model parameters (log

10
f⇤,

log
10

Vc, log10 fX, ⌧ , log10 fr) but therefore non-uniform in the derived parameters, T rad and TK . The blue and orange dashed
lines show upper bounds (at 95% confidence) on log

10
(T rad/TK) from prior and posterior, respectively.
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systematics. In Fig. 2 we show the residuals from this model fit, 
which assumes the null hypothesis H0 that the SARAS 3 spectrum 
does not have the feature found by Bowman et al.5. The SARAS 3 
residuals, smoothed to 1.4, 2.8 and 4.2 MHz resolutions, are also 
displayed, and the r.m.s. values of the residuals listed. It may be 
noted that the smoothed spectra retain the native channel spacing 
and spectral sampling of 61 kHz and are, therefore, oversampled. To 
provide expectations for r.m.s. values of measurement noise in the 
smoothed SARAS 3 spectra, mock spectra were synthesized using 
the Global Sky Model (GSM)23,24, the SARAS 3 beam and added 
Gaussian random noise with the distribution shown in Fig. 1c. The 
mock spectra were processed to fit out sixth-order polynomials and 
smoothed. The expectations for r.m.s. values of measurement noise 
for smoothed spectra, derived from the mock data, are listed in Fig. 
2 and show that the SARAS 3 measurement has no significant excess 
variance or any detection of spectral distortions in the radio sky, 
within the measurement uncertainty.

Next, the SARAS 3 spectrum was jointly modelled with a 
sixth-order polynomial along with the best-fitting profile found by 
Bowman et al.5; the residuals from this modelling are also shown 
in Fig. 2. The assumption of hypothesis H1 that the profile found 
by Bowman et al.5 is a feature in the radio sky increases the resid-
ual variance, suggesting that the measurement using the SARAS 3 
instrument prefers that the profile not be included in the sky model. 

Also shown in Fig. 2 are corresponding residuals obtained when we 
synthesize mock spectra without measurement noise, using GSM 
for the foreground sky, and add the profile found by Bowman et al.5. 
Modelling using a sixth-order polynomial yields residuals that show 
the signature expected, at resolutions of 1.4, 2.8 and 4.2 MHz, if the 
profile is present in the sky spectrum. It may be noted here that, 
although the detected profile has an amplitude of 500 mK, once our 
adopted foreground model has been fitted to the sky spectrum and 
subtracted out the residual ‘processed signature’ shown in Fig. 2c 
has an r.m.s. value of only 19.4 mK. Naturally, for the adopted fore-
ground model, the inference of whether or not the profile found by 
Bowman et al.5 is present in the SARAS 3 data is determined by this 
r.m.s. value of the residual processed signature.

The increase in the variance of the SARAS 3 residuals, when the 
sky model includes the profile, appears to be somewhat less than 
would be expected if the data were uncorrelated with the profile; 
however, quantitative analysis described below shows that the defi-
cit is consistent with statistical errors from measurement noise.

