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FIG. 1: Sketch of the formation of PBHs from overdensities for three di↵erent successive moments. When fluctuations larger
than a critical threshold �c ⇠ c

2
s enter the horizon, i.e., their wavelength � = 2⇡/k (which characterizes the size of the

perturbation) is of the order of the Hubble horizon (aH)�1, the overdense region collapses and a PBH is produced. As can be
seen in Eqs. (2.1) and (2.2), longer modes (large �, low k) enter the horizon later and lead to more massive PBHs.

where in the last equality, �(MH) ⌧ �c has been assumed. For the standard cosmological scenario with an initial scale
invariant power spectrum, at CMB scales, the amplitude of the fluctuations is around �(MPBH) ⇠ 10�5, leading to
� ⇠ 10�5 exp(�1010), which is completely negligible [45]. Therefore, in order to have a relevant population of PBHs,
larger values of the initial power spectrum are needed. On the other hand, the assumption of a gaussian distribution
may not be consistent with enhanced fluctuations and the presence of PBHs, so deviations are unavoidable [46, 47]
(except for specific inflation models presenting an inflection point [48]). Non-gaussianities could have a great impact
on the initial fraction and lead to a larger population, as well as leaving detectable signatures in gravitational waves
[49]. Finally, note that the above formula follows the simple Press-Schechter approach, whereas to account for the
non-universal nature of the threshold, the use of peak theory provides more accurate results [50, 51]. Its validity,
however, is limited to relatively narrow power spectra, while broader spectra require the use of non-linear statistics
[52].

Nonetheless, although the initial fraction � is a very small quantity, since matter and radiation densities scale
di↵erently with redshift (/ (1 + z)3 and / (1 + z)4 respectively), the PBH contribution can become relevant at
current times. The fraction �(M) can be related to the current density parameters of PBH and radiation, ⌦PBH and
⌦� , as [53],

⌦PBH(M) = �(M)(1 + zf )⌦� ' �
1/2
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For initial fractions as low as � ⇠ 10�8 of solar mass BHs, the fraction of energy in PBHs could be, thus, of order
unity.

Depending on the specific mechanism of formation, a population of PBHs with di↵erent masses could be generated.
The specific shape of the enhancement of fluctuations determines the mass distribution function. Sharp peaks in the
power spectrum imply approximately monochromatic distributions. For instance, chaotic new inflation may give rise
to relatively narrow peaks [54, 55]. However, inflation models with an inflection point in a plateau of the potential
[56, 57], or hybrid inflation [58], predict, instead, extended mass functions, which can span over a large range of PBHs
masses. In this review, we focus on monochromatic distributions for simplicity, although it is possible to translate
constraints to extended mass functions, which can be very stringent despite the fact of having more parameters to fit
[59, 60]. Nonetheless, even if there are bounds that exclude fPBH ⇠ 1 in the monochromatic case, there are choices
for the mass function which allow PBHs to constitute most or all of the DM abundance [61–63].

4. ACCRETION ONTO PBHS

One of the consequences of the existence of PBHs with greater impact on di↵erent observables is the process of
accretion. Infalling matter onto PBHs would release radiation, injecting energy into the surrounding medium, and
strongly impacting its thermal state, leaving significant observable signatures. The physics of accretion is highly

PBHs could form during radiation era from the gravitational collapse of large fluctuations (at horizon entry) with 
masses of the order of the horizon mass… or via collapse of cosmic string loops or a scalar field, bubble collisions…

Y. B. Zel’dovich and I. D. Novikov, Sov. Astron. 10:602, 1967 
S. Hawking, Mon. Not. R. Astron. Soc. 152:75, 1971 

The early Universe is very hot and dense:  
ideal environment for black hole formation 
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For masses between 10−17 M" and 105 M", they would be present today

G. F. Chapline, Nature 253:251, 1975 
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Even if they cannot form all the dark matter… still of great interest 

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

WIMPs and PBHs relation: no go

Timing problem: Could PBHs be connected to the origin of SMBHs?

B. Lacki and J. F. Beacom, Astrophys. J. 720:L67, 2010 
R. Saito and S. Shirai, Phys. Lett. B697:95, 2011 
D. Zhang, Mon. Not. R. Astron. Soc. 418:1850, 2011 

Recent detection of black hole mergers with gravitational waves

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. X6:041015, 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

e.g., A. Smith and V. Bromm, Contemp. Phys. 60:111, 2019
4

PBHs as DM (or other exotics) generators

Primordial black holes
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PBHs as DM: Abundance Constraints
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Figure 3.3: Compilation of current constraints on the PBH fraction (with respect to
DM) as a function of the PBH mass, assuming a monochromatic mass function. The
di�erent probes considered are: evaporation of BHs due to Hawking radiation (red),
non-observation of microlensing events (blue), merger rates from gravitational waves
measurements (purple), e�ect of accretion on the CMB (orange), dynamical constraints,
such as disruption of stellar systems by the presence of PBHs (green), and the e�ect of
the Poisson shot noise power spectrum in the Ly– forest (cyan), see the text for more
details. Limits from GWs appear with dashed lines since they could be invalidated [318].
Figure created with the publicly available Python code PBHbounds

3[319].

masses MPBH. A collection of limits from the di�erent probes is shown
in Fig. 3.3. For a more comprehensive list of constraints, see, e.g.,
[243, 263, 320, 241, 242, 321].

