WIMPs and stellarmass primordial black holes are
incompatible
Article (Accepted Version)

Adamek, Julian, Byrnes, Christian T, Gosenca, Mateja and Hotchkiss, Shaun (2019) WIMPs and
stellar-mass primordial black holes are incompatible. Journal of High Energy Physics, 100 (2).
a023506 1-11. ISSN 2470-0010
This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/84700/
This document is made available in accordance with publisher policies and may differ from the
published version or from the version of record. If you wish to cite this item you are advised to
consult the publisher’s version. Please see the URL above for details on accessing the published
version.

Copyright and reuse:
Sussex Research Online is a digital repository of the research output of the University.
Copyright and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable, the material
made available in SRO has been checked for eligibility before being made available.
Copies of full text items generally can be reproduced, displayed or performed and given to third
parties in any format or medium for personal research or study, educational, or not-for-profit
purposes without prior permission or charge, provided that the authors, title and full bibliographic
details are credited, a hyperlink and/or URL is given for the original metadata page and the
content is not changed in any way.

http://sro.sussex.ac.uk
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We recently showed that postulated ultracompact minihalos with a steep density profile do not
form in realistic simulations with enhanced initial perturbations. In this paper we assume that
a small fraction of the dark matter consists of primordial black holes (PBHs) and simulate the
formation of structures around them. We find that in this scenario halos with steep density profiles
do form, consistent with theoretical predictions. If the rest of the dark matter consists of weakly
interacting massive particles (WIMPs), we also show that WIMPs in the dense innermost part of
halos surrounding the PBH would annihilate and produce a detectable gamma-ray signal. The
non-detection of this signal implies that PBHs make up at most one billionth of the dark matter,
provided that their mass is greater than one millionth of the mass of the Sun. Similarly, a detection
of PBHs would imply that the remaining dark matter could not be WIMPs.

I.

INTRODUCTION

Interest in primordial black holes (PBHs) has increased
dramatically since LIGO first detected black holes mergers [1–3]. PBHs are an early universe relic which contain
information about the initial density perturbations on
very small scales. They are unique amongst all dark matter candidates since they are not a new particle. However,
many different observational constraints exist, requiring
that PBHs with masses comparable to a stellar mass can
only make up a small fraction of the total dark matter.
We primarily consider PBHs in the range of 1−100 M in
this paper, but constraints which show that PBHs cannot
constitute all of the dark matter exist for all PBHs with
masses satisfying MPBH & 10−10 M , see Fig. 5 of [4] for
Subaru microlensing constraints and [5] for a review of
the many other observational constraints and their associated caveats. Therefore, any constraint on the PBH
abundance must also consider what the remaining dark
matter is.
Weakly interacting massive particles (WIMPs) are one
of the most popular dark matter candidates. In this
paper, we consider a mixed WIMP-PBH dark matter model, and show that the two cannot coexist. If
PBHs exist, they would have formed long before matterradiation equality. Each PBH would then accrete an extremely dense halo of WIMPs around itself. The expected signal of gamma rays from WIMP annihilation in
these high-density regions is incompatible with observational constraints, unless PBHs form less than about one
billionth of the dark matter density. To demonstrate this,
we first need to calculate the dark matter density profile
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that forms around the PBHs. Analytic work on highdensity halos has been done previously, leading to the
expectation that very steep halo profiles (ρ(r) ∝ r−9/4 )
develop in regions which were initially extremely dense.
In our previous paper [6] and in Delos et al. [7] it was
shown that ultracompact minihaloes (UCMHs) with such
steep density profiles do not form under realistic initial
conditions. Neither of these two papers included primordial black holes (PBHs).
In this work we have performed the first simulations
of UCMH formation in a universe containing a subdominant fraction of PBHs surrounded by particle dark matter (DM). Our PBH masses are of order ten solar masses.
We show that the PBHs act as a strong gravitational
seed, even during radiation domination, causing a halo
of dark matter particles to form around each PBH. At
small radii, the dark matter halos have a very large density, are spherically symmetric and have an r−9/4 density
profile. If the dark matter self-annihilates, e.g. in the case
of WIMPs, our profile would then be cut-off at very small
radii due to this annihilation. Our simulations are valid
for any dark matter candidate, provided that it is cold
on the scales probed by the simulation and particle-like
in nature.
Our key conclusion is that a mixed dark matter model
consisting of WIMPs and PBHs is excluded. If WIMPs
were detected, then PBHs must be extremely rare, less
than about one billionth of the dark matter density, unless they are very light with masses far below the reach of
LIGO and VIRGO. Similarly, if any PBHs were detected
then the remainder of the dark matter cannot be made
out of WIMPs. This is because the WIMP annihilation
from the extremely high-density regions close to PBHs
would create a detectable signal of gamma rays.
The incompatibility of a mixed WIMP-PBH dark matter scenario was first discussed by Lacki and Beacom [8],
then discussed in the context of PBH seeds for supermassive black holes by Kohri et al. [9] and recently discussed
again by Eroshenko [10] and Boucenna et al. [11]. How-
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ever, all of those papers relied on analytic estimates of the
dark matter density profile. We know that the estimates
for UCMH density profiles without a PBH seed are far
from realistic [6, 7]. Therefore it is important to numerically check those with a PBH seed as well. Our numerical
simulations put some of the analytic calculations onto a
firm footing. We also contrast the somewhat contradictory results in [10, 11]. Lastly, we provide a very simple
analytic estimate of the dark matter halo profile using a
simplification of the methods of [10, 11]. We show that
this matches the simulations well at small radii, where
most of the WIMP annihilation occurs.
If one uses realistic UCMH density profiles, then the
constraint on the amplitude of the primordial power spectrum arising from the non observation of WIMP annihilation is around 10−8 − 10−6 [12] (see also [13]). An
additional uncertainty in these constraints comes from
the dependence on the assumed shape of the primordial power spectrum. This constraint is several orders
of magnitude tighter than the 10−2 amplitude required
to generate PBHs from large amplitude initial density
perturbations.1 However, the UCMH constraints only
cover a specific range of scales. The smallest scale they
probe depends on the WIMP mass and thermal velocity, but is typically between 105 − 107 Mpc−1 [15]. These
scales correspond to horizon masses of 1 − 104 M and
the resulting PBH is expected to form with comparable
mass. UCMHs set no constraint on the existence of PBHs
with lower mass. PBHs may also form due to topological
defects or other means that do not require an enhanced
initial power spectrum. In these scenarios their formation is hence not affected by the UCMH constraints of
[12], see the reviews [5, 16] and references therein.
One way to discriminate between astrophysical and
primordial black holes would be a detection of black holes
with mass below the Chandrasekhar mass. Their existence is motivated by the reduction in pressure during
the QCD transition while the horizon mass is about one
solar mass [17], and they are detectable because LIGO
is sensitive to compact objects with masses as low as
10−2 M [18, 19]. The effective spin of the PBH pair
before merging is another key observable, with LIGO
and VIRGO finding most of the detected events are consistent with zero initial spin [20]. This is expected for
PBHs formed during radiation domination [21, 22], but
not those formed during an early matter dominated era
[23] and arguably harder to explain in astrophysical models [24, 25], see also [26].
The plan of our paper is as follows: In Sec. II we analytically derive the density profile around PBHs, show-

