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Introduction

Renewed interest in primordial black holes (PBHs) as DM
candidates with LIGO/Virgo detections of BH mergers
Significant constraints on PBH fraction f = ΩPBH/ΩDM
A few open mass windows (if monochromatic mass function)
Complicated picture for more realistic assumptionsPRIMORDIAL BLACK HOLES AS DARK MATTER
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FIG. 1: Constraints on f(M) for a monochromatic mass function, based in part on Ref. [22], from evaporations
(red), lensing (blue), gravitational waves (GW) (gray), dynamical e↵ects (green), accretion (light blue),
CMB distortions (orange) and large-scale structure (purple). Evaporation limits come from the extragalactic
gamma-ray background (EGB), the Voyager positron flux (V) and annihilation-line radiation from the Galactic
centre (GC). Lensing limits come from microlensing of supernovae (SN) and of stars in M31 by Subaru (HSC),
the Magellanic Clouds by EROS and MACHO (EM) and the Galactic bulge by OGLE (O). Dynamical limits
come from wide binaries (WB), star clusters in Eridanus II (E), halo dynamical friction (DF), galaxy tidal
distortions (G), heating of stars in the Galactic disk (DH) and the CMB dipole (CMB). Large-scale structure
constraints derive from the requirement that various cosmological structures do not form earlier than observed
(LSS). Accretion limits come from X-ray binaries (XB) and Planck measurements of CMB distortions (PA).
The incredulity limits (IL) correspond to one PBH per relevant environment (galaxy, cluster, Universe). There
are four mass windows (A, B, C, D) in which PBHs could have an appreciable density. Possible constraints in
window D are discussed in the text but not in the past literature.

the mass Mq ⇡ 0.4 M⇤ at which quark and gluon jets are emitted. For M > 2 M⇤, one can neglect the
change of mass altogether and the time-integrated spectrum of photons from each PBH is obtained by
multiplying the instantaneous spectrum by the age of the Universe t0. The instantaneous spectrum is

dṄP
�

dE
(M, E) / E2 �(M, E)

eEM � 1
/
(

E3 M3 (E < M�1)

E2 M2 e�EM (E > M�1) ,
(III.1)

where �(M, E) is the absorption cross-section for photons of energy E, so this gives an intensity

I(E) / f(M) ⇥
(

E4 M2 (E < M�1)

E3 M e�EM (E > M�1) .
(III.2)

This peaks at Emax / M�1 with a value Imax(M) / f(M)M�2, whereas the observed intensity is
Iobs / E�(1+✏) with ✏ between 0.1 and 0.4, so putting Imax(M)  Iobs(M(E)) gives [3]

f(M) . 2 ⇥ 10�8

✓
M

M⇤

◆3+✏
(M > M⇤) . (III.3)

We plot this constraint in Fig. 1 for ✏ = 0.2. The Galactic �-ray background constraint could give a
stronger limit [98] but this depends sensitively on the form of the PBH mass function, so we do not
discuss it here.
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Carr & Kühnel 2020

→ Hybrid DM models with PBHs + (annihilating) particles?
↪→ WIMPs but not necessarily 2



Hybrid scenarios: formation of mini-halos of
particle DM around PBHs

WIMPs + PBHs in the literature
Simple models for formation of mini-halos in the early Universe
Mack+ 2007, Ricotti+ 2009, Lacki+ 2010, Saito+ 2010, Dong+ 2011

Very concentrated objects (mini-spikes), ρ ∝ r−γ with γ ≥ 3/2
⇒ strong γ-ray constraints from WIMP annihilation

Effect of orbits of DM particles around the PBH (Eroshenko 2016)

PBHs and WIMPs: "all or nothing" (Boucenna+ 16, Carr+ 2020)

This work
In-depth study of formation process and dependence of profiles
on PBH and particle DM parameters

