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The accretion of matter onto primordial black holes (PBHs) during the dark ages and the subsequent
energy injection in the medium should have left imprints on the cosmic microwave background (CMB)
anisotropies. Recent works have claimed stringent CMB limits on the PBH abundance, hardly compatible
with a PBH interpretation of the gravitational-wave observations of binary black hole (BH) mergers. By
using a more realistic accretion model based on hydrodynamical simulations and conservative assumptions
for the emission efficiency, we show that CMB limits on the PBH abundance are up to 2 orders of
magnitude less stringent than previously estimated between 10 and 104 M⊙. This reopens the possibility
that PBHs might explain at the same time (at least a fraction of) the dark matter, some of the LIGO-Virgo-
KAGRA binary BH mergers, and the existence of supermassive BHs. More generally, we emphasize that
PBH accretion can be a rather complex physical process with velocity dependences that are hard to assess,
which introduces large uncertainties in accretion-based limits on the PBH abundance.
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I. INTRODUCTION

Should they exist, primordial black holes (PBHs) would
be an invaluable probe of new physics. For instance,
an unequivocal detection of even one single PBH would
have fundamental consequences for our understanding
of the primordial universe, shedding light for instance on
the shape of the primordial power spectrum at very small
scales—inaccessible to probes such as the cosmic micro-
wave background (CMB). At the same time, PBHs could
also make up for a sizable fraction of the dark matter (DM)
content of the Universe (if not its totality) [1,2], further
motivating the search for their existence.
In light of these considerations, the detection of almost

100 binary black hole (BH) mergers by the LIGO-Virgo-
KAGRA (LVK) Collaboration [3–6], some of which with
intriguing properties such as low spins, BHs in the pair
instability mass gap [7], and with low mass ratios [8], has
led to various analyses investigating whether the presence
of PBHs is compatible with these gravitational-wave (GW)
observations [9–11]. As it turns out, evidence in favor of
the PBH hypothesis has been found if their density is
between 2 and 4 orders of magnitude lower than that of the
DM for PBH mass of the order of 10–100 M⊙ [12–26].
Interestingly, however, a large fraction of this region of the
parameter space is currently excluded by CMB constraints,
depending on the accretion model assumed [27–34] (see,
e.g., Fig. 8 of [34] for a graphical representation of the
uncertainties involved).
If present, PBHs would inevitably accrete matter in their

surroundings, which would then heat up adiabatically and

emit high-energy radiation into the Universe. This injection
of energy can in turn impact a number of observables,
including the CMB anisotropy power spectra, which then
allows one to constrain the properties of these compact
objects. Nevertheless, the predicted amount of emission,
and hence the strength of the constraints, strongly depends
on the assumptions made to describe the system. Most
notably, these involve the geometry of the accretion
[29,30], the temperature profile close to the BH [29],
and the relative velocity between PBHs and the surround-
ing environment. The presence of outflows [34] or DM
halos [32,35] might further significantly affect the amount
of emitted radiation (see, e.g., Sec. 2.4 of [34] for a more
complete list of effects and references).
Therefore, in order to determine the compatibility of the

evidence for PBHs derived from the LVK data with the
constraints imposed by CMB anisotropies, it is fundamen-
tal to develop a realistic and inclusive treatment of the
relevant accretion physics. While, so far, mostly idealized
models have been brought forward in the literature, several
steps toward a more complete picture have been taken.
For instance, in [36] [Park-Ricotti (PR13) model], the

authors considered more closely the dependence of the
interaction between PBHs and the surrounding medium as
a function of the PBH proper velocity and found that, for
realistic values of the latter, one witnesses the formation of
a dense cometary-shaped ionization front (I front) ahead
of the PBH. The presence of this shell reduces the density
of the incoming flow (which gets, in part, tangentially
deflected) so that the accretion rate is suppressed with
respect to the case without I fronts. This conclusion has
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been validated on the basis of various dedicated numerical
simulations [36,37] and implies that accounting for this
radiative feedback effect would suppress the amount of
energy injected into the Universe by the PBH accretion of
matter. However, the impact of this effect on the related
cosmological constraints on the PBH abundance has not
been investigated so far.
In this work we build on the results presented in [36,37]