1

This amplitude is subject to some uncertainties including the
potential existence of primordial non-Gaussianity, the equation
of state when the relevant scales reenter the horizon and uncertainties in the density threshold required to collapse and form a
PBH. However, even taking into account these uncertainties the
threshold remains orders of magnitude above the UCMH one.
For more details see [14].

ing that the thermal kinetic energy of the WIMPs has
a negligible impact compared to the gravitational potential energy of stellar mass PBHs. In Sec. II E we study
the stability of the dark matter haloes around PBHs at
late times. In Sec. III we simulate the halo formation
for different choices of the initial power spectrum, before
showing that PBHs and WIMPs are essentially incompatible in Sec. IV. We conclude in Sec. V and detail our
analytical calculations in the appendices.

II.

HALO PROFILES

We consider a universe in which a small fraction of
the dark matter is contained in PBHs and the rest is
made up out of WIMPs. The black holes that LIGO
has detected, or is sensitive to, have a mass in the range
10−2 M to 102 M [18, 19]. For this mass range a host
of observational constraints suggest that PBHs must be
subdominant to the rest of dark matter, i.e. fPBH ≡
ΩPBH /ΩDM  1 [5]. There are caveats to this conclusion, for example uncertainties about the primordial and
late time clustering of the PBHs and their mass function,
with many constraints based on a monochromatic mass
function, but there remains evidence that even when relaxing those unrealistic assumptions the constraints can
still rule out fPBH = 1.

A.

The turnaround radius

Using a Newtonian approximation, the physical distance r between a test particle and a PBH of mass
MPBH in an otherwise unperturbed Friedmann-LemaîtreRobertson-Walker universe changes as
r̈ = −

GMPBH
ä
+ r,
2
r
a

(1)

where the first term is the Newtonian gravitational attraction and the second term is (during radiation domination) the deceleration of the background expansion.
In the absence of the PBH, ṙ would always be positive.
This is despite the fact that the contribution to r̈ from the
background is still < 0 (i.e. a deceleration). However, in
a flat background the balance between inertia and deceleration is delicate, ṙ asymptotically approaches zero but
never reaches it. Therefore, once the Newtonian term
from the PBH becomes larger in magnitude than the expansion term in equation (1) the particle decouples from
the background expansion and very soon overcomes the
outward inertia. This means that, to a reasonable approximation, the “turnaround time” (i.e. when ṙ = 0
and the particles begins to move towards the PBH) can
be obtained by equating the two terms in equation (1).
This is backed up by numerical results in appendix B.
Using the acceleration equation, ä/a = −(1+3ω)H 2 /2,
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we get a turnaround radius, r = rta , defined by
GMPBH = (1 + 3ω)

H2 3
r .
2 ta

(2)

We can gain some intuition from this. During radiation
domination the total energy contained within a sphere of
this radius is equal to half the mass of the PBH (setting
the speed of light to c = 1),
4π
1
3
MPBH =
ρtot rta
.
2
3

(3)

At matter-radiation equality the energy in the dark matter mass is equal to the energy in radiation. Therefore,
at matter-radiation equality, the dark matter halo mass
around a PBH is comparable to MPBH , independent of
the PBH mass.
During radiation domination we can use H = 1/(2t)
to calculate that
1/3
.
(analytical estimate) (4)
rta ' 4GMPBH t2ta
tta is then the time that a shell is turning around at rta .
We present numerical solutions to Eq. (1) in appendix
B. These show that a much more accurate solution (to
better than 0.1% accuracy) is reached by instead using
rta ' 2GMPBH t2ta

1/3

,

Kinetic and potential energy

Our simulations initialise particles with zero thermal
velocity. We are interested in their behaviour during
radiation domination when dark matter is very subdominant. It might be expected that the thermal kinetic energies of the particles would have a measurable
effect on the density profiles. We show in this section
that for PBH masses of order 10M this is not true.2 To
do this we derive the ratio between the thermal kinetic
energy and potential energy of a dark matter particle at
turnaround and show that it is negligible. At any later
time the ratio will be even smaller.
Extracting the gravitational potential at turnaround
is straightforward. The dark matter particles have mass
mχ , the PBH has mass MPBH and their separation is the
radius of turnaround, rta . Thus
GMPBH mχ
Ep =
.
rta

2

1/2

=

(6)

In fact, if the dark matter mass satisfies mχ ≥ 100 GeV, thermal
kinetic energy can be ignored for any PBH mass & 10−6 M - as
we show in section II D.