Reduce theoretical uncertainties

Go beyond WIMPs: lighter DM candidates, smaller annihilation
cross sections than 3× 10−26 cm3 s−1 → new constraints

Use Galactic cosmic rays (CRs) in addition to γ-rays
3



Kinetic decoupling of DM particles and radius of
influence of a PBH

χ + SM −→ χ + SM

Courtesy from M. Stref 4



Setting up the DM profile

Radius of influence of the BH

Decoupling from the Hubble flow: r̈ = −GMBH

r2 +
ä
a

r = 0

Equivalently: MBH ≈
4π

3
r3

infl ρrad (c = 1)

⇒ Turnaround radius rinfl(t) ≈ (2GMBHt2)1/3

Onion-shell mini-spike profile

Below rkd: all DM particles fall at same time tkd

Above rkd: infall after kinetic decoupling and before
matter-radiation equality

Building the profile: ri ≡ rinfl(ti)

ρi ≡ ρdm(ai) ∝ a−3
i , ai ∝ ρ−1/4

rad and ρrad ∝ r−3
i

ρi(ri) ≈
{

ρkd
i ≡ ρdm(tkd) if ri ≤ rkd ,

ρkd
i (ri/rkd)

−9/4 if rkd ≤ ri ≤ req
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Free streaming and reshaping of the mini-spike
profile

Final profile from particle orbits

Redistribution from time spent at a
given radius r

4πr2ρχ(r)dr =
∫

dri 4πr2
i ρi(ri)

×
∫

d3~vi f (~vi)
2dt/dr

Torb
dr

Strong dependence on initial velocity
dispersion σi of DM particles

4

i.e., the Silk effect can smooth out and reduce the radi-
ation density in the central region of a future DM halo.
This smoothing region has a size that is smaller than the
total halo size by several orders of magnitude.

3. STREAMING OF DARK MATTER
PARTICLES AFTER KINETIC DECOUPLING

Let us now consider the DM density growth around a
PBH after the time of kinetic decoupling td, when the
DM particles become free. The velocity distribution of
DM particles far from the PBH is

f(v⃗)d3v =
m3/2

(2πkT )3/2
e− mv2

2kT d3v, (16)

where

T (t) = Td
td
t

at t > td (17)

in view of the decrease in the momentum of free parti-
cles p ∝ 1/a(t). Near the PBH at distancesr ≤ 10rg, the
distribution of particles differs noticeably from (16) due
to the increase in radiation density compared to the ho-
mogeneous cosmological background and because of the
existence of a bulk flow velocity toward the PBH. How-
ever, we restrict our analysis to the regions withr ≥ 10rg

in which, as was shown in Section 2, these corrections
are insignificant. Therefore, we will use (16) in our sub-
sequent calculations.

Let the PBH under consideration be at the coordinate
origin. Denote the initial distance of some DM particle
from the center by ri and its initial velocity by v⃗i. The
particle energy is then E = mv2

i /2+U(ri), where U(r) =
−GmMBH/r. If the particle has an angular momentum
l = mrivi sin θi (see Fig. 2), then the eccentricity of its
orbit is [38]

e =

√
1 +

2El2

G2M2
BHm3

. (18)

Let us consider some point B in Fig. 2 at distance r from
the center and find the conditions that some particle from
the initial distribution (16) will be in a finite orbit around
the PBH after kinetic decoupling and will contribute to
the DM density at point B. The first condition E < 0
means that the initial velocity is less than the escape
velocity,

vi <

(
2GMBH

ri

)1/2

. (19)

The second condition implies that the distance r lies be-
tween te minimum and maximum particle distances from
the center,

rmin = a(1 − e) ≤ r ≤ rmax = a(1 + e), (20)

dr

dr

vi

Θi

A

B
ri

Figure 2. An example of a particle orbit around a PBH pass-
ing through point B. The contribution of all such orbits to
the DM density at point B at distance r from the center is
calculated. The vector ri indicates the initial position of the
particle at the instant it was within the radius of influence of
the black hole, while vi indicates the particle velocity at this
instant.