A quantitative measure of the presence of the profile found by 
Bowman et al.5 in the SARAS 3 spectrum is derived using Markov 
chain Monte Carlo (MCMC) analysis25. A joint fit of the SARAS 3 
spectrum T(ν) was done with a model representing the foreground 
plus calibration systematics along with the profile. The modelling is 
described by
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Fig. 2 | Comparison of residuals. The rows show residuals at native resolution of 61!kHz and smoothed to 1.4, 2.8 and 4.2!MHz. a,d,g,j, Residuals when 
the measured spectrum is modelled with a sixth-order polynomial. b,e,h,k, Residuals when the model includes the best-fitting U-shaped profile found by 
Bowman et al.5. c,f,i,l, Residuals when mock sky spectra constructed using GSM sky plus the profile are modelled with a sixth-order polynomial. The r.m.s. 
values of the traces are in the legend in each panel; also included in the panels in the left-hand column are r.m.s. values of measurement noise, along with 1σ 
confidence intervals, as derived from mock data.
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systematics. In Fig. 2 we show the residuals from this model fit, 
which assumes the null hypothesis H0 that the SARAS 3 spectrum 
does not have the feature found by Bowman et al.5. The SARAS 3 
residuals, smoothed to 1.4, 2.8 and 4.2 MHz resolutions, are also 
displayed, and the r.m.s. values of the residuals listed. It may be 
noted that the smoothed spectra retain the native channel spacing 
and spectral sampling of 61 kHz and are, therefore, oversampled. To 
provide expectations for r.m.s. values of measurement noise in the 
smoothed SARAS 3 spectra, mock spectra were synthesized using 
the Global Sky Model (GSM)23,24, the SARAS 3 beam and added 
Gaussian random noise with the distribution shown in Fig. 1c. The 
mock spectra were processed to fit out sixth-order polynomials and 
smoothed. The expectations for r.m.s. values of measurement noise 
for smoothed spectra, derived from the mock data, are listed in Fig. 
2 and show that the SARAS 3 measurement has no significant excess 
variance or any detection of spectral distortions in the radio sky, 
within the measurement uncertainty.

Next, the SARAS 3 spectrum was jointly modelled with a 
sixth-order polynomial along with the best-fitting profile found by 
Bowman et al.5; the residuals from this modelling are also shown 
in Fig. 2. The assumption of hypothesis H1 that the profile found 
by Bowman et al.5 is a feature in the radio sky increases the resid-
ual variance, suggesting that the measurement using the SARAS 3 
instrument prefers that the profile not be included in the sky model. 

Also shown in Fig. 2 are corresponding residuals obtained when we 
synthesize mock spectra without measurement noise, using GSM 
for the foreground sky, and add the profile found by Bowman et al.5. 
Modelling using a sixth-order polynomial yields residuals that show 
the signature expected, at resolutions of 1.4, 2.8 and 4.2 MHz, if the 
profile is present in the sky spectrum. It may be noted here that, 
although the detected profile has an amplitude of 500 mK, once our 
adopted foreground model has been fitted to the sky spectrum and 
subtracted out the residual ‘processed signature’ shown in Fig. 2c 
has an r.m.s. value of only 19.4 mK. Naturally, for the adopted fore-
ground model, the inference of whether or not the profile found by 
Bowman et al.5 is present in the SARAS 3 data is determined by this 
r.m.s. value of the residual processed signature.

The increase in the variance of the SARAS 3 residuals, when the 
sky model includes the profile, appears to be somewhat less than 
would be expected if the data were uncorrelated with the profile; 
however, quantitative analysis described below shows that the defi-
cit is consistent with statistical errors from measurement noise.

A quantitative measure of the presence of the profile found by 
Bowman et al.5 in the SARAS 3 spectrum is derived using Markov 
chain Monte Carlo (MCMC) analysis25. A joint fit of the SARAS 3 
spectrum T(ν) was done with a model representing the foreground 
plus calibration systematics along with the profile. The modelling is 
described by
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� yr at
150 MHz, low values of 5.37 kms�1 . +2 . 15.5 kms�1 and high values of 5⇤ & 0.05 at 68% confidence. Once again the combination of
these constraints mean that the SARAS3 data rules out the deepest radio galaxy radio background signals as can be seen by comparing the
functional prior (blue) with the functional posterior (red) in panel (b) of the figure. As with Fig. 1, panel (b) also shows the Kullback-Leibler
divergence, D, as a function of redshift between the functional prior and functional posterior. We see a similar trend in the value of D as with
the synchrotron radio background model in that the information gain between the prior and posterior is largest in the SARAS3 band around
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Figure 14. HERA constraints on models with extra radio background from galaxies. The triangle plot shows the marginalized
1D and 2D posteriors for all model parameters, with 68% and 95% confidence contours indicated by black dotted and dashed
lines, respectively. The backgrounds show the 2D histograms of posterior values to illustrate how strongly a region is excluded,
white background indicates a posterior close to zero while dark blue corresponds to the maximum posterior value of a panel.
The grey areas in diagonal panels, and the solid orange lines show the individual 68% confidence limits on fX and fr (numbers
quoted in text). Combined, these approximately correspond to our main result, the 95% confidence excluded region in the
fX-fr space, as shown in the center bottom panel. The inset in the top right corner shows the corresponding constraints on the
derived parameters, T rad and TK , at z = 8 for both prior and posterior. The prior is uniform in the model parameters (log