TKD tKD (2GMPBH )

.

3/2

(7)

rta

The ratio between kinetic and potential energy can
now be expressed as
Ek
=
Ep

(numerical estimate) (5)

so we will instead use this definition of rta for the duration of this paper.

B.

To know the kinetic energy at turnaround we need to
scale the temperature of the dark matter when it decouples from the radiation down to its temperature at
turnaround. The temperature of the dark matter drops
proportionally to 1/a2 . Note this is different to the temperature of the Universe itself, which is dominated by
radiation and thus drops proportionally to 1/a.
The velocities of the dark matter are given by a
Maxwell-Boltzman distribution. To within a factor of
a few, the peak, mean and rms of the velocity distribution is given by mv 2 ' kT . This means that if we use
units where k = 1 and T is measured in eV, Ek = T .
Therefore, in terms of the dark matter temperature at
decoupling, TKD , and the time of decoupling, tKD , the
kinetic energy at turnaround is

2
aKD
Ek = TKD
ata
tKD
= TKD
tta



TKD
mχ



tKD
√
rta



2
GMPBH

 12
.

(8)

To explore this ratio as a function of rta and MPBH we
first need to choose a dark matter model to give us TKD ,
tKD and mχ . For this we follow [11]. Specifically, we
take the temperature of kinetic decoupling to be given
by equation (B5) in [11],
TKD =

mχ
Γ(3/4)



α mχ
MPl

1/4
,

(9)

with
r
α≡

16π 3 g? (T )
,
45

(10)

and g? = 61.75 from equation (4) of [11] and the text
below it. The time at decoupling is then found from the
Friedmann equation
1
αT 2
=
,
2t
MPl

(11)

which is equation (3) in [11]. Finally, the dark matter
particle mass is taken to be mχ = 100 GeV, again following [11]. We note that if we were to follow the procedure in [10] instead our results would be very similar,
with small changes due to small differences in the particle physics model underlying the dark matter. In both
cases, for LIGO-like PBH masses, the kinetic energy is
at least 100 times smaller than the potential energy at
the turnaround time for all relevant radii.
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103

mχ = 10GeV, MPBH = 10M ⊙
mχ = 100GeV, MPBH = 1M ⊙
mχ = 100GeV, MPBH = 10M ⊙
mχ = 100GeV, MPBH = 100M ⊙

101
10−1

KE/PE

collapse in an Einstein-de Sitter universe [27, 28] and expected for UCMHs [15] (see also [29, 30]). Given that
most particles will later spend some time closer to the
PBH than their turnaround radius but that very few will
move further away the actual profile will necessarily be
even more compact. In fact, in appendix A we show that
including the dynamics of the nearly radial orbits of the
particles after turn-around does not change the profile
shape but increases the density by about 50%. Phenomena that could alter this conclusion would be the halo
being disrupted later on, or thermal kinetic energy being
relevant at turnaround. We have addressed when kinetic
energy is relevant in section II B and we address the possibility of halo disruption in section II E.

10−3
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Figure 1. Ratio of the thermal kinetic energy to the potential
energy at the turnaround radius for various PBH masses.

D.

WIMP annihilation and the maximum density

There is a maximum possible WIMP density today due
to their self-annihilation [15]
In figure 1 we show this ratio for three different PBH
masses. We have also included one line for a lighter dark
matter particle mass to show that kinetic energy can be
relevant for sufficiently light dark matter at sufficiently
small radii. However, for the 100 GeV mass dark matter
we see that even for a 1M mass PBH the kinetic energy
is negligible for all the radii plotted. We will see in section
II D that this plot is very conservative because we are actually only interested in radii above rta ∼ 10−7 kpc/h (for
LIGO-like PBH masses). This is because dark matter annihilation would reduce the density observable today at
radii smaller than this.

C.

The analytical density profile

We can make a simple estimate of the density profiles
surrounding a PBH by assuming the particles are frozen
in at turn-around with their density matching the background density at that time.
During radiation domination, the resulting density
profile is
ρDM (r) = ρ(r(tta ))

−3
ρeq
a
=
2
aeq
 −3/2
ρeq
t
'
2
teq
ρ 
eq
3/4 −9/4
'
t3/2
r
,
eq (2GMPBH )
2

mχ
hσvit0
  3 × 10−26 cm3 /s   4 × 1017 s 
 m
χ
'
100GeV
hσvi
t0

ρmax =

× 1.5 × 10−14 g/cm3 ,
(13)
where t0 is the age of the Universe, mχ is the WIMP mass
and hσvi is the WIMP cross section. For the reference
values shown in the equation above, this corresponds to
a density contrast today of 1 + δ0 = ρmax /ρ0 ' 1016 . We
note that this maximum density was not derived for particles undergoing radial motion. See [8] for a discussion
of the WIMP survival time inside dark matter haloes.
The constant value of the density extends up to some
radius rcut , where the power-law profile begins. We estimate this radius by equating Eq. (12) with (13) to be

rcut =
'



ρeq
2ρmax

4/9

2GMPBH t2eq

mχ −4/9
100GeV



MPBH
M

1/3

1/3

1.3 × 10−7 kpc h−1 .
(14)

(12)

where ρeq is the density of the Universe at matterradiation equality. This density is twice the background
density of the matter at this time, hence the extra factor
of one half. Note that this generates a steep r−9/4 profile.
This was the profile derived for the spherically-symmetric

On the second line we have assumed the WIMP parameters shown in Eq. (13) and used teq = 2.4 × 1012 s,
ρeq = 2.1 × 10−19 g/cm3 , and h = 0.7.
In figure 2 we use equation (8) to show the ratio of themal kinetic energy to potential energy at rcut (calculated
at the time when rcut is the turnaround radius). This is
plotted as a function of the seed PBH mass. We see that
thermal kinetic energy is not an important factor at radii
& rcut for PBH masses & 10−6 M (for all dark matter
masses mχ ≥ 100 GeV).
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tidal radius [33]

rtidal ' R

10−1

KE⊙PE

10−2

MPBH
MMW

1/3
,

(16)

where R is the perigalactic distance of the UCMH and
MMW is the mass of the Milky Way. Clearly, rtidal  rcut
unless the UCMH orbits extremely close to the galactic
center – in which case close encounters with stars become
more likely as well.

