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The 21cm line
Hyperfine transition: ν = 1420 Mhz  

21cm photon from HI clouds 
during the dark ages: ν ~ 100 Mhz 
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CMB photons as backlight emission/absorption

observer

z~1000 z=0

ν = ν0
1+ z( )



Sergio Palomares-RuizSergio Palomares-Ruiz
Primordial black holes and the 21cm lineSergio Palomares-Ruiz

z	 ~	 5-30 z	 <	 5
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LEDA, EDGES, HERA, SKA
Galaxy Surveys
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Reionization

Galaxy formation
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Reionization suppresses the signal Spin temperature:  

occupation of the two states

Astrophysical processes decouple        from            TCMBTS

The 21cm signal

Baryon overdensity

δTb ≈ 0   if   TS ∼ TCMB
δTb > 0   if   TS > TCMB
δTb < 0   if   TS < TCMB

no signal

signal in emission, can saturate
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limited by gas temperature
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The 21cm signal: Time evolution
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to gas via collisions and 
gas to CMB via Compton 

CMB decouples: 
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EDGES:  
new physics? astrophysics?
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Energy injection: Effect on the 21cm signal
DM imprint

Energy deposition from DM annihilations

What does DM annihilate into?:

neutrinos escape constraints from CMB or 21cm probes
f f̄ , �,W+W�, ...  e+, e�, � using e.g. [ Pythia, Mardon’09, PPPC4DMID]

Dark matter annihilation inject energy within the dark ages

[image from A. Vincent]

Rate of energy injection/deposition into c = heat, ionization, excitation

✏DM
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◆smooth
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DM imprint

DM with s-wave annihilation
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L. Lopez-Honorez, O. Mena, A. Moliné, SPR and A. C. Vincent,  
JCAP 1608:004, 2016

Credit: A. C. Vincent

Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05,  
Shchenikov’06, Furlanetto’06, Valdes’07, Chuzhoy’07,  

Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12, Evoli’14

Dark matter annihilations:  
inject energy into the IGM 

DM: suppress power 
but effects degenerated with astrophysics
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Primordial black holes
The early Universe is very hot and dense:  

ideal environment for black hole formation 

For masses between 10-17 M⊙ and 105 M⊙ PBHs can be part of the DM
G. F. Chapline, Nature 253:251, 1975 

3

strongly lensed by PBHs would produce two images of
the burst. Although the angular separation between the
images might not be resolved, the time delay between
them can be, since lenses with masses above ⇠ 10M�
will generate a time delay larger than the pulse width.
The dashed green line in Fig. 1 shows the forecast of
one year of observations for an experiment like CHIME
[58]. The constraint shown corresponds to the smallest
fraction fPBH that would produce at least one lensing
event with a time delay longer than 1 ms, the typical
intrinsic width of an FRB [59]. Ref. [37] investigated
using gamma-ray-burst (GRB) light curves to search for
echoes induced by compact dark matter, but concluded
that current experiments cannot achieve the necessary
signal-to-noise for the echo to be detectable.

Caustic perturbations. Distant galaxies can be
lensed by galaxy clusters. In a smooth lens model, clus-
ters have critical curves where the magnification is for-
mally infinite. As a star that belongs to the lensed galaxy
moves outward and crosses the caustic curve, its two im-
ages move closer together and merge. The presence of
compact objects such as intracluster stars or compact
dark matter can disturb the smooth caustic and produce
a network of corrugated microcaustics. Ref. [38] stud-
ied the lensing properties of a cluster with a granular
mass density and proposed using the peak magnification
and frequency of caustic-crossing events to probe dark
matter. In the vicinity of the smooth critical curve pro-
duced by the cluster, the microcritical curves of the point
masses will merge and form a band of width 2rw. The
constraint shown in Fig. 1 corresponds to the smallest
fraction of PBHs such that they dominate the width of
the microcaustic network rw over the intracuster stars.
For an abundance greater than the green dash-dotted
line, rw is larger than what would be expected from intr-
acluster stars. We emphasize, however, that this forecast
is for idealized observations, rather than any specific ob-
servational program.