• Evaporation
As already seen, since BHs emit energy due to Hawking radiation,
relatively light PBHs may be evaporating now. Those with a lifetime
shorter than the age of the universe must have disintegrated nowadays,
fact which forbids PBHs with MPBH < Mú ƒ 4 ◊ 1014 g to form part
of the current DM [281, 322]. Moreover, PBHs with masses small
enough, although still present, should emit a strong “-ray and cosmic
ray background which could be observed. Absence of its detection
strongly constrains the range of masses MPBH . 1017 g. Concretely,

3https://github.com/bradkav/PBHbounds

P. Villanueva-Domingo, O. Mena and SPR, Front. Astron. Space Sci. 8:87, 2021
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fact which forbids PBHs with MPBH < Mú ƒ 4 ◊ 1014 g to form part
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enough, although still present, should emit a strong “-ray and cosmic
ray background which could be observed. Absence of its detection
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P. Villanueva-Domingo, O. Mena and SPR, Front. Astron. Space Sci. 8:87, 2021

Partial evaporation Hawking radiation: cosmic-ray, γ-ray, 
ν bkgs; ionization and thermal history
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• Evaporation
As already seen, since BHs emit energy due to Hawking radiation,
relatively light PBHs may be evaporating now. Those with a lifetime
shorter than the age of the universe must have disintegrated nowadays,
fact which forbids PBHs with MPBH < Mú ƒ 4 ◊ 1014 g to form part
of the current DM [281, 322]. Moreover, PBHs with masses small
enough, although still present, should emit a strong “-ray and cosmic
ray background which could be observed. Absence of its detection
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masses MPBH. A collection of limits from the di�erent probes is shown
in Fig. 3.3. For a more comprehensive list of constraints, see, e.g.,
[243, 263, 320, 241, 242, 321].

• Evaporation
As already seen, since BHs emit energy due to Hawking radiation,
relatively light PBHs may be evaporating now. Those with a lifetime
shorter than the age of the universe must have disintegrated nowadays,
fact which forbids PBHs with MPBH < Mú ƒ 4 ◊ 1014 g to form part
of the current DM [281, 322]. Moreover, PBHs with masses small
enough, although still present, should emit a strong “-ray and cosmic
ray background which could be observed. Absence of its detection
strongly constrains the range of masses MPBH . 1017 g. Concretely,

3https://github.com/bradkav/PBHbounds
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shorter than the age of the universe must have disintegrated nowadays,
fact which forbids PBHs with MPBH < Mú ƒ 4 ◊ 1014 g to form part
of the current DM [281, 322]. Moreover, PBHs with masses small
enough, although still present, should emit a strong “-ray and cosmic
ray background which could be observed. Absence of its detection
strongly constrains the range of masses MPBH . 1017 g. Concretely,

3https://github.com/bradkav/PBHbounds

P. Villanueva-Domingo, O. Mena and SPR, Front. Astron. Space Sci. 8:87, 2021

Partial evaporation
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Gravitational waves

6

Using 
PBHbounds
B. J. Kavanagh

For monochromatic mass functions
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PBHs: Evaporation and Accretion

Types of signals

Photons

Messenger production Energy injection  
in the IGM

Neutrinos Electrons

Antimatter

CMB

21cm Lyman-α

J. Phys. G: Nucl. Part. Phys. 48 (2021) 043001 Topical Review

Figure 2. Constraints on the fraction of DM in the form of PBHs fPBH, with mass MPBH,
or in the form of compact objects, fCO, with mass MCO for each of the different types of
constraint. In each case the excluded regions are shaded. Top left: evaporation constraints
on PBHs (section 3.1): extragalactic gamma-ray background [55], CMB [153, 154],
dwarf Galaxy heating [155], EDGES 21 cm [156], Voyager e± [157], 511 keV gamma-
ray line [158, 159] and the MeV Galactic diffuse !ux [160]. Top middle: gravitational
lensing constraints on compact objects (section 3.3): stellar microlensing (MACHO
[161], EROS [12], OGLE [162], HSC [163]), Icarus lensing event [164], and supernovae
magni"cation distribution [165]. Top right: constraints on PBHs from GWs (section 3.4)
produced by individual mergers [166, 167] and the stochastic background of mergers
[168]. Note that there are substantial uncertainties on GW constraints, arising from the
possible disruption of PBH binaries. Bottom left: dynamical constraints on compact
objects (section 3.5): from dwarf Galaxies [169] and wide binaries [170]. Bottom right:
accretion constraints on PBHs (section 3.6): CMB [171], EDGES 21 cm [172], x-ray
[173], radio [173], and dwarf Galaxy heating [174]. Digitised bounds and plotting codes
are available online at PBHbounds.

We restrict our attention to PBHs with MPBH ! 107M" which could, in principle, constitute
the DM halos of small dwarf Galaxies. There are various constraints on the abundance of more
massive PBHs, for an overview, see reference [20]. All limits quoted assume that the PBHs
have a delta-function MF and do not form clusters. We discuss the application of delta-function
constraints to extended MFs in section 3.10. As discussed in section 3.4 understanding the late
time clustering of PBHs is an outstanding challenge. In this section we use ‘PBH’ to denote
limits which apply speci"cally to PBHs and ‘CO’ to denote limits which apply to any compact
object.

3.1. Evaporation

PBHs with initial mass MPBH < M! ≈ 5 × 1014 g have completed their evaporation by the
present day [7, 8]. The emission from slightly more massive PBHs (M! < MPBH ! 1017 g) is

14

A. M. Green and B. J. Kavanagh,  
J. Phys. G. 48:043001, 2021
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Messenger production by PBHs

emission spans from the present time to the Cosmic Microwave Background (CMB) epoch,
where zmax ⇠ O(500). Generally, it is necessary to account for photon attenuation during
propagation from the sources, where ⌧� (z, E) denotes the optical depth. We have adopted
the functional form detailed in ref.[17].

We noticed that we have introduced a suppression factor F(z) in Equ.(3.5), which con-
siders the portion of dark matter residing within dark matter halos that contain galaxies. This
factor not only confines positrons but also ensures an adequate electron density for effective
positron annihilation. The adoption of this suppression factor stems from ref.[28], who have
highlighted the overlooked nat.of this formalism in various prior studies. Despite yielding a
factor of F < 1, which diminishes contributions from the extragalactic component, it solely
relies on dark matter halo characteristics.