10−3
10−4
10−5
10−6

III.

10−7
10−7

10−5

10−3

10−1

PBH Mass [M ⊙ ]

101

Figure 2. Ratio of the thermal kinetic energy to potential
energy at rcut given by (14) plotted for various PBH masses.
For this plot we have used a WIMP mass of mχ = 100 GeV.

E.

UCMH stability

As we have demonstrated, the relevant WIMP halo
forms around a PBH before matter-radiation equality,
but the WIMP annihilation signal is only (potentially)
detectable from nearby halos at z = 0. Therefore it is
crucial to know whether the halos are disrupted at any
time between their formation and today [31].
For fPBH  1 and PBHs of the order of 10M the
most likely cause of disruption of the UCMH is a close encounter with a star. We are mostly interested in the disruption of the UCMH profile at distances close to rcut because most of the annihilation signal comes from that region (e.g. 2/3 of the signal come from within ∼ 1.6 rcut ).
Such disruption only occurs if the distance of closest approach is of the order of rcut . The rate of such encounters
can be estimated as
2
Z ' vπrcut
nstar ,

(15)

where nstar is the number density of stars and v is
the typical relative velocity in encounters. For rcut ∼
10−7 kpc h−1 , and using v ∼ 250 km s−1 and nstar ∼
0.1 pc−3 as typical for the Milky Way disk, we obtain
Z ∼ 0.1 Gyr−1 . Outside of the galactic disk the rate
of disruptive encounters is negligible. We therefore estimate that UCMHs that spend most of the time outside
the Milky Way disk in the halo are unlikely to be disrupted. Numerical simulations furthermore show that
close encounters with stars do not always lead to a complete disruption [32].
Due to the ultra-compactness of the UCMHs, tidal disruption in the mean-field potential of the Milky Way is
not an issue. To show this explicitly, we can compute the

NUMERICAL SIMULATIONS

We performed N-body simulations of the halo forming
around a PBH during radiation and matter dominated
eras. For this purpose we modified the publicly available code GADGET-2 to account for the radiation in
the background expansion. We simulated an (8kpc/h)3
volume with 2563 particles.
Our particle template includes a PBH seed of 30 M
that is displaced along with the dark matter particles,
i.e. it starts at rest relative to the local matter. We do
not adjust the initial particle velocities for accretion, but
instead allow for a sufficiently long relaxation period so
that the decaying modes damp out and the accretion can
reach a steady state. We simulate for two types of initial
perturbations:
• A primordial power spectrum that is extrapolated
from the CMB all the way down to the scales of
our simulation assuming no running of the spectral
index. The amplitude As = 2.215 × 10−9 at the
CMB pivot scale of 0.05 Mpc−1 and the spectral index ns = 0.9619 are chosen to be compatible with
current CMB constraints. The amplitude of perturbations on the scales of kpc is extremely small
in this case, making it very hard to explain PBH
formation in the first place. This simulation starts
at an initial redshift of z = 100 000.
• A primordial power spectrum that is modified at
small scales in order to allow for significant PBH
formation in the 30 M mass range. On the scales
resolved by our simulation we assume a power law
with a blue tilt of ns − 1 = 2. This spectral index
is half the steepest possible within the context of
canonical single-field inflation [14]. The amplitude
is chosen sufficiently high to make the PBH formation plausible. Extrapolated back to the CMB
pivot scale it corresponds to As = 2.75 × 10−17 .
This number should not be compared to CMB constraints as any plausible scenario would require significant running of the spectral index. However, we
do not need to specify the shape of the primordial
power spectrum outside of our dynamical range.
Since the perturbations at the kpc scale are much
larger than in the previous case, we start this simulation at a higher initial redshift of z = 5 000 000
in order to justify using a linear description.
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where α and C are the two parameters of the fit and the
pivot scale r0 = 10−5 kpc h−1 is chosen approximately
in the middle of our fitting range. The fitting with the
power-law was performed on the density profiles obtained
from the four earliest snapshots which correspond to the
central region of the profile before the NFW-like profile.
In both cases we find α to be close to 9/4. The profile of the halo embedded in the enhanced background
is slightly steeper and reaches somewhat higher density
in the centre, but it nevertheless forms in a very similar way. This shows that even if the power spectrum
were enhanced on scales that ensure the formation of
30 M PBHs, the surrounding enhanced perturbations
would not have a significant effect on the formation of
the dark matter halo around the PBH.
Figure 7 shows the density profile we derived analytically, the profile generated by our simulation as well as
those shown in [11] and [10]. All profiles are chosen for a
10M black hole apart from the simulated one which is
three times more massive. Notice how the simulated and
analytic density profiles are similar to each other and the
result in [10] but orders of magnitude more dense than
the result in [11]. The horizontal line shows the maximum
possible density at late times, given by (13). The simulation result is only plotted down to the radius which we
can numerically resolve, roughly rcut , where the density
profile reaches the maximum density at late times.

z=8.2e+03
z=3.6e+03
z=1.6e+03
z=7.2e+02
z=3.2e+02
z=1.4e+02
z=62
z=33

105

δcom +1

104
103
102
101
100
10−2

10−1
rcom [kpc/h]