where the semimajor axis of the orbit is (Landau and
Lifshitz 1988)

a =
GmMBH

2|E| . (21)

The double condition (20) after transformations takes the
form

√
1 +

2El2

G2M2
BHm3

≥
∣∣∣∣1 +

2Er

GMBHm

∣∣∣∣ . (22)

Let us introduce the notation

x =
r

ri
, γ =

GMBH

riv2
i

, (23)

(22) will then be written as

cos2 θi ≥ cos2 θm = 2x(x − 1)γ + 1 − x2. (24)

The particle in its orbital motion traverses the segment
of radial distances from r to r + dr (see Fig. 2) twice in
the orbital period

Torb =
πGMBHm3/2

21/2|E|3/2
, (25)

Eroshenko 2016

Wrong assumption in some previous studies

r corresponds to pericenter or apocenter of the orbit
⇒ cuts off significant portion of parameter space
⇒ underestimated profile for large BH masses
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Mini-spike profiles
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Boudaud+ 2021a, in prep.

Slope −3/2 for light BHs, −9/4 for heavy BHs and both in
intermediate regime + slope −3/4 at the center
More complex behavior than simple power laws
Strong dependence on MBH, mχ and xkd ≡ mχ/Tkd

Truncation for annihilating DM
7



Physical origin of the various slopes

Qualitative explanations

−9/4: Very small initial
velocity dispersion of DM
particles
⇒ radial orbits

−3/2: Related to the fraction
of DM particles above escape
speed

−3/4: Connected to direction
of initial velocity
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Figure 1: Oh! What a nice plot!

0.1 Radii of slope breaks

The density profile of a minihalo formed around a PBH features several slopes (3/4, 3/2, 9/4), as
illustrated in a particular case in the left panel in Fig. 1. The radii at which the slope changes can be
identified by comparing the typical kinetic energy and potential energy of DM particles at the time of
accretion. At accretion, we have

Ekin/m� =
1

2
�2(ri) (1)

Epot/m� =
G MBH

ri
, (2)

where ri is the distance of the DM particle to the PBH at the time of accretion (i.e. the time when
the particle enters the sphere of influence of the PBH). According to Boucenna et al., the velocity
variance at accretion can be expressed as

�2(ri) =
T (ri)

m�
=

⇢
Tkd/m� if ri < rkd

Tkd/m� (rkd/ri)
9/4 if ri > rkd

(3)

Here rkd = rinfl(tkd) is the radius of influence at the time of kinetic decoupling. Equating the kinetic
energy and the potential energy leads to an accretion radius where the kinetic energy and the poten-
tial energy are the same. The equation Ekin(ri) = Epot(ri) has either two solutions or no solution,
depending on the value of m� and MBH. This is illustrated, for a particular value of m�, in the
right panel on Fig. 1. What is shown is the scaled radius of accretion (in units of the Schwarzschild
radius) as a function of the PBH mass. The transition radii between the Ekin-dominated region and
the Epot-dominated region seem to match nicely with the radii where the slope changes in the density
profile. For instance, for MBH = 10�6 M� and m� = 100 GeV, the right panel predicts a transition
at r̃i ' 103 � 104 (red-green transition) and a transition at r̃ ' 1010 (green-yellow transition). This is
indeed what is observed in the left panel, as the slope changes from 3/4 to 3/2 at r̃i ' 102 � 103 and
from 3/2 to 9/4 at r̃i ' 10�10. Furthermore, at a given m�, the scaled radius of the inner transition
(3/4$ 3/2) is predicted to be independent of the PBH’s mass, which is indeed what is found.