10
f⇤,

log
10

Vc, log10 fX, ⌧ , log10 fr) but therefore non-uniform in the derived parameters, T rad and TK . The blue and orange dashed
lines show upper bounds (at 95% confidence) on log

10
(T rad/TK) from prior and posterior, respectively.

HERA      z=7.9



SKA (Square Kilometre Array)



The Moon: The Dark Ages ROLSES

FARSIDE 
2030+

Spring 2023



The Moon: The Dark Ages

Naoz & RB 2005  
RB & Loeb 2005 

z=400 

Baryon Infall 

Springer Nature 2021 LATEX template

4 The 21-cm signal from the dark ages

Fig. 1 The 21-cm global signal from the dark ages (cyan line) as a function of ⌫ and z.

We also show the instrumental noise for a global signal experiment observing for 1,000 hrs

(orange dashed line) and 100,000 hrs (green dotted line) with �⌫ = 5MHz.

3 Global signal

We have checked that the global signal dependencies on the the parameters
⌦bh

2 and ⌦ch
2 are power law with a power of 1.78 and �0.37, respectively.

We also checked that there is very little dependence on H0. Therefore, we use
ln(⌦bh

2) and ln(⌦ch
2) as parameters in the global signal Fisher analysis. We

show the results in Fig. A1.
The main issue is that while the amplitude changes significantly, the change

in the global shape is small compared to the observational errors. The main
constrained parameter is ⌦bh

2, so we find the error on a combination of ⌦bh
2

and ⌦ch
2. We express the combination as

AGlobal ⌘
⌦bh

2

(⌦ch
2)↵

, (4)

where the power ↵, which minimizes the variance in ln(AGlobal), is 0.2174. The
relative error of ln(⌦bh

2), ln(⌦ch
2) and ln(AGlobal) are 2.5%, 21% and 0.17%,

respectively. Here, the value of correlation coe�cient between the errors on
parameters ln(⌦bh

2) and ln(⌦ch
2) is 0.9982. To verify this, we run a MCMC

chain. The results are shown in Sec. A.
We also study whether we can constraint the ln(AGlobal) parameter using

moderate tint. We have found the following limits for di↵erent tint. For tint =
10,000 hrs, the relative error on ln(⌦bh

2), ln(⌦ch
2) and ln(AGlobal) are 8.0%,

66%, 0.54%, respectively. For tint = 1,000 hrs, the relative errors are 25%, 210%
and 1.7%, respectively. For both, the values of correlation coe�cient and ↵ are
the same as for the tint = 100,000 hrs case.

4http://camb.info
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Figure 2. Power spectra of density and temperature fluctuations versus
comoving wavenumber, at redshifts 100 and 20. We consider fluctuations in
the CDM density (short-dashed curves), baryon density (solid curves) and
baryon temperature (long-dashed curves).

Equations (4), (7), (9), (13) and (14) are a closed set of equations
describing the evolution of density and temperature perturbations.
We note that Bharadwaj & Ali (2004a) derived a similar equation to
equation (14) but solved it only for the case of a density perturbation
that follows the Einstein–de Sitter growing mode δb ∝ a and thus
neglected spatial variations in the speed of sound.