100

Figure 3. The comoving density profile of a halo forming
around a 30M PBH in a ΛCDM background for different
redshifts. Initially, the profile forms as a single power-law.
As the surrounding material accretes onto the halo, its profile
becomes more and more concave.
z=8.2e+03
z=3.6e+03
z=1.6e+03
z=7.2e+02
z=3.2e+02
z=1.4e+02
z=63

105

104

δcom +1

In Figures 3 and 4 we show the profiles in comoving coordinates around the PBH for a ΛCDM universe and the
one with a boosted power spectrum, respectively. The
density spike caused by the PBH is excluded from the
plots.
In Figures 5 and 6 we show the profiles in physical coordinates. Here, each profile is shown between r ∼ 2
and r ∼ rta /2 where  is the softening length in the simulation and rta is the turn-around radius. The softening
length determines the scale below which the force between two simulation particles is suppressed so that it
does not diverge when the separation between the particles approaches zero. In our simulations it was set
to com ∼ 1.95 × 10−3 kpc/h and therefore the smallest
scale we resolve at the redshift of the earliest output is
min
rphy
= 4.8 × 10−7 kpc/h, roughly the same as rcut given
in Eq. (14). Following arguments laid out in [34] we estimate that our choice of softening length ensures that
strong discreteness effects do not occur within a comoving distance of ∼ 0.17kpc/h from the PBH, which is sufficient for our analysis.
The halo first forms as a single power-law function.
As the simulation progresses, an NFW-like profile is accreted at greater radii, but the steep profile in its interior
remains intact (see the discussion in Section II E for the
justification).
We fit the interior of the density profile with a powerlaw
 −α
r
δphy + 1 = C
,
(17)
r0

103

102

101

100
10−2

10−1
rcom [kpc/h]

100

Figure 4. The same as Fig. 3 but with the enhanced power
spectrum, with spectral index ns − 1 = 2.

IV.

CONSTRAINTS ON THE PBH FRACTION
OF DARK MATTER

Here we follow [11] whose reasoning is as follows. In
a scenario where the PBH seeds all have similar masses,
and the UCMHs are likewise similar, they will all have
similar absolute gamma-ray luminosities. To the extent
that these macroscopic dark matter structures trace the
overall distribution of dark matter well, i.e. without significant bias above a sufficiently large coarse-graining
scale, their diffuse emission is directly proportional to the
coarse-grained dark matter density. The same is true in
a completely unrelated scenario where there are no PBHs
and all of the dark matter is made up of particles that
undergo one-body decay into gamma radiation. Coarse-
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Figure 5. The profile of a halo around a PBH in physical coordinates. The four inner most profiles were fit with a power-law
profile: α = 2.28, and C = 2.5 × 1012 .
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Figure 6. The physical density profile of the halo for the
boosted power spectrum, with spectral index ns − 1 = 2. The
parameters of the fit are α = 2.35, and C = 3.9 × 1012 .

graining is an important step for making this analogy,
since for resolved PBHs the gamma-ray emission depends
quadratically on the local WIMP density due to the twobody nature of the annihilation process.
For the decaying dark matter scenario, the observed
diffuse gamma-ray background has been used to put constraints on the unknown decay rate, where one typically
assumes that the decaying species accounts for all of
dark matter. Conversely, if one knew the decay rate,
one would obtain a constraint on the abundance of the
decaying species. Using the above analogy we can therefore obtain a bound on the PBH fraction fPBH for any
given PBH mass once we assume a complete model for

Figure 7. The density profiles of Boucenna et al. [11], labelled
BKOV, Eroshenko [10], our analytic estimate (12), our simulation result taking the best fit paramaters from Fig. 5 and
the maximum density contrast today. Note that the simulation is for a 30M black hole whilst the other three profiles
are derived for a 10M black hole.

the gamma-ray luminosity of these objects
fPBH =

ΓDM MPBH
.
ΓPBH mχ

(18)

For ΓDM we use (consistent with [11]) constraints from
[35]. Their Fig. (3.f) shows that the life time of dark
28
matter particles is greater than τDM = Γ−1
DM & 10 s,
at least in the range of the dark matter particles masses
to which the experiment is sensitive: 10GeV < mχ <
104 GeV.
The WIMP annihilation signal is obtained as
ˆ ∞
hσvi
ΓPBH =
4π
ρ(r)2 r2 dr ,
(19)
m2χ
0
where hσvi is the annihilation cross-section and spherical
symmetry of the density profile has been assumed. For a
halo with a density profile
ρ(r) = Min(ρmax , ρmax (r/rcut )−α ) ,

(20)

and assuming α > 3/2, the WIMP annihilation signal
can be integrated into


3
1
1
4π hσvi ρ2max rcut
+
,
(21)
ΓPBH =
m2χ
3 2α − 3
where the first and the second terms in brackets are contributions from the constant-density central region and
the falling profile, respectively. In the particular case of
α = 9/4, this simplifies to
ΓPBH =

3
4π hσvi ρ2max rcut
.
2
mχ

(22)