1

Boudaud+ 2021a, in prep.
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Constraints from isotropic γ-ray background (IGRB)
DM-induced extragalactic γ-ray flux

dΦγ

dE

∣∣∣∣
ex

=
f (1− f )2ΓBH

MBH
ρdm

∫ ∞

0
dz

dNγ

dE
e−τopt(z)

H(z)

ΓBH =
〈σv〉
2m2

χ

∫
4πr2ρ2

χ(r)dr annihilation rate per mini-spike

The Astrophysical Journal, 799:86 (24pp), 2015 January 20 Ackermann et al.
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Figure 6. Results of the IGRB fit for foreground model C. See Figure 4 for legend.
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variants described in Section 4.2, and the normalization uncertainties derived from the high-latitude data/model comparison. See Section 5.2 for details.

(PLE) spectral model of the form

dN

dE
= I100

(
E

100 MeV

)−γ

exp
(−E

Ecut

)
(1)

results in low χ2 values for all three foreground models and
can therefore be considered suitable to characterize the IGRB
spectrum. We further try to fit the IGRB intensities with a single
PL and a smoothly connected broken power law (BPL). The
fit parameters for the PLE model, as well as the χ2 values for
all fitted spectral hypotheses, are summarized in Table 4. The
χ2 values for the BPL and the PLE spectral models are simi-
lar enough that the two hypotheses are indistinguishable in the
energy range observed. We prefer to quote fitted parameter val-
ues for the PLE model given its lower number (three versus

four) of free parameters. The PL model is disfavored indepen-
dent of the foreground model based on the high χ2 values of
88 (foreground model A), 151 (foreground model B), and 106
(foreground model C) for 23 degrees of freedom. Note that the
χ2 value cannot be easily interpreted in terms of a significance
for the agreement between spectral model and data because the
error bars of the IGRB spectrum are systematics dominated
over most of the energy range, and therefore correlations be-
tween bins are expected. These correlations are also responsible
for the rather small χ2 values (when compared to the number of
degrees of freedom) for the PLE and BPL spectral models.

The large difference in χ2 between the PL and the PLE
models even when neglecting bin-to-bin correlations can still
be interpreted as robust evidence against a simple PL spectrum.
For the benchmark models this χ2 difference is larger than 61

11

Ackermann+ 2015Equivalent to DM particle decays with

f (1− f )2ΓBH

MBH
=

Γdecay

mχ Boucenna+ 16 9



Limits on PBH fraction assuming the WIMP
scenario from IGRB and CRs6
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FIG. 3: Constraints on the allowed PBH DM fraction f for a variety of e↵ects associated with PBHs of mass MBH in units of the
solar mass M�. Here, a monochromatic PBH mass spectrum has been employed. The red dashed and green dot-dashed curves
are our results, corresponding to m� = 100 GeV (red, dotted) and m� = 1 TeV (green, dot-dashed), respectively. For both
cases, h�vi = 3 ⇥ 10�26 cm3/s has been used. Also shown are constraints from extra-Galactic �-rays from evaporation (EG)
[62], femtolensing of �-ray bursts (F) [63], neutron-star capture (NS) [64], microlensing with the Subaru/HSC Andromeda
observation (HSC) [65], Kepler microlensing of stars (K) [15], EROS-2 [66] and OGLE-III [67] microlensing of stars (ML),
survival of a star cluster in Eridanus II (E) [68], accretion e↵ects (WMAP and FIRAS) [69], and disruption of wide binaries
(WB) [70].

the assumption of spherical symmetry, it has been shown
[73–77] that the functional dependence of the PBH mass
MBH on the density contrast � follows the critical scaling
relation

MBH = k MH

�
� � �c

��c
for � > �c , (A1)

where MH is the mass contained in a Hubble patch at a
given time t, namely

MH ' c3 t

G
⇠ 1015

✓
t

10�23 s

◆
g . (A2)

