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WIMPs and stellar-mass primordial black holes are incompatible
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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 nondetection 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.
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I. INTRODUCTION

Interest in primordial black holes (PBHs) has increased
dramatically since LIGO first detected black hole mergers
[1-3]. PBHs are an early-Universe relic which contain
information about the initial density perturbations on
very small scales. They are unique among 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 con-
stitute all of the dark matter exist for all PBHs with masses
satisfying Mpgy = 10710 My; see Fig. 5 of Ref. [4] for
Subaru microlensing constraints and Ref. [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 (at least in the simplest
case of WIMPs with the standard cross section, (cv) =
3 x 10726 cm?/s). If PBHs exist, they would have formed
long before matter-radiation equality. Each PBH would
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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 demon-
strate this, we first need to calculate the dark matter density
profile that forms around the PBHs. Analytic work on high-
density halos has been done previously, leading to the
expectation that very steep halo profiles [p(r) o r=/%]
develop in regions which were initially extremely dense. In
our previous paper [6] and in Ref. [7] it was shown that
ultracompact minihalos (UCMHs) with such steep density
profiles do not form under realistic initial conditions.
Neither of these two papers included PBHs.

In this work we perform 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 10 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 =%/ 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
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were detected, then PBHs must be extremely rare—Iess
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 ef al. [9] and recently discussed again
by Eroshenko [10] and Boucenna et al. [11]. However, 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 Refs. [10,11]. Last, we provide a very simple
analytic estimate of the dark matter halo profile using a
simplification of the methods of Refs. [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 nonobservation of WIMP annihilation is
around 1078 —107° [12] (see also Ref. [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 1072
amplitude required to generate PBHs from large-amplitude
initial density perturbations." However, the UCMH con-
straints only cover a specific range of scales. The smallest
scale they probe depends on the WIMP mass and thermal
velocity, but is typically between 10°-107 Mpc~' [15].
These scales correspond to horizon masses of 1-10* 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 Ref. [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

"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 uncer-
tainties 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 Ref. [14].

is motivated by the reduction in pressure during the QCD
transition while the horizon mass is about 1 solar mass [17],
and they are detectable because LIGO is sensitive to
compact objects with masses as low as 1072 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 Ref. [26].

The plan of our paper is as follows. In Sec. II we
analytically derive the density profile around PBHs, show-
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. IIE we study the
stability of the dark matter halos around PBHs at late times.
In Sec. Il 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 of
WIMPs. The black holes that LIGO has detected, or is
sensitive to, have a mass in the range 1072 M, to 10> 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., fppy = Qppn/RLom < 1 [5].
There are caveats to this conclusion, such as 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 fpgy = 1.

A. The turnaround radius

Using a Newtonian approximation, the physical distance
r between a test particle and a PBH of mass Mpgy in an
otherwise unperturbed Friedmann-Lemaitre-Robertson-
Walker universe changes as

B GMpgy
= — -7, 1
¥ 2 + P r (1)

where the first term is the Newtonian gravitational attrac-
tion and the second term is (during radiation domination)
the deceleration of the background expansion. In the
absence of the PBH, i would always be positive. This is
despite the fact that the contribution to # from the back-
ground is still < 0 (i.e., a deceleration). However, in a flat
background the balance between inertia and deceleration is
delicate, and 7 asymptotically approaches zero but never
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reaches it. Therefore, once the Newtonian term from the
PBH becomes larger in magnitude than the expansion term
in Eq. (1) the particle decouples from the background
expansion and very soon overcomes the outward inertia.
This means that, to a reasonable approximation, the “turn-
around time” (i.e., when i = 0 and the particles begin to
move towards the PBH) can be obtained by equating the
two terms in Eq. (1). This is backed up by numerical results
in Appendix B.

Using the acceleration equation, ¢/a =—(1+3w)H?/2,
we get a turnaround radius, r = r,, defined by

H2

GMppy = (1 + 30’)7’%- (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 ¢ = 1),

1 dr
EMPBH = _ptotrga' (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 Mppy, independent of the PBH mass.
During radiation domination we can use H = 1/(2¢) to

calculate that

ra = (4GMpgyt2)'/?  (analytical estimate). (4)
t;, 1s then the time that a shell is turning around at r,. 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

Fa = (2GMpgytd)'/? (numerical estimate), (5)
so we will instead use this definition of r, for the duration
of this paper.

B. Kinetic and potential energy

Our simulations initialize particles with zero thermal
velocity. We are interested in their behavior during radi-
ation 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 10 My, this is not true.” 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.

In fact, if the dark matter mass satisfies m, > 100 GeV,
thermal kinetic energy can be ignored for any PBH mass
>107% M, as we show in Sec. II D.