In the above expression, a third of the contribution comes
from the central region. Assuming a Heaviside density
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profile with the density dropping to zero at rcut , as was
done for example in [11], therefore underestimates the
annihilation rate by a factor of 3. For profiles that are
less steep than α = 9/4 the contribution from the second
term is even greater.
Equipped with these ingredients we can finally obtain
the upper bound on the fraction of the dark matter in
PBHs. For three different choices of the dark matter
mass we find the constraint to be:
mχ
10 GeV 100 GeV 1 TeV
fPBH . 10−9 2 × 10−9 4 × 10−9
This is a remarkably strong constraint which demonstrates that current limits on gamma-ray signals from
WIMP annihilation imply there are essentially no PBHs.
On the other hand, a discovery of PBHs would imply
extremely strong constraints on the amount of the dark
matter in WIMPs, even if fPBH were small. In that case
the majority of dark matter would have to be some third
species not considered here, such as axions.
This can be demonstrated as follows. Our derivation of the dark matter density profile around a PBH,
Eq. (12), assumes that the only gravitational attraction
on the dark matter particles is due to the PBH (i.e. it
neglects the effect of the dark matter which has already
fallen into a halo around the PBH). This result therefore remains valid for the dark matter density profile
of the WIMPs, provided the density is multiplied by
fWIMP ≡ ΩWIMP /ΩDM , the fraction of dark matter in
WIMPs. It then follows that the result for rcut will be
4/9
4/3
reduced by a factor of fWIMP and hence ΓPBH ∝ fWIMP ,
see Eqs. (14) and (22). Suppose LIGO (or any other
experiment) detected PBHs with density fPBH = 10−3 ,
which is arguably the correct fraction to generate the
black hole merger rate observed by LIGO and VIRGO,
if one assumes most of the mergers are due to primordial
rather than astrophysical black holes [3, 36–38]. In this
case the WIMP annihilation signal would be about a million times larger than the detected upper bound, assuming WIMPs formed the remainder of the dark matter.
To make sure that the WIMP annihilation signal were
acceptably small, the fraction of dark matter in WIMPs
would have to be reduced to fWIMP . 10−9/2 ' 3×10−5 .
Hence a detection of either WIMPs or PBHs would mean
that the other component can form at most a tiny fraction of the dark matter.
Because ΓPBH ∝ MPBH , the constraint on fPBH is independent of the PBH mass, see Eq. (18). This is true
provided that the PBH mass is large enough to justify our
approximation of neglecting the thermal kinetic energy of
the WIMP particles compared to their gravitational potential energy at turn around. In particular, we need the
kinetic energy to be small at the radius rcut where the
maximum density is reached. Even though their thermal
energy will be larger at smaller radii, we expect this will
just act to change the profile inside rcut and not change
the total mass of the WIMP particles inside the sphere
of radius rcut . For PBHs with a mass comparable to

those detectable by LIGO, a WIMP mass of mχ = 100
GeV and rcut ∼ 10−7 kpc/h we can see from Fig. 1 that
the kinetic energy is subdominant to the potential energy
of the PBH by about five orders of magnitude, hence it
should have a negligible effect. For much lighter PBHs
the thermal kinetic energy is never negligible and our analytically derived profile cannot be used, invalidating our
constraint. In that case, a more sophisticated treatment
of the initial WIMP velocities along the lines described
in [10, 11] should be made. Because the constraint on
fPBH is independent of the PBH mass, our constraint
would also be valid if the PBH mass spectrum were not
monochromatic, as long as most of the PBH masses were
in the regime where the WIMP thermal kinetic energy is
negligible.
We caution that the constraint on fPBH was made assuming that the WIMP annihilation signal creates a diffuse gamma-ray background. Since the constraint on
fPBH is so tight, this will not be true for large PBH
masses (because for fixed fPBH , the number density of
PBHs is inversely proportional to their mass) and the
constraint should be remade using the observational constraints from the Fermi satellite on point sources. However, doing so goes beyond the scope of this paper and
there is no reason to expect the constraint to weaken by
orders of magnitude.

V.

CONCLUSIONS

We have demonstrated that WIMPs and PBHs are incompatible. If WIMPs make up the majority of the dark
matter then fPBH . 10−9 , and if PBHs make up 1%
of the dark matter then WIMPs can only form about
one millionth of the dark matter. These results are true
for a broad range of WIMP and PBH masses, with the
lower limit on the PBH mass being set by the thermal
kinetic energy of the WIMPs. If this is large compared
to the gravitational potential energy of the PBHs then
high-density spikes around the PBHs will not form.
The result that PBHs cannot coexist with WIMPs unless they form almost all or almost none of the dark
matter was first reported in [8], who also found the constraints on fPBH to be independent of the PBH mass.
However, they assumed a r−3/2 density profile around
the PBH, which we have shown is incorrect. The density
profile close to the PBH (which is the relevant region for
WIMP annihilation) is much steeper, being r−9/4 , as we
have shown both analytically and numerically.
Simulations of PBHs and dark matter (in a nonexpanding background) were performed in [39], to study
the effect of the dark matter halos surrounding PBHs on
the merger rate. However, they also assumed a r−3/2
profile density around the PBH, and it would be interesting to repeat those simulations with an r−9/4 density
profile.
Our constraints are not valid for black holes which form
through astrophysical processes since they form later
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when the background density of the Universe is much
lower, and hence the DM halos around them would have a
much lower maximum density. However, [40] shows that
interesting constraints can be derived on intermediatemass black holes even if they are not primordial. We
stress that the incompatibility of WIMPs and PBHs is
only true for relatively massive PBHs. However, this
range includes the entire mass range for which LIGO
could detect a black hole merger, as well as heavier PBHs.
At lower masses, the WIMP’s thermal kinetic energy
becomes increasingly important compared to the gravitational potential energy of the PBH and our analysis
breaks down. For a fiducial WIMP mass of 100 GeV,
this occurs at MPBH ∼ 10−6 M . The treatment of [10]
and [11] includes the WIMPs kinetic energy and they
forecast that the existence of WIMPs would imply a relevant constraint (i.e. fPBH < 1) for PBHs with masses
MPBH ∼ 10−9 M (assuming a 70 GeV WIMP mass) and
MPBH ∼ 10−12 M (assuming a 100 GeV WIMP mass),
respectively. Therefore a detection of WIMPs would not
rule out the existence of light PBHs or PBH relics, but
it would rule out the possibility that LIGO has detected
PBHs as well as the possibility that supermassive black
holes have primordial seeds [41].
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Appendix A: A more accurate derivation of the halo
profile