In Eq. (A1), the constant k, the threshold �c, and the
critical exponent �c all depend on the nature of the
fluid containing the overdensity � at horizon-crossing [78].
In radiation-dominated models, which are the focus of
this paper, repeated studies have shown that �c ' 0.36
[74, 75, 78–80] and �c ' 0.45 [78–80]. In accordance
with Ref. [11], we set k = 3.3. Precise numerical com-
putations [78–80] have confirmed the above scaling law,

which has been shown to apply over more than ten or-
ders of magnitude in density contrast [80]. Applying the
Press–Schechter formalism [81] for spherical collapse and
assuming a Gaussian perturbation profile, one can ex-
press the ratio � of the PBH energy density to the total
energy density at the time of PBH formation as

� ⇡ k �2�c erfc

✓
�cp
2 �

◆
, (A3)

which holds for � ⌧ �c with � being the variance of
the primordial power spectrum of density perturbations
generated by the model of inflation. From the above
specified �, we can express the PBH DM fraction f via

f =
�eq

⌦eq
DM

⇡ 2.4�eq , (A4)

where ⌦eq
DM ⇡ 0.42 and �eq are the DM density and the

PBH mass fraction at matter-radiation equality, respec-

Boucenna+ 2016
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credulity limit (27) at a mass

Meg =
2�Fermi

100 MeV

↵E ⌥H2
0 Ñ�(m�)

⇡ 3.1 ⇥ 1011 M� (m�/TeV)1.1 ,

(37)

where we have included the fit of Ñ�(m�) and put ME ⇡
3 ⇥ 1021 M�.

C. Combined Results

We now include the e↵ects of the initial WIMP velocity
distribution in the computation of the density profile,
using Eq. (10). These e↵ects are important for PBH
masses smaller than what obtained in Eq. (13), which
corresponds to the intersect of the sloping and flat curves
in Fig. 2. Below this mass, Eq. (10) gives the sloping
parts. The initial profile, before contraction is given in
Eq. (11). The actual profile of WIMPs at redshift z is
then computed as in Eq. (16).

Results are shown in Fig. 2 for the constraints on fPBH

for di↵erent WIMP masses: m� = 10GeV (dashed lines),
m� = 100 GeV (solid lines), m� = 1 TeV (dotted lines).
The di↵erent slopes represent the contributions from the
halos formed after DM kinetic decoupling and the ha-
los formed from secondary infall around a population of
Galactic (red) or extragalactic (blue) PBHs. Our argu-
ment cannot place a bound on the PBH fraction above
the mass Meg in Eq. (37).

The flat parts of the constraints from the Galactic (red)
or extragalactic (blue) components come from our anal-
yses in Table I. We note that the sloping parts of the
curves in Fig. 2 (where the velocity distribution is im-
portant) have been recently derived by Eroshenko [8],
and the flat parts by Adamek et al. [11]. However, this is
the first analysis to cover the full PBH mass range. The
transition from the sloping to the flat parts of the ex-
tragalactic limits approximately occurs at the mass M⇤
given in Eq. (35). We cover the details of the numerical
analysis of Eq. (10) in Appendix A.

We have also shown the limit for the galactic bound
in Eq. (27) with ME = 1012 M� (red solid line), and the
extragalactic bound with ME = 3 ⇥ 1021 M� (blue solid
line). Black holes of masses larger than the bound are not
expected to populate the Galaxy (red) or the Universe
(blue). The gray region at the top left of Fig. 2, labelled
“GRB”, gives the current constraint on fPBH based soft
�-rays from black hole evaporations [52]. It is interesting
that WIMP annihilations also give an “e↵ective” black
hole decay limit [11], so both limits are due to decays.