and analyze their cosmological implications, focusing in
particular on the CMB anisotropies. We derive state-of-the-
art CMB bounds based on the PR13 model and compare
them to the landscape of previously claimed limits
from [29,30]. As a result, we find that the parameter space
opens up by 2 or more orders of magnitude for PBHmasses
between 10 and 104 M⊙. This clearly has very relevant
implications for the LVK preferred window, which would
be allowed by a quite large margin should the PR13 model
reflect reality. Our results also have a broader impact when
considering extended PBH mass functions that could
explain, at the same time, a large DM fraction and the
seeds of supermassive BHs [15], a conjecture claimed to be
excluded due to CMB limits [33].
This paper is organized as follows. In Sec. II, we

introduce the PR13 model, focusing on its impact on
the accretion rate, the emission efficiency, and the CMB
anisotropy power spectra. In Sec. III, we present the
numerical pipeline employed to compute the relevant
cosmological quantities and impose the CMB constraints,
which we then discuss in Sec. IV. We conclude in Sec. V
with a summary of our findings.

II. THE PARK-RICOTTI MODEL

We begin our analysis by summarizing the PR13 model
introduced and developed in [36,37]. In particular, we
detail the predicted accretion rate in Sec. II A, the con-
sequent luminosity in Sec. II B, and the final impact on the
CMB anisotropy power spectra in Sec. II C. For conven-
ience, we use natural units (G ¼ c ¼ 1) in the rest of
the paper.

A. Accretion rate

The accretion rate of a static PBH of mass MPBH in the
cosmological medium is given in full generality by the
Bondi accretion rate, which is defined as

_MPBH ¼ 4πρ∞λ
M2

PBH

c3∞
; ð1Þ

where ρ∞ and c∞ are the baryon density and sound speed
far away from the PBH, respectively, and λ accounts for all
deviations from this idealized scenario. Yet, PBHs are
expected to have the same velocity as the DM-baryon linear
relative velocity at large scales vL [29,38],

hv2Li1=2 ¼ min½1; ð1þ zÞ=103� × 30 km=s; ð2Þ

so that the PBH proper velocity v∞ ¼ hv2Li1=2 (to follow the
same notation as PR13) needs to be taken into account. For
simplicity, one could follow the Bondi-Hoyle-Lyttleton
(BHL) model, which predicts

λ ¼ c3∞
ðc2∞ þ v2∞Þ3=2

: ð3Þ

Nevertheless, as mentioned above, PR13 suggests that a
more realistic treatment is required.
The PR13 model defines three possible regimes depend-

ing on the velocity of the PBH, referred to as “low,”
“intermediate,” and “high” velocity. In all cases, an I front
is assumed to form ahead of the PBH, distinguishing
the neutral region ahead of the front (i.e., at infinity) from
the region behind it (i.e., embedding the PBH) where the
medium has been ionized. They are referred to by the state
of the hydrogen they contain, respectively, “I” (for HI) and
“II” (for HII). When the PBH is slow, the surrounding
matter has the time to form a dense shell ahead of the I front
(D-type front, for “dense”). On the contrary, when the PBH
is moving with too high velocities, the shell does not have
the time to form (R-type front, for “rarefied”). The presence
(or absence) of this shell then affects the velocity and the
density of the matter entering the accretion region, intro-
ducing therefore a dependence of the accretion rate on the
I-front type, which in turn depends on the velocity of
the PBH.
Concretely, assuming the width of the shell to be

negligible, one can impose conservation of energy between
the two regions, from which follows that

ρII
ρI

¼ vI
vII

≡ ΔD=R; ð4Þ

where the jump conditions ΔD=R (referring to the R or D
regime depending on the value of v∞) are defined in Eq. (1)
of [37] and respect the conditionΔD > ΔR ≥ 1, as expected.
Furthermore, from this equation one can derive two critical
velocities from the sound speeds: vD ≡ c2I =ð2cIIÞ, below
which a D-type front forms, and vR ≡ 2cII, above which an
R-type front forms. Because of the higher temperatures in
the ionized region, the sound speeds satisfy cII > cI and thus
vD < vR. In the high- and low-velocity scenarios (i.e., when
v∞ > vR and v∞ < vD, respectively) one then has that