In the main text we derived the dark matter density
profile around a PBH assuming that dark matter particles “freeze-in” when they decouple from the background
expansion. Even neglecting their kinetic energy this is
a poor approximation, since they would instead oscillate
on a radial orbit centred on the PBH (in reality a highly
elliptical orbit, with most WIMPs narrowly passing but
not falling into the PBH). In that case, the halo density
is given by
ˆ ∞
1
2 dt(ri )
ρ(r) = 2
dri ri2 ρ(ri , ti )
,
(A1)
r r
Torbit dr

where ri is the initial radius of the WIMP orbits at the
time they decouple from the background expansion (and
3/2 1/2
ti the corresponding time), Torbit = πri rg is the pe−1/2
riod of the orbit and dt/dr = rg (1/r − 1/ri )−1/2 describes the time dependence of the orbit and the gravitational radius is rg2 = 2GMPBH [10, 11]. The integral is
over r > ri because particles with negligible initial kinetic
energy never move a larger distance from the PBH than
their initial separation when they first decouple from the
background expansion. Performing the integral produces
a profile with a r−9/4 profile like (12) but which is 53%
denser. Because the integral above should be truncated
at matter-radiation equality rather than ∞, the size of
this correction of including the radial motion of the particles in the halo will in reality be smaller.

Appendix B: Numerical solutions of the turnaround
radius.

In this appendix we present a numerical solution to
equation (1) and use that solution to justify equation (5).
In radiation domination ä/a = −1/(4t2 ), so equation (1)
can be re-written as
r̈ = −

r
GMPBH
− 2.
r2
4t

(B1)

This can be written in a dimensionless form via the
transformations y = r/(2GMPBH ) and τ = t/(2GMPBH ),
giving
ÿ = −

y
1
− 2.
2
2y
4τ

(B2)

In equation (B2) the overdot refers to differentiation with
respect to τ rather than t. Because the differential equation can be rewritten in this form, independent of the
PBH mass MPBH , a family of solutions found for one
mass can be rescaled on to the solutions for other masses.
At early times the cosmological background solution
should dominate. Therefore, the initial time τ0 and
radius y0 for the numerical solution are set so that
y0 /(4τ02 )  1/(2y02 ). ẏ is then determined by the
cosmological solution during radiation domination, i.e.
r ∝ t1/2 . This gives y˙0 = y0 /(2τ0 ).
In figure 8 we show a comparison of a numerical solution of equation (B2) to the background cosmological
solution. We also plot two horizontal lines showing our
analyical and numerical estimates of the turnaround radius (i.e. equations (4) and (5)). It is clear that the
analytical estimate does surprisingly well, but that the
numerical estimate does better. In fact, the ratios of the
two estimated turnaround radii to the actual turnaround
radius are 0.964 and 0.999 for what we have called the
analytical and numerical estimates, respectively. This
result is what motivates us to use equation (5) for our
main results. If there is an analytical way of deriving
this result we have been unable to find it.
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Figure 8. The rescaled radius as a function of rescaled time for
a spherical shell of particles around a PBH during radiation
domination. We plot the full numerical solution, the background solution and two estimates of the turnaround radius.
The numerical estimate of the turnaround radius in equation
(5) clearly works very well.

[1] S. Bird, I. Cholis, J. B. Muñoz, Y. Ali-Haïmoud,
M. Kamionkowski, E. D. Kovetz et al., Did LIGO detect
dark matter?, Phys. Rev. Lett. 116 (2016) 201301
[1603.00464].
[2] S. Clesse and J. García-Bellido, The clustering of
massive Primordial Black Holes as Dark Matter:
measuring their mass distribution with Advanced LIGO,
Phys. Dark Univ. 15 (2017) 142 [1603.05234].
[3] M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama,
Primordial Black Hole Scenario for the
Gravitational-Wave Event GW150914, Phys. Rev. Lett.
117 (2016) 061101 [1603.08338].
[4] H. Niikura et al., Microlensing constraints on
primordial black holes with the Subaru/HSC Andromeda
observation, 1701.02151.
[5] M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama,
Primordial black holes-perspectives in gravitational wave
astronomy, Class. Quant. Grav. 35 (2018) 063001
[1801.05235].
[6] M. Gosenca, J. Adamek, C. T. Byrnes and S. Hotchkiss,
3D simulations with boosted primordial power spectra
and ultracompact minihalos, Phys. Rev. D96 (2017)
123519 [1710.02055].
[7] M. S. Delos, A. L. Erickcek, A. P. Bailey and M. A.
Alvarez, Are ultracompact minihalos really
ultracompact?, Phys. Rev. D97 (2018) 041303
[1712.05421].
[8] B. C. Lacki and J. F. Beacom, Primordial Black Holes
as Dark Matter: Almost All or Almost Nothing,
Astrophys. J. 720 (2010) L67 [1003.3466].
[9] K. Kohri, T. Nakama and T. Suyama, Testing scenarios
of primordial black holes being the seeds of supermassive
black holes by ultracompact minihalos and CMB
µ-distortions, Phys. Rev. D90 (2014) 083514