A dark matter halo, characterized by a mass threshold of Mmin(z), can gravitation-
ally collapse, evolving into a significant gravitational potential well. This gravitational well
plays a crucial role in attracting baryonic matter, facilitating the formation of galactic disks,
and confining and annihilating DM positrons. However, cosmological simulations of galaxy
formation indicate a minimum value around ⇠ 107 � 1011 h

�1 M� . We have adopted the
redshift-dependent evolution of this minimal mass from Fig.3 of ref.[36]. For computation,
the factor can be expressed as:

F(z) =
1

⇢m(z)

Z 1

Mmin

dMM
dn(M, z)

dM
, (3.6)

where ⇢m =
R1
0

dMM
dn(M,z)

dM
for normalization, and the mass function of DM halos is based

on the model by ref.[38] commonly used. We showcase the flux contributions from extragalac-
tic and Galactic sources for all components at MPBH = 7 ⇥ 1016 g in Fig.2, with the same
legend as in Fig.1.

Figure 3. Current Cosmic X-ray background for different experiments in details, ASCA [19, 29],
Integral [14], Swift [1], HEAO [21], RXTE [20], BeppoSAX [42], SMM [43], Nagoya [18], Comptel [44].
The double power-law fit described in Equ.(4.1) is represented by the black dashed line. Additionally,
corrections to the double power-law fit line are illustrated for four hypothetical monochromatic PBH
spectra with varying masses in grams and cosmological abundances.
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Extragalactic and galactic γ/X-ray backgrounds 
Local electron-positron flux 

Electron-induced near-UV, synchrotron and IC flux 
511 keV electron-positron annihilation line 

Antiproton flux 
Extragalactic and galactic neutrino fluxEur. Phys. J. C (2024) 84 :606 Page 3 of 6 606

Table 1 Propagation parameters with zh varying from 2 kpc to 15 kpc
[55,56]. Suppose a homogeneous spatial diffusion coefficient Dxx =
D0β(E/4 GeV)δ , where β is the Lorentz factor, D0 is a coefficient, and
δ = 0.33 reflects the Kolmogrov-type interstellar medium turbulence.
The Alfvenic speed vA characterizes the reacceleration effect

D0 (28 cm2 s−1) zh (kpc) vA (km s−1) δ

Prop. 1 2.7 2 35.0 0.33

Prop. 2 5.3 4 33.5 0.33

Prop. 3 7.1 6 31.1 0.33

Prop. 4 8.3 8 29.5 0.33

Prop. 5 9.4 10 28.6 0.33

Prop. 6 10.0 15 26.3 0.33

obtained from GALPROP, to calculate the propagation pro-
cess. This approach has been verified to provide a good
approximation to the GALPROP output while being signifi-
cantly more efficient.

The propagation is assumed to occur within a diffusion
reacceleration framework, with the determination of propa-
gation parameters relying on the boron-to-carbon ratio data
and the diffuse γ -ray emission observed by Fermi-LAT [63].
It is worth noting that the chosen parameters have been
updated compared to Ref. [30]. The main propagation param-
eters are shown in Table 1, including the diffusion coeffi-
cient Dxx , the characteristic halo height zh and the Alfvenic
speed vA describing the reacceleration effect. Additionally,
we apply the simple force-field approximation [64] with a
broad range of modulation potential to describe the solar
modulation. The PBH density is modeled using the Navarro–
Frenk–White (NFW) profile [65]

ρNFW = ρs
rs

r
(

1 + r
rs

)2 ,

where rs = 20 kpc and ρs = 0.26 GeV cm−3 represent the
scale radius and scale density [66], respectively.

Assuming all DM in the Milky Way consists of PBHs with
a monochromatic mass distribution, we present the electron
and positron spectra after propagation in Fig. 1. The fluxes
Φe++e− are obtained with Prop. 6 in Table 1 and a solar
modulation potential of 0.6 GeV. Due to the reacceleration,
the energies of the ejected electron/positron at sub-GeV scale
are boosted to the GeV range, aligning with the range covered
by the AMS-02 data [51,52]. Therefore, the AMS-02 data can
be employed to constrain the fraction of PBHs. As shown in
Fig. 1, the flux Φe++e− decreases rapidly with the PBH mass
MPBH.

The astrophysical CR background encompasses conven-
tional primary electrons, such as those originating from
supernova remnants, as well as secondary electrons and
positrons generated through inelastic collisions between CR

Fig. 1 The fluxes Φe++e− originating from the evaporation of PBHs
with MPBH = 1015 g and 1016 g, considering Prop. 6 in Table 1 along-
side a solar modulation potential of 0.6 GeV. The AMS-02 measure-
ments are also presented for comparison [67]

nuclei and the interstellar medium. As we seek spectral fea-
tures that stand out from the “smooth” background, it is
reasonable to assume that the majority of the observational
data can be well-fitted by the background. Following Ref.
[56], we utilize the empirical model, which includes the pri-
mary electrons, secondary electrons/positrons, and the elec-
tron/positron excess from the extra source:

φe− = Ce−E−γ e−
1



1 +
(

E

Ee−
br

)γ e−
2





−1

,

φe+ = Ce+E
−γ e+

1



1 +
(

E

Ee+
br

)γ e+
2





−1

,

φs = CsE−γ s
exp

(
− E
E s

c

)
.