λ ¼ ρII
ρ∞

�
c∞
cII

�
3

¼ ΔD=Rc3∞
½c2II þ ðv∞=ΔD=RÞ2�3=2 ; ð5Þ

since for the accretion one has to consider the environment
close to the PBH, i.e., region II. For very high velocities, i.e.,
v∞ ≫ cII > cI, ΔR → 1, and therefore λ tends to the BHL
case.On the other hand, in the intermediate velocity scenario
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(i.e., when vR>v∞>vD), one has that ρII ¼ ρ∞ðc2∞ þ v2∞Þ=
ð2c2IIÞ, leading to

λ ¼ ðc2∞ þ v2∞Þc3∞
4

ffiffiffi
2

p
c5II

: ð6Þ

Various representations of the dependence of _MPBH and λ
on v∞ are provided in, e.g., Fig. 1 of [39], where different
curves for different choices of energy density, cII, and PBH
mass are shown, as well as in [36,37] (note, however, that in
the two references different values of c∞ are used). In
reality, however, both the sound speed of the baryons and
the PBH proper velocity are fixed by the cosmological
model [with the latter defined as in Eq. (2)]. Furthermore,
the dependence of λ onMPBH is very weak as it enters only
via c∞, which in turn depends on the baryon temperature
that increases the more energy is injected in the system (the
same also applies to the fractional PBH abundance fPBH,
see below, which we henceforth set to unity for simplicity).
We report therefore the chosen value of MPBH to be exact,
but note that the discussion carried out in this section does
not significantly depend on it.
Assuming then, for instance, MPBH ¼ 102 M⊙ and

cII ¼ 23 km=s (which corresponds to a temperature TII ¼
4 × 104 K [36]), the various velocities take the form dis-
played in the left panel of Fig. 1. The dashed and dotted lines
show the two critical velocities,1 while the blue and red
curves show the sound speed of the baryons and the PBH
proper velocity, respectively. From the figure, it is clear that
in a realistic cosmological setup the system is always in the
intermediate velocity regime below z ∼Oð104Þ, which are
the redshifts of interest for the CMB constraints [40].

The corresponding values of λ in the PR13 model are
shown in blue in the right panel of Fig. 1 as a function
of redshift. For reference, the Bondi (i.e., λ ¼ 1) and
BHL limits are shown as dashed and dotted lines, respec-
tively. For further comparison, the values derived in [29]
[Ali-Haïmoud and Kamionkowski (AHK17) model] for
the spherical accretion scenario and in [30] [Poulin et al.
(PSCCK17) model] for the disk accretion scenario are also
shown in orange and red, respectively. As expected, the
PR13 model introduces a large suppression of the accretion
rate with respect to all other models for z < Oð103Þ, while
it approaches λBHL at higher redshifts since v∞ approaches
vR (as shown in the left panel).

B. Emission efficiency

Once the accretion rate has been determined, it is
possible to parametrize the corresponding luminosity of
the system as

L ¼ ϵ _MPBH; ð7Þ

where ϵ represents the emission efficiency. In PR13 [see
Eq. (12) of [37] ], ϵ has been defined with the phenom-
enological form

ϵ ¼ ϵ0 min

�
1;

_MPBH

LEdd

�
; ð8Þ

where Ledd is the Eddington luminosity and ϵ0 has been
fixed to the benchmark value ϵ0 ¼ 0.1. The analytic
results of [29], however, point toward values of ϵ0 that
are orders of magnitude lower. In particular, within the
photoionization scenario discussed in [29] (which is the
physically closest one to the PR13 model with a sharp I
front), from Fig. 6 of the reference, one can infer that after
recombination

FIG. 1. Left: characteristic velocities of the PR13 model. Right: corresponding redshift evolution of the accretion rate λ (blue curve),
together with the predictions of the same quantity in the Bondi (dashed black) and BHL (dotted black) limits, as well as in the context of
the spherical (orange) and disk (red) accretion scenarios presented in AHK17 [29] and PSCCK17 [30], respectively. In both plots, we
assume MPBH ¼ 102 M⊙ and cII ¼ 23 km=s.