Fig. 2 shows the power spectra at redshift 20 and 100. As time
passes, the power spectrum of the baryons approaches that of the
dark matter except for the pressure cut-off, and the baryon temper-
ature fluctuations also increase. However, even during the era of
the formation of the first galaxies (z ∼ 40–20), there is still signif-
icant memory in the perturbations of their earlier coupling to the
CMB. This is highlighted in Fig. 3, which shows the ratios δb/δdm

and δT /δb. In both quantities, the strong oscillations that are appar-
ent at z = 400 are slowly smoothed out toward lower redshifts. At
the largest scales, the baryons follow the dark matter density, and
δT /δb evolves from 1/3 (the value during tight thermal coupling to
the CMB) to ∼2/3 (from adiabatic expansion). On smaller scales,
the two ratios start from values # 1 during mechanical/thermal
coupling, and increase towards δb/δdm = 1 and δT /δb = 2/3, re-
spectively. The former ratio approaches its asymptotic value earlier,
because the baryons decouple from the photons first mechanically
and only later thermally. At the smallest scales (below the baryonic
Jeans scale), the baryon fluctuation is suppressed at all redshifts due
to gas pressure, when the k2 term in equation (13) dominates. It is
clear from this figure that the traditional assumption of δT /δb being
independent of scale is inaccurate at all redshifts considered here.

Fig. 4 shows a detailed comparison between the fluctuation
growth described by our improved equation (13) and that given
by the traditional equation (10) (e.g. Gnedin 2004). In the improved
calculation, the ratio δT /δb shows different behaviour on the hori-
zontal scale, the photon acoustic oscillations and on smaller scales.
Although the ratio is roughly constant over some ranges of scales, its

Figure 3. Perturbation ratios δb/δdm and δT /δb versus comoving
wavenumber. We consider z = 400 (dotted curves), z = 100 (solid curves)
and z = 20 (dashed curves).

value differs from that of the traditional calculation. The improved
calculation changes the temperature fluctuations on all scales by
!10 per cent at z = 20, and by much more at z = 100. Note that
at the lower redshift, δT /δb at the small-k end is higher than the
adiabatic value of 2/3, because when T̄ falls significantly below T̄γ

the thermal coupling tends to heat the gas more strongly in regions
with a higher photon density [see the δγ term in equation (8)].

We also present in the lower panel of this figure the ratio between
the fluctuations in the improved calculation and those in the tra-
ditional calculation. Although the improved calculation has only a
small effect on the dark matter density ("1 per cent) and a sim-
ilarly small effect on the baryon density at k < 100 Mpc−1, on
smaller scales the baryon fluctuations are substantially affected. The
baryon fluctuations are changed by up to 30 per cent at z = 100 and
10 per cent at z = 20. Thus, accurate initial conditions for mod-
els and simulations of the formation of the first galaxies require a
full calculation of the evolution of baryon density and temperature
fluctuations along with the dark matter.

4 2 1 - cm F L U C T UAT I O N S A N D T H E S P I N
T E M P E R AT U R E

Quantitative calculations of 21-cm absorption begin with the spin
temperature T s, defined through the ratio between the number den-
sities of hydrogen atoms,
n1

n0
= g1

g0
exp−T#/Ts , (15)

where subscripts 1 and 0 correspond to the excited and ground state
levels of the 21-cm transition, (g1/g0) = 3 is the ratio of the spin de-
generacy factors of the levels, and T # = 0.0682 K corresponds to the
energy difference between the levels. The 21-cm spin temperature
is, on the one hand, radiatively coupled to the CMB temperature,
and on the other hand coupled to the kinetic gas temperature T
through collisions (Allison & Dalgarno 1969) or the absorption of
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Summary
• 21-cm Cosmology 

• Cosmic Reionization  
• Cosmic Dawn (first stars): Ly , X-rays 
• Dark ages 

• Theory  
• b-DM interaction or enhanced radio   
• Lyα heating 
• Baryon infall 

• Observations 
• EDGES & SARAS, LOFAR & HERA 
• Future: High-  HERA, NenuFAR, SKA, Lunar telescopes

α

z