Therefore, the total background energy spectrum of electrons
plus positrons Φbkg, e± is

Φbkg, e± = φe− + 1.6φe+ + 2φs.

where the factor 1.6 accounts for the asymmetry of electrons
and positrons generated in pp collisions [68]. The best-fit
parameters can be found in Table III of Ref. [56]. In general,
we directly fit the CR data with the model described above,
focusing solely on the numerical shape without calculating
the propagation of the background. In contrast, for the PBH
source, we carefully calculate the propagation. When incor-
porating the contribution of the PBH source into the model,
we optimize the fitting results by introducing the adjustment

123

JCAP10(2022)068

Figure 2. Electron neutrino fluxes from PBHs evaporation, as a function of energy, for non-evaporated
PBHs with fPBH = 10≠3 (top panel) and for already evaporated PBHs with —

Õ = 10≠18 (bottom
panel), along with the most relevant solar and atmospheric electron neutrino fluxes (shaded regions).
For non-evaporated PBHs, which would contribute to the DM density today, we show the galactic
(dotted lines), extragalactic (dashed lines) and total (solid lines) contributions. For evaporated PBHs,
only the extragalactic flux contributes. Both panels assume a monochromatic mass distribution. Note
that, depending on the detection channels, the relevant backgrounds might be di�erent from the ones
shown here.
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N. Bernal, V. Albornoz-Muñoz, SPR and  
P. Villanueva-Domingo, JCAP 10:068, 2022

B.-Y. Su et al., Eur. Phys. J. C84:606, 2024 

X.-H. Tan and J.-Q. Xia,  
arXiv:2404.17119 
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Figure 1. X-ray luminosity function of PBHs passing through ISM gas for MBH = 103M! and
ΩPBH = ΩDM. Dashed, solid, and dotted curve corresponds to fDM,disk = 0.0, 0.25, and 1.0 accounting
for all the ISM target gases. Dot-dashed curve takes into account radiation feedback for the case of
fDM,disk = 0.25. The values are normalized to SFR= 1 M! yr−1. The data points show the observed
SFR normalized X-ray luminosity function from [71].

enhanced because of its low velocity dispersion. Interaction with molecular clouds dominate
the luminosity function. Other ISM components will not contribute significantly.

The PBH density is constrained by data points having X-ray luminosities above 1039 erg s−1

corresponding to ULXs. Those luminous objects would prevent efficient mass accretion as
given in Equation 2.2 due to radiation feedback effects. Mass accretion rate is known to
decrease by a factor of (1− L/LEdd)2 in the Bondi-Hoyle-Lyttleton accretion [73]. The radi-
ation feedback effect is also shown in Figure. 1. Although it will decrease the XLF at high
luminosity end, the constraint will not be significantly different.

Constraints on fPBH ≡ ΩPBH/ΩDM can be set based on the requirement that the pre-
dicted luminosity function does not violate the observed luminosity function of XRBs at any
luminosities. In Fig. 2, we show the upper bound on the PBH mass fraction to DM based
on the XRB luminosity function together with other constraints. For simplicity, we assume a
monochromatic mass distribution for PBHs. We show three limits. One is our fiducial model
with fDM,disk = 0.25. The others are the cases with fDM,disk = 0.0 and 1.0.

If we do not take into account the effect of dynamical friction, the constraints can become
∼ 3% tighter at 10 M" ! MPBH ! 1000 M". This is because dynamical friction changes the
velocity by about 1 km s−1 in our parameter space.

For the ISM gas phases, we assumed nmin = 102 cm−3 for the molecular gas and the
CMZ and nmin = 10 cm−3 for the HI atomic gas [44]. Given in Eq. 2.3, luminosities of
accreting massive PBHs become too high for observed XRB luminosities (See. Fig. 1). Thus,
we see an upper cutoff at high PBH mass range in our constraints.

– 5 –

Y. Inoue and A. Kusenko, JCAP 10:034, 2017

See also: 
Kashlinsky, Astrophys. J. 823:L25, 2016  
D. Gaggero et al., Phys. Rev. Lett. 118:241101, 2017 
G. Hassinger, JCAP 07:022, 2020
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Many references…
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Energy injection from PBHs evaporation

Evaporation rate

Energy injection

Energy deposition
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DM imprint

Energy deposition from DM annihilations

What does DM annihilate into?:

neutrinos escape constraints from CMB or 21cm probes
f f̄ , �,W+

W
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Dark matter annihilation inject energy within the dark ages

[image from A. Vincent]

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

✏DM
c

(x, z) ⌘
✓

dEc(x, z)

dtdV

◆smooth

deposited
⌘ fc(z)

✓
dE(x, z)

dtdV

◆smooth

injected
⌘ fc(z) nDM(z)2 h�vi

mDM

Laura Lopez Honorez (TENA-VUB) DM & 21 cm Cosmo April 14, 2016 11 / 26

From A. C. Vincent

Not on-the-spot
Excitations, ionization and heating

D. Page,  Phys. Rev. D13:198, 1976;  Phys. Rev. D14:3260, 1976; Phys. Rev. D16:2402, 1977
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Emission of a thermal quasi-black-body spectrum
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Energy injection from accretion by PBHs

Acrettion rate

Energy injection

<latexit sha1_base64="+Z1dbO4IhFvCP2umE51/a6yNHIo="></latexit>
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Usually Bondi-Hoyle-Lyttleton model

F. Hoyle and R. A. Lyttleton, Mon. Not. R. Astron. Soc. 101:227, 1941 
H. Bondi and F. Hoyle, Mon. Not. R. Astron. Soc. 104:273, 1944 
H. Bondi, Mon. Not. R. Astron. Soc. 112:195, 1952

…but also see Park-Ricotti accretion
K. Park and M. Ricotti, Astrophys. J. 739:2, 2011; 
Astrophys. J. 747:9, 2012; Astrophys. J. 767:163, 2013
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if cooling is inefficient, a thick disk could form: ADAF
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Energy spectrum: synchrotron, IC and bremsstrahlung 
R. Mahadevan, Astrophys. J. 477:585, 1997

Excitations, ionization and heating
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Effects of energy injection from PBHs
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Figure 4: The free electron fraction, Xe, as a function of redshift, showing the e↵ect of a monochro-
matic PBH population with mass MPBH = 103

M�, for di↵erent PBH abundances, as labelled.
The left figure is for the BHL accretion scenario, and the right figure shows the PR scenario, with
cs,in = 23 km/s. The standard scenario ⇤CDM cosmology (with parameters described in the caption
of Figure 1) is described by the solid black line.
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Figure 5: The impact of the accretion recipe on the CMB TT (left) and EE (right) power spectrum
for a monochromatic population of PBHs with masses M = 103

M�, assuming the fixed ⇤CDM
cosmology described in the caption of Figure 1.

processes responsible for such alterations are discussed in detail for instance in [3, 13]. The
key point is the broadening of the visibility function towards lower redshift, which mainly
implies a suppression of the secondary peaks due to an increase in the time available for the
dissipation of acoustic oscillations [57].