1The two critical velocities cross at around z ≃ 4.4 × 104,
which can be considered as the redshift above which the PR13
model breaks down. This is safely above the redshifts relevant for
this analysis.
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ϵ

_m
¼ L

_MPBH

Ledd

_MPBH

≃ 10−3 ⇔ L ≃ 10−3
_M2
PBH

Ledd
; ð9Þ

implying that ϵ0 ≃ 10−3 independent of the PBH mass (the
collisional ionization scenario would predict an even
lower ϵ0 value). We will therefore consider both values
of ϵ0 as benchmark values for the determination of the
final luminosity, considering, however, the one inferred
from [29] as more conservative and reliable.
The corresponding (averaged2) luminosities are shown in

Fig. 2 (solid and dashed blue lines) compared to the
luminosity predicted within the spherical and disk accretion
scenarios of [29,30] for the same PBH mass. Note that,
while in the spherical accretion scenario we can employ the
photoionization limit, which is more realistic in the context
of the PR13 model, this is not possible in the disk accretion
scenario, which has only been developed for the collisional
ionization case. Therefore, all curves shown for the disk
accretion case are to be taken as a lower limit on what the
corresponding photoionization case would predict.
One sees in Fig. 2 that all the predictions are relatively

comparable around the time of recombination, while the
PR13 model predicts luminosities orders of magnitude
lower than in the other scenarios at lower redshifts. This
means that, since the redshifts around z ∼Oð500Þ are the
ones CMB anisotropies are the most sensitive to, in the
context of energy injections [40,41], the CMB bounds
derived within the PR13 scenario are going to be relaxed
with respect to the other models.
We conclude this discussion on the luminosity by

pointing out that the PR13 model assumes an accretion

radius (i.e., the equivalent of the Bondi radius)
MPBH=ðv2II þ c2IIÞ, contained inside the ionized region.
The size of the latter is fixed by the competition between
the amount of ionizing radiation produced (set by the
luminosity) and either the recombination rate or the neutral
gas inflow through the I front. Following the prescription
of [37], we checked that, even for ϵ0 ¼ 0.001, this holds
true as long as MPBH ≥ 1M⊙ and z≳ 200.

C. Impact on the CMB

In light of these results, it is possible to calculate the
energy injection rate

dE
dtdV

����
inj

¼ ρcdmfPBH
L

MPBH
ð10Þ

and the corresponding energy deposition rate

dE
dtdV

����
dep;c

¼ dE
dtdV

����
inj
feffχc; ð11Þ

where feff and χc are the deposition efficiency and
deposition fraction per channel, respectively (see, e.g.,
Sec. 2.4.1 of [42] for a more in-depth discussion with
the same notation). For the calculation of feff , we follow
Sec. IV of [29] (as implemented by [34] following the
previous HyRec implementation [43,44]), while χc is com-
puted according to Table V of [45].
Most notably, once deposited the emitted radiation can

partly ionize the neutral universe and modify the free
electron fraction xe. The cases corresponding to those
shown in Fig. 2 are displayed in Fig. 3 for fPBH ¼ 1. As
expected, also in this case we observe a suppressed impact
of the emission from the accretion in the PR13 model with
respect to the other scenarios. This behavior is directly

FIG. 2. Same as in the right panel of Fig. 1 but showing the
luminosity of the system normalized to the Eddington luminosity
Ledd. For the fraction of energy in ions δ in the disk accretion
scenario, we assume δ ¼ 0.1, as done in [30].

FIG. 3. Impact of the accretion models shown in Fig. 2 on the
free electron fraction xe.

2For the calculation of the luminosity (and of the quantities that
depend upon it), we always average over the PBH velocity as
discussed in Sec. II F of [29] and following the implementation
of [34]. Not doing so biases the results toward lower luminosities
by a factor 5-50.
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translated in terms of the CMB anisotropy power spectra,
which we show in Fig. 4.