Pulsar timing array experiments. The passage of
a PBH near the line of sight between the Earth and a
pulsar would shift the pulse arrival times. Pulsar tim-
ing can be used to constrain the PBH abundance via the
non-detection of third-order Shapiro time delay in the
mass range ⇠ 1 � 10

3M� [39]. Fig. 1 includes the pro-
jected constraints from known pulsars and from future
SKA pulsars.

LIGO merger rates. If PBHs can form binaries in
the early Universe [60] that remain bound to the present
day, their merger rate would dominate that of PBH bina-
ries formed in the late Universe [61]. Ref. [40] constrained
the PBH abundance in the mass range ⇠ 10�300M� by
requiring that the merger rate of PBHs does not exceed
the upper limit on the merger rate from the O1 LIGO ob-
serving run [62]. Meanwhile, Ref. [41] derived constraints
on the PBH abundance from the non-observation of a
stochastic gravitational wave background.

Dynamical effects. The presence of massive com-
pact objects can disrupt astrophysical systems through

gravitational interactions. If PBHs are present in ultra-
faint dwarf (UFD) galaxies, they would dynamically heat
the stellar population. Ref. [42] used the stellar distri-
bution of UFD galaxies to constrain PBHs with 10

34g <⇠
MPBH <⇠ 10

37g.
Cosmic Microwave background. PBHs from the

primordial plasma could accrete during recombination.
The produced radiation would then affect the CMB tem-
perature and polarization spectrum. The most conser-
vative constraints from Planck 2015 [63] CMB data were
presented in Ref. [43] (see also Refs. [64–66], and Ref. [21]
for constraints from the Lyman-alpha forest).

FIG. 1. Observational (shaded) and forecasted (un-shaded)
constraints to the fraction of PBHs to dark matter. These
include observations of the extra-galactic gamma ray back-
ground (EG�), constraints from white dwarves (WD), lensing
events (HSC, EROS/MACHO, SNe, OGLE), ultra-faint dwarf
galaxies (UFD), the cosmic microwave background (CMB),
and forecasts for observation of lensing of fast radio bursts
(FRB), of caustic-crossing stars (Microcaustic), pulsar tim-
ing (known pulsars and SKA pulsars), the LIGO merger rate,
and the stochastic gravitational wave background. We leave
out additional constraints that are weaker than the observa-
tional limits presented here.

IV. CONSTRAINTS ON THE PRIMORDIAL
CURVATURE POWER SPECTRUM

A region will collapse to form a PBH if its density con-
trast at horizon re-entry is above a certain threshold �c.
Assuming Gaussian initial perturbations, the probability
density of the smoothed density contrast �(R) is given by

P (�(R)) =

1p
2⇡�(R)

exp

✓
� �2(R)

2�2
(R)

◆
, (8)

where R = (aH)

�1, and the mass variance is given by

G. Sato-Polito, E. D. Kovetz and M. Kamionkowski, arXiv:1904.10971

Y. B. Zel’dovich and I. D. Novikov, Sov. Astron. 10:602, 1967 
S. Hawking, Mon. Not. Roy. Astron. Soc. 152:75, 1971 
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G. Sato-Polito, E. D. Kovetz and M. Kamionkowski, arXiv:1904.10971

This 
talk

Y. B. Zel’dovich and I. D. Novikov, Sov. Astron. 10:602, 1967 
S. Hawking, Mon. Not. Roy. Astron. Soc. 152:75, 1971 
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Solar mass primordial black holes

Even if they cannot form all the dark matter… still interesting 

Insight into early Universe physics (inflation, 
topological defects, phase transitions…)

WIMPs and PBHs relation: no go

Timing problem: 
PBHs connected to the origin of supermassive BHs?

B. Lacki and J. F. Beacom, Astrophys. J. 720:L67, 2010 
Yu. N. Eroshenko, Astron. Lett. 42:347, 2016 
S. M. Boucenna, F. Kuhnel, T. Ohlsson and L. Visinelli, JCAP 1807:003, 2018 
J. Adamek, C. T. Byrnes, M. Gosenka and S. Hotchkiss, arXiv:1901.08528

Recent detection of black hole mergers
B. P. Abbott et al. [LVC], Phys. Rev. Lett. 116:061102, 2016; 
Phys. Rev. Lett. 116:241103, 2016; 
Phys. Rev. Lett. 116:131102, 2016;  
Phys. Rev. X 6:041015, 2016;  
Phys. Rev. Lett. 118:221101, 2017; 
Astrophys. J. 851:L35, 2017;  
Phys. Rev. Lett. 119:141101, 2017 Did LIGO detect dark matter?