To compute the CMB and large scale structure observables corresponding to the simu-
lated evolution of linear perturbations from the early universe, we use the latest version of the
publicly available Boltzmann solver CLASS [58]. In particular, we implement modifications to
CLASS, altering the thermal history of the universe to include the e↵ect of accreting PBHs.
We base our approach on the framework presented in ExoCLASS [54], making modifications to
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D. Agius et al., JCAP 07:003, 2024

period. We use here a minimal set of four parameters: the
UV ionization efficiency, ξUV, the number of x-ray photons
per solar mass, ξX, the minimum virial temperature of halos
hosting galaxies, Tmin, and the number of photons per
stellar baryon between Lyman-α and the Lyman limit, Nα.

8

The phenomenological parameter ξUV is assumed to be
proportional to: (i) the fraction of ionizing photons escap-
ing their host galaxies, (ii) the number of ionizing photons
per stellar baryons inside stars, and (iii) the fraction of
baryons that form stars. The efficiency for ionization,
heating, and Lyman-α production by x-ray sources
depends on the total x-ray emission rate, which is pro-
portional to the star formation rate and to the number of
x-ray photons per solar mass in stars, ξX.

9 The tempera-
ture Tmin is the minimum of the virial temperature of a
halo, below which gas cannot cool efficiently, and thus
star formation is suppressed.10 In the following, we
present various examples of the 21-cm signal using a
fiducial ΛCDM model defined by ðξUV; ξX; Tmin; NαÞ ¼
ð50; 2 × 1056 M⊙; 5 × 104 K; 4000Þ.

In Fig. 3, we showed the global differential 21-cm
brightness temperature for a population of 100 M⊙
PBHs, for a range of abundances, as a function of redshift.
In Fig. 10, we depict the 21-cm power spectrum as a
function of redshift at scales k ¼ 0.15 Mpc−1 (left panel)
and k ¼ 0.4 Mpc−1 (right panel), which are expected to be
reasonably free from foregrounds [206]. Notice that the
21 cm power spectrum in the standard scenario (solid black
curves) exhibits three characteristic peaks, associated to the
epochs of reionization, heating from x-ray sources and
Lyman-α pumping [162,207,208], from lower to higher
redshifts. The presence of PBHs is translated into a
suppression of the x-ray heating peak in the power
spectrum, which is obviously more pronounced as one
increases fPBH. Additionally, the Lyman-α pumping peak
could even disappear for fPBH ≳ 10−2. In Fig. 11, we show
the 21-cm power spectrum as a function of the scale for two
fixed redshifts: z ¼ 12.2 (left panel) and z ¼ 17.5 (right
panel). The red areas indicate the scales where the signal is
expected to be contaminated by foregrounds. The effect
of PBHs arises primarily from an increase in the flux
of x-rays, which can induce both scale-dependent and
redshift-dependent features in the power spectrum.
In Figs. 10 and 11, we also include the forecasted errors

associated to future HERA and SKA measurements of the
21-cm power spectrum. These errors have been estimated
by means of the publicly available code 21CMSENSE11

[209,210] (see also Ref. [211]). The total noise is given by

δΔ2
TþSðk; zÞ ¼

!X
i

1

ðΔ2
N;i þ Δ̄2

21Þ2

"−1=2
; ð4:1Þ

FIG. 10. A 21-cm power spectrum as a function of redshift z, for two values of the scale: k ¼ 0.15 Mpc−1 (left panel) and k ¼
0.4 Mpc−1 (right panel). We consider a monochromatic PBH mass distribution with MPBH ¼ 100 M⊙ and the fiducial astrophysical
parameters. We illustrate primordial black hole fractions of fPBH ¼ 10−2, 10−3, and 10−4. Errors for the future HERA and SKA radio
interferometers for the standard scenario (with fPBH ¼ 0, denoted by the solid black lines) are also depicted. See text for details.

8The default value of Nα in 21CMFAST is obtained by assuming
Pop II stars [199] and normalizing their emissivity to ∼4400
ionizing photons per stellar baryon.

9A value of ξX ¼ 1056 M−1
⊙ implies NX ≃ 0.1 x-ray photons

per stellar baryon.
10Note that the definition of the virial temperature here is taken

to be as defined in Ref. [200], which differs from Eq. (3.43) by a
factor of 2.44. This difference arises from the fact that in
Eq. (3.43) we consider μ ¼ 1.22 and that the virial temperature
depends upon the adopted halo profile, although these changes do
not significantly impact any of the results of this section. The
default value in the 21CMFAST code is Tmin ¼ 104 K, which has
been identified in the literature with the atomic cooling threshold
[201–205], and using Ref. [200], it corresponds to a minimum
halo mass of Mmin ≃ 8 × 107 M⊙ at a redshift z ¼ 10. 11https://github.com/jpober/21cmSense.
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II. ENERGY INJECTION BY EVAPORATING
PBH DM

A PBH with a given mass and angular momentum will
evaporate via Hawking radiation [8]. Temperature of an
uncharged spinning PBH is,

TPBH =
1

4⇡GMPBH

 p
1 � a2⇤

1 +
p

1 � a2⇤

!
, (1)

where

a⇤ =
J

GM
2

PBH

, (2)

with a⇤, J , and MPBH being the reduced spin parame-
ter, magnitude of angular momentum, and mass of the
PBH, respectively, and G is the gravitational constant.
For a non-spinning PBH (a⇤ = 0), the above expression
simplifies to,

TPBH =
1

8⇡GMPBH

= 1.06

✓
1013 g

MPBH

◆
GeV. (3)

During Hawking evaporation, the number of particles, Ni

emitted per unit energy per unit time is given by [35, 36,
38, 39]

d
2
Ni

dEdt
=

1

2⇡

X

dof

�i(E,MPBH, a⇤, µ)

eE
0/T � (�1)2s

, (4)

with

E
0 = E � m⌦, ⌦ =

a⇤

2MPBH(1 +
p

1 � a2⇤)
, (5)

where �i is the greybody factor [35, 36, 38] encoding the
probability of an emitted particle overcoming the gravita-
tional potential of a black hole, and E is the total energy
of the emitted particles, m is the axial quantum number,
s is the spin of the emitted particle, µ is the rest mass
of the emitted particle, and dof stands for the degrees of
freedom associated with the emitted particles.