III. NUMERICAL SETUP

For the calculation of the physical quantities displayed in
Figs. 1–4, we use the latest version of the cosmological
Boltzmann solver CLASS [46,47]. Specifically, we rely on
the energy injection implementation discussed in [42] (in
turn largely based on the ExoCLASS extension of
CLASS [48]), which we have extended to include the
PR13 model discussed in the previous section. This
modified CLASS version is then used in interface with
the parameter extraction code MONTE PYTHON [49,50] to
derive the cosmological constraints on the PBH abundance
presented in the following section. Specifically, we scanned
the 6þ 1 parameter space

fωb;ωcdm; h; As; ns; zreiog þ fPBH ð12Þ

with a series of Markov chain Monte Carlo (MCMC)
runs for fixed values of the PBH mass in the range

½10–104�M⊙.
3 These cosmological parameters have then

been constrained with temperature, polarization, and lens-
ing data gathered by the Planck mission [51], specifically
using the 2018 high-lTTTEEE, low-lEE, low-lTT, and
lensing likelihoods [52]. The runs have been considered
converged with the Gelman-Rubin criterion jR − 1j <
0.03 [53].

IV. RESULTS

The final 95% C.L. bounds on the PBH abundance
(derived from the MCMCs according to Sec. III) are shown
in Fig. 5 for all models discussed in the previous section.4

Since, according to Sec. II B, L ∝ ϵ0M3
PBH in the PR13

model (neglecting the weak dependence of c∞ on the
modified matter temperature evolution), for the total
injected energy, we have that

dE
dtdE

∝ fPBH
L

MPBH
∝ fPBHϵ0M2

PBH: ð13Þ

This means that, for the final bounds, where the value of ϵ0
is fixed, we can expect a direct dependence of the form
fPBH ∝ M−2

PBH, behavior that the PR13 constraints perfectly
match in the figure. At the same time, this also implies that
the bounds on the abundance fPBH obtained for a given
value of ϵ0 can be simply rescaled for any other value of
this quantity without the need for additional simulations.

FIG. 4. Impact of the accretion models shown in Fig. 2 on the
CMB temperature (top) and polarization (bottom) anisotropy
power spectra.

FIG. 5. 95% C.L. bounds on the PBH abundance for all models
discussed in the previous section. The gray area highlights the
region of parameter space excluded by complementary observa-
tions [from the merger rates of binary BHs inferred by LIGO/
Virgo [18] (solid) and from ultrafaint dwarf galaxies [54]: Segues
I (dashed) and Eridanus II (dash-dotted)].

3Here ωb and ωcdm are the baryon and DM energy densities,
respectively, h is the dimensionless Hubble rate, As and ns are the
amplitude and the spectral index of the primordial power
spectrum, and zreio is the reionization redshift.

4We find no statistically significant deviation from the standard
Planck values reported in [51] for the other cosmological
parameters.
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Moreover, we note that under the assumption of very
efficient emissions (ϵ0 ¼ 0.1, dashed blue line) the pre-
dicted CMB constraints are almost identical to those
derived in the context of the spherical (assuming photo-
ionization, orange line) and disk (assuming collisional
ionization, red line) accretion scenarios described in
[29,30]. However, for more conservative values of ϵ0
(ϵ0 ¼ 0.001, solid blue line), the bounds are suppressed
by 2 or more orders of magnitude, allowing for PBH
masses as high as 20M⊙ for the case where PBHs make up
the full DM content of the Universe. In comparison,
fPBH ¼ 1 was excluded for masses higher than approx-
imately 2–3M⊙ in the spherical accretion scenario consid-
ered in [29], as well as in the less conservative ϵ0 ¼ 0.1
case. Even smaller masses are excluded in the disk
accretion scenario, in particular, considering that the shown
constraints have been derived assuming collisional ioniza-
tion, while the more efficient (and hence more con-
straining) photoionization limit would need to be
considered to be consistent with the presence of an I front.
In other words, the PR13 model with realistic emission
efficiencies might open up the allowed PBH mass range
(for any value of fPBH) by more than 1 order of magnitude
with respect to previous proposals.
In Fig. 5 we also compare the aforementioned CMB