S. Bird et al., Phys. Rev. Lett. 116:201301, 2016
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solar mass PBHs abundance

PBHs clustering modifies small scale structure: 
shot noise —> isocurvature perturbations

Accretion of gas onto PBHs: Emission of broad band spectrum  
local searches (X-rays, radio) 

heating and ionization of the IGM: cosmological implications

Gravitational waves at large redshifts (z>40) by 
O(10) solar mass BH mergers: Einstein Telescope

VIRGO/LIGO: Merger rates related to BHs abundance 

P. Meszaros, Astron. Astrophys. 38:5, 1975 
N. Afshordi, P. McDonald and D. N. Spergel, Astrophy. J. 594:L71, 2003
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PBHs: Brightness temperature
7

FIG. 1. Free electron fraction, xe, as a function of redshift, including the contribution of a monochromatic PBH popu-
lation with mass MPBH = 100M�, for di↵erent PBH fractions fPBH =

�
10�2

, 10�3
, 10�4

,. 10�4
�
. The standard sce-

nario with fPBH = 0 is denoted by the solid black line. We use fiducial astrophysical parameters:
�
⇣UV, ⇣X , T

min
vir , N↵

�
=�

50, 2⇥ 1056 M�1
� , 5⇥ 104 K, 4000

�

These energy deposition functions are computed by using the following expression:

fc(z) =
H(z)

R d ln(1+z0)
H(z0)

R
d! Tc(z, z0,!)Lacc(z0,!)R

d!Lacc(z,!)
, (3.13)

where the Tc(z, z0,!) are the transfer functions taken from Ref. [180]. As is done in Ref. [82], the spectrum of the
luminosity is taken from ADAF models of Ref. [159]; namely, we adopt a simple parameterization given by

L(!) / ⇥(! � !min)!
a exp(�!/!s) , (3.14)

where !min ⌘ (10M�/M)1/2 eV, !s ⇠ O(me) (taken explicitly to be !s = 200 keV), and a = �1 (with reasonable
values of a 2 [�1.3,�0.7]). In principle, the exact form of the spectrum changes with the accretion rate. However,
the results found here are largely independent of these details.

Eqs. (3.2) and (3.14) provide the ingredients necessary to compute the energy injected into the IGM from a
population of PBHs as a function of redshift, and Eq. (3.13) describes how and where the energy is deposited. With
this in hand, we now turn to incorporating this energy injection into the equations governing the evolution of the
ionization fraction, the gas temperature, and the Lyman-↵ flux.

The quantity xe(x, z), governing the evolution of the local ionized fraction of the neutral IGM, is given by

dxe

dz
=

dt

dz

�
⇤ion � ↵A C x2

e nb fH
�
, (3.15)

where nb = n̄b,0(1 + z)3(1 + �̄b(x, z)) is the baryon number density, ⇤ion is the ionization rate, ↵A is the case-A
recombination coe�cient, fH = nH/nb is the hydrogen number fraction and C ⌘ hn2

ei/hnei2 is the clumping factor
(set to one as default), with ne the electron number density. Ionization from the PBH accretion mechanism would
lead to an additional contribution of the form

⇤ion

��
PBH

= fH
✏PBH
HI

EHI
+ fHe

✏PBH
HeI

EHeI
, (3.16)
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FIG. 2. Kinetic temperature of the gas for various primordial black hole fractions, assuming a monochromatic PBH mass
distribution at Mpbh = 100M� and fiducial astrophysical parameters plus di↵erent primordial black hole fractions fpbh =
10�2

, 10�3
, 10�4 and . 10�4. The standard scenario with fpbh = 0 is denoted by the solid black lines.