In this work, the Hawking evaporation spectra are
obtained using the publicly available code, BlackHawk

v2.2 [39, 113]. We have explicitly matched the spectra
from BlackHawk with ref. [35]. At low energies, for sec-
ondary photon and electron-positron spectra, BlackHawk
uses public Python code Hazma [114]. In this work we
have used the total emission spectra (primary and sec-
ondary) from PBHs in the mass range ⇠ 5 ⇥ 1015 g �
1017 g. Note that the only species of particles whose
spectra we had to consider were photons and e

±. This
is because only these particles are capable of e�ciently
interacting with the gas in the IGM and substantially af-
fecting its thermal and ionization state [115, 116]. Other
stable particles that are abundantly present in the Hawk-
ing radiation emitted by black holes of these masses are
neutrinos and anti-neutrinos, and these have no e↵ect
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Figure 1. Temperature evolution of IGM as a function of red-
shift, in presence of non-spinning PBH DM (teal) and in the
absence of PBH DM (red). In both these cases, the ‘Trac
late’ reionization model [108, 109] is considered (see text for
more details). For comparison we show the Lyman-↵ temper-
ature measurements from Walther et al. [65] (blue), Boera et
al. [66] (orange), and Gaikwad et al. [67] (green). The deep
shaded data-points are used in our analysis. The light shaded
data-points not used either to avoid the second Helium reion-
ization or to derive conservative limits on PBH DM. The grey
dashed (Puchwein et al. [110]) and dotted (Haardt et al. [111])
lines correspond to two reionization models that are broadly
in agreement with these datasets.

on the temperature evolution of the IGM due to their
weak-interaction.
The rate of deposited energy into the IGM is related

to the rate of energy injected from Hawking evaporation
by [117]

✓
dE

dV dt

◆

dep

= fc(z)

✓
dE

dV dt

◆

inj

, (6)

where dV is the volume element and fc(z) is the depo-
sition e�ciency into channel c at a given redshift z [118–
120], respectively. The relevant channels are hydrogen
ionization (fion), helium ionization (fHe), hydrogen ex-
citation (fexc), and heating of IGM (fheat). The fc(z)s
have been computed in refs. [118–120] and have been im-
plemented in DarkHistory [100, 121–126]. In our work
we have used DarkHistory to calculate the evolution of
IGM temperature and ionization in presence of evaporat-
ing PBHs.
We can write the energy deposited per unit volume per

unit time from a PBH of mass MPBH, as,

✓
dE

dV dt

◆

dep

=

✓
dE

dV dt

◆�

dep

+

✓
dE

dV dt

◆e
±

dep

, (7)

2

A. K. Saha, A. Singh, P. Parashari and R. Laha, arXiv:2409.10617

Evaporation

Accretion
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Example of evaporation constraint:  
Neutrino flux
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JCAP10(2022)068

Figure 2. Electron neutrino fluxes from PBHs evaporation, as a function of energy, for non-evaporated
PBHs with fPBH = 10≠3 (top panel) and for already evaporated PBHs with —

Õ = 10≠18 (bottom
panel), along with the most relevant solar and atmospheric electron neutrino fluxes (shaded regions).
For non-evaporated PBHs, which would contribute to the DM density today, we show the galactic
(dotted lines), extragalactic (dashed lines) and total (solid lines) contributions. For evaporated PBHs,
only the extragalactic flux contributes. Both panels assume a monochromatic mass distribution. Note
that, depending on the detection channels, the relevant backgrounds might be di�erent from the ones
shown here.
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N. Bernal, V. Albornoz-Muñoz, SPR and P. Villanueva-Domingo, JCAP 10:068, 2022
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Figure 3. Best fit event spectra and data [98] for SK-I, SK-II and SK-III, in three Cherenkov angle
regions, for MPBH = 2 ◊ 1015 g and for a monochromatic mass distribution. We show the PBH signal
spectra (violet histograms), the two main backgrounds in the signal region, invisible muons (blue
histograms) and atmospheric ‹e and ‹̄e (cyan histograms), and the µ/fi (green histograms) and NC
elastic (magenta histograms) backgrounds. We also show the total best fit spectra (red histograms).
The best fits for the PBH signal correspond to fPBH = 0 (SK-I), fPBH = 5.9 ◊ 10≠4 (SK-II) and
fPBH = 2.3 ◊ 10≠3 (SK-III), whereas the joint best fit is fPBH = 0.

– 13 –

Analysis of SK DSNB data

JCAP10(2022)068

Figure 6. Current and projected (for 10 years of data-taking) 90% CL limits on the fraction of
PBHs as DM, fPBH, as a function of the PBH mass, MPBH Ø 8 ◊ 1014 g, for a monochromatic mass
distribution and for the detectors discussed in this work: HK (red solid curve), JUNO (orange dashed
curve), DUNE (green dot-dashed curve), DARWIN (purple dotted curve) and ARGO (blue dotted
curve). Current limits from SK data are also indicated by the shaded region and bounds from “-ray
observations [48, 62] are indicated by the black solid line.

Figure 7. Same as figure 6, but for log-normal mass distributions, for two values of the width ‡ = 0.5
(left panel) and ‡ = 1 (right panel). Results are shown as a function of the median PBH mass. Current
bounds from “-ray observations of the isotropic extragalactic background [46] are shown for ‡ = 0.5.
For ‡ = 1 the most stringent bounds come from CMB anisotropies [52] and lie below the range shown
in the plots.