[1405.5999].
[10] Yu. N. Eroshenko, Dark matter density spikes around
primordial black holes, Astron. Lett. 42 (2016) 347
[1607.00612].
[11] S. M. Boucenna, F. Kühnel, T. Ohlsson and L. Visinelli,
Novel Constraints on Mixed Dark-Matter Scenarios of
Primordial Black Holes and WIMPs, JCAP 1807
(2018) 003 [1712.06383].
[12] M. S. Delos, A. L. Erickcek, A. P. Bailey and M. A.
Alvarez, Density profiles of ultracompact minihalos:
Implications for constraining the primordial power
spectrum, Phys. Rev. D98 (2018) 063527 [1806.07389].
[13] T. Nakama, T. Suyama, K. Kohri and N. Hiroshima,
Constraints on small-scale primordial power by
annihilation signals from extragalactic dark matter
minihalos, Phys. Rev. D97 (2018) 023539 [1712.08820].
[14] C. T. Byrnes, P. S. Cole and S. P. Patil, Steepest growth
of the power spectrum and primordial black holes,
1811.11158.
[15] T. Bringmann, P. Scott and Y. Akrami, Improved
constraints on the primordial power spectrum at small
scales from ultracompact minihalos, Phys.Rev. D85
(2012) 125027 [1110.2484].
[16] A. M. Green, Primordial Black Holes: sirens of the
early Universe, in Quantum Aspects of Black Holes
(X. Calmet, ed.), pp. 129–149. Springer, 2015.
1403.1198. DOI.
[17] C. T. Byrnes, M. Hindmarsh, S. Young and M. R. S.
Hawkins, Primordial black holes with an accurate QCD
equation of state, JCAP 1808 (2018) 041 [1801.06138].
[18] LIGO Scientific, Virgo collaboration, B. P. Abbott
et al., Search for Subsolar Mass Ultracompact Binaries
in Advanced LIGO’s First Observing Run, Phys. Rev.
Lett. 121 (2018) 231103 [1808.04771].

11
[19] R. Magee, A.-S. Deutsch, P. McClincy, C. Hanna,
C. Horst, D. Meacher et al., Methods for the detection
of gravitational waves from subsolar mass ultracompact
binaries, Phys. Rev. D98 (2018) 103024 [1808.04772].
[20] LIGO Scientific, Virgo collaboration, B. P. Abbott
et al., Binary Black Hole Population Properties Inferred
from the First and Second Observing Runs of Advanced
LIGO and Advanced Virgo, 1811.12940.
[21] T. Chiba and S. Yokoyama, Spin Distribution of
Primordial Black Holes, PTEP 2017 (2017) 083E01
[1704.06573].
[22] M. Mirbabayi, A. Gruzinov and J. Noreña, Spin of
Primordial Black Holes, 1901.05963.
[23] T. Harada, C.-M. Yoo, K. Kohri and K.-I. Nakao, Spins
of primordial black holes formed in the
matter-dominated phase of the Universe, Phys. Rev.
D96 (2017) 083517 [1707.03595].
[24] K. Belczynski et al., The origin of low spin of black
holes in LIGO/Virgo mergers, 1706.07053.
[25] T. Piran and K. Hotokezaka, Who Ordered That? On
The Origin of LIGO’s Merging Binary Black Holes,
1807.01336.
[26] S. Clesse and J. García-Bellido, Seven Hints for
Primordial Black Hole Dark Matter, Phys. Dark Univ.
22 (2018) 137 [1711.10458].
[27] J. A. Fillmore and P. Goldreich, Self-similar
gravitational collapse in an expanding universe,
Astrophys. J. 281 (1984) 1.
[28] E. Bertschinger, Self-similar secondary infall and
accretion in an Einstein-de Sitter universe, ApJS 58
(1985) 39.
[29] V. S. Berezinsky, V. I. Dokuchaev and Yu. N.
Eroshenko, Formation and internal structure of
superdense dark matter clumps and ultracompact
minihaloes, JCAP 1311 (2013) 059 [1308.6742].
[30] V. S. Berezinsky, V. I. Dokuchaev and Y. N. Eroshenko,
Small-scale clumps of dark matter, Phys. Usp. 57

(2014) 1 [1405.2204].
[31] M. Stref and J. Lavalle, Modeling dark matter subhalos
in a constrained galaxy: Global mass and boosted
annihilation profiles, Phys. Rev. D95 (2017) 063003
[1610.02233].
[32] T. Ishiyama, J. Makino and T. Ebisuzaki, Gamma-ray
Signal from Earth-mass Dark Matter Microhalos,
Astrophys. J. 723 (2010) L195 [1006.3392].
[33] I. King, The structure of star clusters. I. An Empirical
density law, Astron. J. 67 (1962) 471.
[34] C. Power, J. F. Navarro, A. Jenkins, C. S. Frenk,
S. D. M. White, V. Springel et al., The Inner structure
of Lambda CDM halos. 1. A Numerical convergence
study, Mon. Not. Roy. Astron. Soc. 338 (2003) 14
[astro-ph/0201544].
[35] S. Ando and K. Ishiwata, Constraints on decaying dark
matter from the extragalactic gamma-ray background,
JCAP 1505 (2015) 024 [1502.02007].
[36] Y. Ali-Haïmoud, E. D. Kovetz and M. Kamionkowski,
Merger rate of primordial black-hole binaries, Phys.
Rev. D96 (2017) 123523 [1709.06576].
[37] Z.-C. Chen and Q.-G. Huang, Merger Rate Distribution
of Primordial-Black-Hole Binaries, Astrophys. J. 864
(2018) 61 [1801.10327].
[38] M. Raidal, C. Spethmann, V. Vaskonen and
H. Veermae, Formation and Evolution of Primordial
Black Hole Binaries in the Early Universe, 1812.01930.
[39] B. J. Kavanagh, D. Gaggero and G. Bertone, Merger
rate of a subdominant population of primordial black
holes, Phys. Rev. D98 (2018) 023536 [1805.09034].
[40] T. Bringmann, J. Lavalle and P. Salati, Intermediate
Mass Black Holes and Nearby Dark Matter Point
Sources: A Myth-Buster, Phys. Rev. Lett. 103 (2009)
161301 [0902.3665].
[41] J. L. Bernal, A. Raccanelli, L. Verde and J. Silk,
Signatures of primordial black holes as seeds of
supermassive black holes, JCAP 1805 (2018) 017
[1712.01311].