where fH = nH/nb and fHe = nHe/nb are the hydrogen and helium number fractions, and EHI,HeI are the ionization
energies for hydrogen and helium. The evolution of the kinetic temperature of the gas Tk is computed via

dTk

dz
=

2Tk

3nb

dnb

dz
� Tk

1 + xe

dxe

dz
+

2

3 kB (1 + xe)

dt

dz

X

j

✏heat,j ,

where the last term accounts for the heating/cooling processes (Compton cooling and X-ray heating), and ✏heat,j is
the heating rate per baryon for the process j, including the corresponding term from PBHs.
Finally, there is also a contribution to the Lyman-↵ flux resulting from collisional excitations due to energy depo-

sition by PBH accretion in the IGM, which can be written as

J↵,PBH =
c nb

4⇡

✏PBH
Ly↵

h⌫↵

1

H(z) ⌫↵
, (3.17)

where ⌫↵ is the emission frequency of a Lyman-↵ photon.
Figures 1 and 2 show the redshift evolution of the free electron fraction and the kinetic gas temperature for a

population of PBHs with mass MPBH = 100M� and di↵erent relative abundances fPBH. Notice that the e↵ect of
PBHs accretion on the free electron fraction in Fig. 1 is clearly visible: the presence of the extra heating and ionization
terms from PBHs accretion changes the redshift evolution of xe, increasing this quantity from the early recombination
era, below z ⇠ 1000, until the late reionization era. The kinetic gas temperature would also be increased by the
presence of the energy injection in the IGM (see Fig. 2). Similar to the case in which there is energy injection from
dark matter annihilations [96, 98], PBH accretion leads to an earlier and more uniform heating of the IGM, which is
increased the larger the fraction of dark matter in the form PBHs, until stellar sources turn on and fully ionize the
medium (around z ⇠ 15 in Fig. 1). These results illustrate that even small abundances of PBHs could have dramatic
e↵ects on the properties of the IGM.
Before continuing, we would like to emphasize that the treatment of accretion adopted in this work is rather con-

servative. For the redshifts relevant for 21cm cosmology, the conditions necessary for the formation of accretion disks
around PBHs seem likely. Say our choice of epsilon and such is much lower than e.g. Gaggero (not

Injected energy goes into ionizing and heating the IGM
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FIG. 8. Global 21 cm brightness temperature for various values of fPBH, assuming M = 100M� and the fiducial astrophysical
parameters plus di↵erent ranges for PBH fractions. The standard scenario with fPBH = 0 is denoted by the solid black lines.

21cm power spectrum. These errors have been estimated by means of the publicly available code 21cmSense8 [203, 204]
(see also Ref. [205]). The total noise is given by

��2
T+S(k, z) =

0

B@
X

i

1
⇣
�2

N,i +�
2

21

⌘2

1

CA

�1/2

, (4.1)

with two contributions, one from a thermal noise (N) plus a second one, a sample variance error (S), �
2

21 ⌘ �Tb
2
�2

21.
The thermal noise depends on the solid angle, the integrated observation time and the temperature of the system.
We focus here on the future HERA [92] and SKA-low frequency [93] experiments. We consider both the intermediate
and final HERA configurations, with 127 and 331 antennas, which we refer to henceforth as Hera 127 and Hera 331.
For SKA-low frequency, we follow the design presented in the SKA System Baseline Design Document [93]. Finally,
we assume an exposure of 1080 hours and a bandwidth of 8 MHz, as these are the default values for these parameters
in 21cmSense.

One of the fundamental di�culties associated with full statistical 21cm analyses arises from the fact that consistent
and accurate theoretical predictions for the 21cm signal require time consuming semi-analytical (or even fully hydrody-
namic) simulations. Restricting our attention momentarily to a single PBH mass, obtaining a coherent interpolation
over a five dimensional parameter space (defined by fPBH, ⇣UV, ⇣X, T

min, and N↵) requires enormous amounts of
computing time. Recently, various groups have developed techniques which rely on simplified calculations (at the
expense of numerical accuracy), principle component decompositions, and machine learning algorithms, to reduce the
computational expense involved in obtaining a comprehensive 21cm parameter scan (see, e.g., Refs. [206–211]).