bounds with the cumulative constraints coming from the
ultrafaint dwarf galaxies Segues I and Eridanus II [54] and
from the merger rates of binary BHs inferred by LIGO-
Virgo [18]. This shows that the CMB bounds in the
conservative limit of the PR13 model are only dominant
for masses larger than approximately 500M⊙, freeing a
significant portion of parameter space above 100M⊙. It is
furthermore interesting to point out that the scaling of the
emission luminosity shown in Fig. 2 suggests that all late-
time bounds on PBH accretion, such as the ones derived
in [55] from the cosmic x-ray background radiation and
in [56] for upcoming 21 cm observations, might be even
more significantly suppressed in the PR13 model than the
CMB bounds discussed here. At the same time, one also
needs to consider the fact that late-time effects such as the
formation of DM halos might affect the accretion rate,
potentially leading to an overall strengthening of the
constraints [32] (see also [57] for complementary effects
weakening the final bounds). A dedicated analysis is,
however, left for future work, considering, in particular,
that the PR13 model as described in Sec. II might not be
valid at such low redshifts.
As a final remark, given the very simple mass depend-

ence of the constraints discussed above in the context
of the PR13 model, it is straightforward to derive the
corresponding limits for an extended normalized PBHmass
distribution fðMPBHÞ by calculating the equivalent mass
Meq ≡ hfðMPBHÞM2

PBHi1=2 from which one can extract the
corresponding limit on fPBH. Here h:i denotes the average
with respect to the PBH number density, which gives

different expressions for different definitions and normal-
izations of the PBH mass distribution, see Table 1 of [25].
As an illustrative example, we find that Meq ¼ 5.0M⊙ for
the extended mass distribution used in [25], obtained for an
almost scale-invariant primordial power spectrum with a
spectral index ns ¼ 0.975 and including the imprints from
the QCD transition on the PBH formation. As one can see
from Fig. 5, for such a value of Meq our CMB limits still
allow fPBH ¼ 1 for the conservative case ϵ0 ¼ 10−3 and
only impose that fPBH ≃ 0.1 for ϵ0 ¼ 0.1. This class of
mass distributions, even with a larger value of ns or with a
negative running, is therefore not constrained by CMB
anisotropies once the effect of ionization fronts is taken into
account.
Overall, we find that our relaxed CMB limits reopen the

possibility to explain someof theBHmerger events observed
by LVK with a PBH population, in particular, in the case of
GW190521, which has been associated with at least one BH
in the pair-instability mass gap that would require fPBH ≃
10−3–10−4 for a peaked mass distribution [21]. This con-
clusion would only be reinforced under the assumption of
more realistic PBH mass distributions, as argued above.

V. SUMMARY AND CONCLUSIONS

PBHs have been recently brought forward as a viable
explanation for at least some of the GWevents observed by
LVK if their mass lays in the approximate range between
10 and 100M⊙. Nevertheless, this region of the parameter
space is also tightly constrained by the imprints of PBH
accretion on CMB anisotropies. In order to test the
compatibility of these astrophysical hints and cosmological
constraints, it is therefore fundamental to develop a model
of PBH accretion as realistic, and yet conservative, as
possible.
In this work we consider model PR13 developed in [36],

which accurately accounts for the physics related to the
presence of ionization fronts preceding the PBHs in their
motion. Importantly, its validity has been verified on the
basis of numerical simulations [37]. Building on the work
carried out by [36,37], here we show that in a cosmological
context the presence of such I fronts always leads to the
formation of a dense shell ahead of the PBH (D-type front)
that decreases the accretion rate and hence reduces the
radiation emission.
With this model, we obtain more realistic and

conservative bounds on the possible fraction of DM that
can be made of PBHs, which relax by more than 1 order of
magnitude those derived in previous works. As a result,
we find that LVK BH merger rates can be obtained with
PBHs without imposing tight restrictions on the shape
of their mass distributions. More generally, our work
emphasizes that BH accretion is a complex and delicate
problem, and that accretion-based limits on PBHs—like
other limits—are still subject to large uncertainties. In this
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context, strong claims on the ability of PBHs to explain
the DM abundance, GWobservations, and the existence of
supermassive BHs must be cautious and are probably still
premature.
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