– 22 –

…and prospects for HK, JUNO,  
DUNE, ARGO, DARWIN

Neutrinos from PBHs evaporation
with BlackHawk A. Arbey and J. Auffinger, Eur. Phys. J. C79:693, 2019
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Example of accretion constraint:  
21cm signal
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For evaporation 
constraints, see also:
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Hyperfine transition: ν = 1420 Mhz  

21cm photon from HI clouds 
during cosmic dawn: ν ~ 100 Mhz 

neutral hydrogen gas 
(intergalactic medium: IGM)

CMB photons as backlight emission/absorption

observer

z~1000 z=0

ν = ν0
1+ z( )

Predicted by H. van de Hulst in 1944 and first 
observed by H. I. Ewen and E. M.Purcell in 1951

absorption and stimulated emission of background radiation 
collisions of neutral hydrogen 

excitation/de-excitation by Lyman-α photons 

Population of ground and 
excited states controlled by: 
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The 21cm line
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The 21cm signal: Time evolution
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Figure 5.4: Evolution of the CMB, kinetic and spin temperatures (top panel), global
brightness temperature (medium panel) and 21 cm power spectrum (bottom panel) as a
function of redshift.

P. Villanueva-Domingo, PhD Thesis, 2021
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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 "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 5.4: Evolution of the CMB, kinetic and spin temperatures (top panel), global
brightness temperature (medium panel) and 21 cm power spectrum (bottom panel) as a
function of redshift.

P. Villanueva-Domingo, PhD Thesis, 2021

17

EDGES:  
new physics? astrophysics? 

systematics?

The 21cm signal: Time evolution
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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 "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Fully incompatible (amplitude, location  
AND shape) with standard scenarios  

S. Witte, P. Villanueva-Domingo, S. Gariazzo, O. Mena and SPR, 
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Figure 5.4: Evolution of the CMB, kinetic and spin temperatures (top panel), global
brightness temperature (medium panel) and 21 cm power spectrum (bottom panel) as a
function of redshift.
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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 , Tmin

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+z

0
)

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 x

2

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 ⌘ hn

2

e
i/hnei

2 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

Accretion: Injected energy goes into ionizing and heating the IGM

O. Mena, SPR, P. Villanueva-Domingo and S. J. Witte, Phys. Rev. D100:043540, 2019
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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

Impact on the 
brightness temperature: 

suppression of signal

From 
absorption to 

emission

We use 21cmFAST
A. Mesinger, S. Furlanetto and R. Cen, 
Mon. Not. R. Astron. Soc. 411:955, 2011

We use CosmoRec
J. Chluba and R. M. Thomas,  
Mon. Not. R. Astron. Soc. 412:478, 2011
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We use 21cmSense
J. C. Pober et al., Astrophys. J. 145:65, 2013 
J. C. Pober et al., Astrophys. J. 782:66, 2014 Four-parameter astrophysical model

period. We use here a minimal set of four parameters: the
UV ionization efficiency, ξUV, the number of x-ray photons
per solar mass, ξX, the minimum virial temperature of halos
hosting galaxies, Tmin, and the number of photons per
stellar baryon between Lyman-α and the Lyman limit, Nα.

8

The phenomenological parameter ξUV is assumed to be
proportional to: (i) the fraction of ionizing photons escap-
ing their host galaxies, (ii) the number of ionizing photons
per stellar baryons inside stars, and (iii) the fraction of
baryons that form stars. The efficiency for ionization,
heating, and Lyman-α production by x-ray sources
depends on the total x-ray emission rate, which is pro-
portional to the star formation rate and to the number of
x-ray photons per solar mass in stars, ξX.

9 The tempera-
ture Tmin is the minimum of the virial temperature of a
halo, below which gas cannot cool efficiently, and thus
star formation is suppressed.10 In the following, we
present various examples of the 21-cm signal using a
fiducial ΛCDM model defined by ðξUV; ξX; Tmin; NαÞ ¼
ð50; 2 × 1056 M⊙; 5 × 104 K; 4000Þ.

In Fig. 3, we showed the global differential 21-cm
brightness temperature for a population of 100 M⊙
PBHs, for a range of abundances, as a function of redshift.
In Fig. 10, we depict the 21-cm power spectrum as a
function of redshift at scales k ¼ 0.15 Mpc−1 (left panel)
and k ¼ 0.4 Mpc−1 (right panel), which are expected to be
reasonably free from foregrounds [206]. Notice that the
21 cm power spectrum in the standard scenario (solid black
curves) exhibits three characteristic peaks, associated to the
epochs of reionization, heating from x-ray sources and
Lyman-α pumping [162,207,208], from lower to higher
redshifts. The presence of PBHs is translated into a
suppression of the x-ray heating peak in the power
spectrum, which is obviously more pronounced as one
increases fPBH. Additionally, the Lyman-α pumping peak
could even disappear for fPBH ≳ 10−2. In Fig. 11, we show
the 21-cm power spectrum as a function of the scale for two
fixed redshifts: z ¼ 12.2 (left panel) and z ¼ 17.5 (right
panel). The red areas indicate the scales where the signal is
expected to be contaminated by foregrounds. The effect
of PBHs arises primarily from an increase in the flux
of x-rays, which can induce both scale-dependent and
redshift-dependent features in the power spectrum.
In Figs. 10 and 11, we also include the forecasted errors

associated to future HERA and SKA measurements of the
21-cm power spectrum. These errors have been estimated
by means of the publicly available code 21CMSENSE11

[209,210] (see also Ref. [211]). The total noise is given by

δΔ2
TþSðk; zÞ ¼

!X
i

1

ðΔ2
N;i þ Δ̄2

21Þ2

"−1=2
; ð4:1Þ

FIG. 10. A 21-cm power spectrum as a function of redshift z, for two values of the scale: k ¼ 0.15 Mpc−1 (left panel) and k ¼
0.4 Mpc−1 (right panel). We consider a monochromatic PBH mass distribution with MPBH ¼ 100 M⊙ and the fiducial astrophysical
parameters. We illustrate primordial black hole fractions of fPBH ¼ 10−2, 10−3, and 10−4. Errors for the future HERA and SKA radio
interferometers for the standard scenario (with fPBH ¼ 0, denoted by the solid black lines) are also depicted. See text for details.