D. Constraints on the WIMP population

The abundance of thermally-produced WIMPs is set
at the onset of WIMP chemical decoupling from the
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FIG. 2. Constraints on fPBH as a function of PBH mass
from Galactic (red) or extragalactic (blue) �-ray background.
Results are shown for m� = 10 GeV (dashed lines), m� =
100 GeV (dot-dashed lines) and m� = 1 TeV (dotted lines),
setting h�vi = 3 ⇥ 10�26 cm3/s. Also shown are the Galactic
(red solid line) and the extragalactic incredulity limits (blue
solid line).

plasma, as discussed in Sec. II. Within the thermal freeze-
out mechanism, the WIMP abundance is determined
by properties such as the WIMP mass and its inter-
actions with the SM. Although there are currently no
bounds on the abundance f� in the mass range consid-
ered m� & 1 GeV, this parameter a↵ects the indirect
detection of �-rays and neutrinos from WIMP annihila-
tion [30, 53]. Here, we consider the WIMP dark halos
around PBH to place a bound on the WIMP population.

The bounds from the �-ray flux obtained in the previ-
ous sections can be recast as an upper limit on the popu-
lation of WIMPs. Here we assume that the extragalactic
flux (32) is bound by the sensitivity in Eq. (26) when the
relevant DM component is in PBHs. We then proceed as
in Sec. IV B, considering the solution with f� ⌧ fPBH.
The decay rate is given by Eq. (20) and this leads to

f� .
 

2M H0 �Fermi
100 MeV

⇢DM �0 Ñ�(m�)

!0.6

(38)

when the WIMP kinetic energy can be neglected. For
di↵erent values of the WIMP mass, this gives the bounds
shown in Table I.

Results are shown in Fig. 3 for the values of f� in-
dicated by the coloured scale as a function of the PBH
mass M (horizontal axis) and the WIMP mass m� (ver-

tical axis). For MPBH . 10�11 M� and m� . 100 GeV,

Carr+ 2020

f = ΩPBH/ΩDM ≪ 1
for WIMPs with
〈σv〉 ∼ 3× 10−26 cm3 s−1

Converse: fWIMP ≪ 1
if f ∼ 1

Work in progress on
theoretical uncertainties

10−18 10−13 10−8 10−3 102

MBH/M�

10−7

10−5

10−3

10−1

f

〈σv〉 = 3× 10−26 cm3 s−1

mχ

100 GeV

1 TeV

10 TeV

Boudaud+ 2021b, in prep.

WIMP parameters:

mχ =0.01 GeV, 〈σv〉 =3e-26 cm3 s−1, χχ→ e+e−

Transport parameters:

BIG L =1.0 kpc

Limits from V1 (e+ + e−)

10−15 10−13 10−11 10−9 10−7 10−5 10−3 10−1 101

MBH [M�]

10−10

10−8

10−6

10−4

10−2

100

f
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New probe of annihilating DM beyond WIMPs

Constraining annihilation cross section for given PBH fraction
⇒ probe very weakly annihilating DM

New probe for WIMP-like
candidates

Isotropic diffuse γ-ray
background (Fermi-LAT)

Very strong constraints on
s-wave even for
f = ΩPBH/ΩDM � 1

Good prospects for
p-wave suppressed
annihilation

102 103 104

mχ [GeV]

10−33

10−31

10−29

10−27

10−25

〈σ
v
〉[

cm
3

s−
1
] 10 −

7

4× 10−7

2×
10
−6

10
−5

xkd = 102, MBH = 10−8M�, bb̄

Boudaud+2021b, in prep.

Connection with concrete PBH models?
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Conclusion

Particle DM mini-spikes around PBHs

More complex density profiles than simple power laws

Fully driven by properties of PBHs and DM particles

Comparison with simulations?
Need to extend study on stellar mass range (Adamek+ 19) to
other masses

Signatures

Concrete model for PBH "dresses" (Kavanagh+ 2018)
→ GW signatures of mini-spike mergers?
→ Impact on CMB constraints?

Go further than "all or nothing" conclusion with γ-rays/CRs
→ new probe of very weakly annihilating DM particles:
p-wave? Feebly interacting massive particles (FIMPs)?

Complementary constraints from Galactic CRs to probe lighter
particle DM candidates
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Thank you for your attention!
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