In this work, we circumvent this numerical issue by exploiting a class of feed-forward neural networks known as
multilayer perceptrons (MLPs). Specifically, for a fixed PBH mass, we compute the full 21cm power spectrum for
⇠ 600 choices of astrophysical parameters (constrained to the range defined in Tab. II), and construct MLPs with
two hidden layers, each containing ⇠ 50 hidden nodes, to emulate the output of 21cmFAST for arbitrary choices of

8 https://github.com/jpober/21cmSense
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PBHs: 21cm power spectrum 20

FIG. 9. 21cm power spectrum as a function of redshift, for two values of the scale: k = 0.15 Mpc�1 (left panel) and
k = 0.4 Mpc�1 (right panel). We consider a monochromatic PBH mass distribution with Mpbh = 100M� and fiducial
astrophysical parameters as a function of the redshift z. We illustrate primordial black hole fractions of fPBH = 10�2

, 10�3 and
10�4. Errors for the future HERA and SKA radio interferometers for the standard scenario (with fPBH = 0, denoted by the
solid black lines) are also depicted. See text for details.

FIG. 10. 21cm power spectrum as a function of the scale, for two fixed redshifts: z = 12.2 (left panel) and z = 17.5 (right
panel). Same parameters as in Fig. 9. The red areas denote the scales where foregrounds dominate over the signal.

parameters. The MLP is trained on ⇠ 70% of the computed power spectra while the remaining 30% are simultaneously
used to ensure the neural network is not over-learning. We find that this procedure reproduces the computed datasets
(both the trained dataset and test dataset), as well as various power spectra computed with randomly generated
points in parameter space after the training of the neural network. We choose to assess the relative accuracy of the
neural net by defining an accuracy statistic, which will later serve as the quantity directly entering our likelihood, as

↵err ⌘
������

�̄2
21(k, z)��2

21,NN (k, z)
q

��2
T+S

2
(k, z) + (0.4⇥ �̄2

21(k, z))
2

������
, (4.2)

where �̄2
21(k, z) is the power spectrum computed by 21cmFAST, and �2

21,NN (k, z) is the power spectrum as computed
by the neural net. Following [212], we have chosen to add in quadrature an additional modeling error (here we
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parameters. The MLP is trained on ⇠ 70% of the computed power spectra while the remaining 30% are simultaneously
used to ensure the neural network is not over-learning. We find that this procedure reproduces the computed datasets
(both the trained dataset and test dataset), as well as various power spectra computed with randomly generated
points in parameter space after the training of the neural network. We choose to assess the relative accuracy of the
neural net by defining an accuracy statistic, which will later serve as the quantity directly entering our likelihood, as

↵err ⌘
������

�̄2
21(k, z)��2

21,NN (k, z)
q

��2
T+S

2
(k, z) + (0.4⇥ �̄2

21(k, z))
2

������
, (4.2)

where �̄2
21(k, z) is the power spectrum computed by 21cmFAST, and �2

21,NN (k, z) is the power spectrum as computed
by the neural net. Following [212], we have chosen to add in quadrature an additional modeling error (here we
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FIG. 11. Estimated 2� sensitivity of SKA and HERA for a monochromatic distribution of PBHs in the mass range M�  M 
103M�. Results are compared to various limits derived from microlensing surveys and the CMB.

rise to an observable signal, we show here that these calculations had not self-consistently accounted for the global
heating of the IGM, which significantly raises the Jeans mass and suppresses the minihalo contribution. Thus, the
dominant e↵ect on the 21cm power spectrum arises exclusively from the modifications to the heating and ionization
of the IGM. We find experiments like HERA and SKA will significantly improve upon existing limits from the CMB,
should not observations be consistent with a fPBH = 0 cosmology (i.e., no PBHs).

Finally, we emphasize that 21cm observations will have access to much more information than just the two-point
correlation function. Should foregrounds be removed to a su�ciently high degree, these experiments may be able
to exploit higher dimensional n-point correlation functions, or perhaps one could exploit the power of convolutional
neural nets to shed light of the highly non-Gaussian behavior of neutral hydrogen during these epochs.
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Conclusions

21cm radio measurements will 
shed light on the cosmic dark ages

Sensitivity to solar mass PBHs will be 
improved by up to 2 orders of magnitude 

with future interferometers (HERA, SKA)

21cm radio experiments will be a powerful tool 
to learn about exotic energy injection 

mechanisms onto the IGM (PBHs, DM…)