8The default value of Nα in 21CMFAST is obtained by assuming
Pop II stars [199] and normalizing their emissivity to ∼4400
ionizing photons per stellar baryon.

9A value of ξX ¼ 1056 M−1
⊙ implies NX ≃ 0.1 x-ray photons

per stellar baryon.
10Note that the definition of the virial temperature here is taken

to be as defined in Ref. [200], which differs from Eq. (3.43) by a
factor of 2.44. This difference arises from the fact that in
Eq. (3.43) we consider μ ¼ 1.22 and that the virial temperature
depends upon the adopted halo profile, although these changes do
not significantly impact any of the results of this section. The
default value in the 21CMFAST code is Tmin ¼ 104 K, which has
been identified in the literature with the atomic cooling threshold
[201–205], and using Ref. [200], it corresponds to a minimum
halo mass of Mmin ≃ 8 × 107 M⊙ at a redshift z ¼ 10. 11https://github.com/jpober/21cmSense.
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with two contributions, one from thermal noise (N) plus a
second one, a sample variance error (S), Δ̄2

21 ≡ δTb
2Δ2

21.
The thermal noise depends on the solid angle, the inte-
grated observation time, and the temperature of the system.
We focus here on the future HERA [95] and SKA-low
frequency [96] experiments. We consider both the inter-
mediate 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
[96]. 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 difficulties associated with full

statistical 21-cm analyses arises from the fact that con-
sistent and accurate theoretical predictions for the 21-cm
signal require time consuming semianalytical (or even fully
hydrodynamical) simulations. Restricting our attention
momentarily to a single PBH mass, obtaining a coherent
interpolation over a five-dimensional parameter space
(defined by fPBH, ζUV, ζX, Tmin, andNα) requires enormous
amounts of computing time. Recently, various groups
have developed techniques which rely on simplified cal-
culations (at the expense of numerical accuracy), principle
component decompositions, and machine learning algo-
rithms, to reduce the computational expense involved in
obtaining a comprehensive 21-cm parameter scan (see, e.g.,
Refs. [212–217]).
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 21-cm power spectrum for
∼600 choices of astrophysical parameters (constrained to
the range defined in Table II) and construct MLPs with two
hidden layers, each containing ∼50 hidden nodes, to
emulate the output of 21CMFAST for arbitrary choices of

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 later serves as the
quantity directly entering our likelihood, as

αerr ≡
!!!!!

Δ̄2
21ðk; zÞ − Δ2

21;NNðk; zÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δΔ2

TþS
2ðk; zÞ þ ð0.4 × Δ̄2

21ðk; zÞÞ2
q

!!!!!; ð4:2Þ

where Δ̄2
21ðk; zÞ is the power spectrum computed by

21CMFAST, and Δ2
21;NNðk; zÞ is the power spectrum as

computed by the neural net. Following Ref. [218], we
have chosen to add in quadrature an additional modeling
error (here we conservatively adopt a 40% error, although
we note that this factor is somewhat ad hoc) that is intended
to capture the approximate level of disagreement between
21CMFAST calculations and full hydrodynamic simulations.
Using Eq. (4.2), one finds that the mean error of the neural
net is ≲1%.

FIG. 11. A 21-cm power spectrum as a function of the scale, for two fixed redshifts: z ¼ 12.2 (left panel) and z ¼ 17.5 (right panel).
The parameters are the same as in Fig. 10. The red areas denote the scales where foregrounds dominate over the signal.

TABLE II. Model parameters and priors adopted in the sensi-
tivity analysis.

Minimum value Maximum value Prior type

fPBH 10−8 1 Log
ζUV 10 100 Log
ζX 2 × 1055 M−1

⊙ 2 × 1057 M−1
⊙ Log

Tmin 104 K 105 K Log
Nα 4 × 102 4 × 104 Log
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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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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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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.

ACKNOWLEDGMENTS

OM, PVD and SW are supported by the Spanish grants FPA2014-57816-P and FPA2017-85985-P of the MINECO
and PROMETEO II/2014/050 of the Generalitat Valenciana. SPR is supported by a Ramón y Cajal contract, by the
Spanish MINECO under grants FPA2017-84543-P, and partially, by the Portuguese FCT through the CFTP-FCT
Unit 777 (UID/FIS/00777/2019). OM, SPR, PVD and SW also acknowledge support from the European Union’s
Horizon 2020 research and innovation program under the Marie Sk lodowska-Curie grant agreements No. 690575 and

O. Mena, SPR, P. Villanueva-Domingo and S. J. Witte, Phys. Rev. D100:043540, 2019

Improvement by  

1-2 orders of magnitude 

(with 1080 hours of exposure)

Planck CMB

P. Serpico et al.,  
Phys. Rev. Res. 2:023204, 2020

V. Poulin et al.,  
Phys. Rev. D96:083524, 2017

B. Horowitz,  
arXiv: 1612.07264

Y. Ali-Haïmoud and  
M. Kamionkowski,  
Phys. Rev. D95:043534, 2017

2σ

20

PBHs abundance: Sensitivity

Accretion model 
is critical



Sergio Palomares-RuizSergio Palomares-Ruiz
Sergio Palomares-Ruiz Probes of PBHs as DM21

Some final words of caution
All constraints have caveats!

They all depend on the mass function!  
Extended mass functions are, in 

general, more constrained 

Uncertainties on estimates and 
observations can be very significant
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Evaporation

Lensing
Gravitational Waves

Accretion
Dynamical

Memory burden : slowing down of evaporation 

Accretion modeling

Clustering and PBH binaries survival

Assumed initial stellar distribution 
Are stellar binaries genuine or spurious?

Size of sources, wave optics,  
halo properties…

Just to name a few...