Extracting the gravitational potential at turnaround is
straightforward. The dark matter particles have mass m,,
the PBH has mass Mpgy, and their separation is the radius
of turnaround r,. Thus,

_ GMPBHmX

E (6)

P Fa

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/a?*. Note that 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-
Boltzmann distribution. To within a factor of a few, the
peak, mean, and rms of the velocity distribution are given
by mv?* ~ kT. This means that if we use units where k = 1
and T is measured in eV, E;, = T. Therefore, in terms of the
dark matter temperature at decoupling, Txp, and the time of
decoupling, #¢p, the kinetic energy at turnaround is

2
Ex = Txp (“KD>
Ay
kD TKDtKD(zGMPBH)l/Z
T o NC)

! ta I'ta

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

f ) (B Gm) o

To explore this ratio as a function of r, and Mpgy we
first need to choose a dark matter model to give us Tkp,
tkp, and m,,. For this we follow Ref. [11]. Specifically, we
take the temperature of kinetic decoupling to be given by
Eq. (B5) in Ref. [11],

m am,)\ /4
Txp == %) . 9
TE/4) (Mm) ®)

with

167°g,(T)
45
and g, = 61.75 from Eq. (4) of Ref. [11] and the text below

it. The time at decoupling is then found from the Friedmann
equation

a

(10)

2
Lo (11)

2t My’

which is Eq. (3) in Ref. [11]. Finally, the dark matter

particle mass is taken to be m, =100 GeV, again
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FIG. 1. Ratio of the thermal kinetic energy to the potential
y

energy at the turnaround radius for various PBH masses.

following Ref. [11]. We note that if we were to follow the
procedure in Ref. [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.

In Fig. 1 we show this ratio for three different PBH masses.
We also include 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 1 Mg mass PBH the kinetic energy is negligible
for all the radii plotted. We will see in Sec. II D that this plot is
very conservative because we are actually only interested in
radii above r,, ~ 1077 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 that the particles are
frozen-in at turnaround with their density matching the
background density at that time.

During radiation domination, the resulting density
profile is

pom(r) = p(r(t))

_ P (@7
AN
P (L) e
2 \lyg
~ (p%) tgéz(zGMPBH)3/4r_9/4v (12)

where p, is the density of the Universe at matter-radiation
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~°/* profile. This was the
profile derived for the spherically symmetric collapse in
an Einstein—de Sitter universe [27,28] and expected for
UCMHs [15] (see also Refs. [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
turnaround 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 relevantin Sec. II B and we
address the possibility of halo disruption in Sec. I E.

D. WIMP annihilation and the maximum density
There is a maximum possible WIMP density today due
to their self-annihilation [15],

n,

(ov)tg

m, 3x 10726 cm3/s\ (4 x 107 s
~ \100 GeV (ov) to

x 1.5 x 1071* g/cm?, (13)

Pmax =

where 1, is the age of the Universe, m,, is the WIMP mass, and
(ov) is the WIMP cross section. The WIMP annihilation
cross section is chosen such that WIMPs form most of the
dark matter and we neglect any velocity dependence of this
thermally averaged quantity. For the reference values shown
in the equation above, this corresponds to a density contrast
today of 1 + 8y = pmax/Po = 10'%. We note that this maxi-
mum density was not derived for particles undergoing radial
motion. See Ref. [8] for a discussion of the WIMP survival
time inside dark matter halos.

The constant value of the density extends up to some
radius r.,, where the power-law profile begins. We
estimate this radius by equating Eq. (12) with Eq. (13)
to be

p 4/9
Feut = <2£> (ZGA’[PBHl%q)I/3

(M) 307 e n
MO

m
~ \100 GeV
(14)

In the second line we have assumed the WIMP
parameters shown in Eq. (13) and used 7,q = 2.4 x 10'? s,
Peqg =2.1x 107" g/em?, and h = 0.7.

In Fig. 2 we use Eq. (8) to show the ratio of thermal
kinetic energy to potential energy at r, (calculated at the
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FIG. 2. Ratio of the thermal kinetic energy to potential energy
at ro, given by Eq. (14) plotted for various PBH masses. For this
plot we use a WIMP mass of m, = 100 GeV.

time when r,, 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 Zr.
for PBH masses >107° Mg (for all dark matter masses
m, > 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 fpgy < 1 and PBHs of the order of 10 M 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 r., because most of the
annihilation signal comes from that region (e.g., 2/3 of
the signal comes from within ~1.6r,). Such disruption only
occurs if the distance of closest approach is of the order of
reut- The rate of such encounters can be estimated as

Z = v”rcztutnstarv ( 15)

where ng,, is the number density of stars and v is the typical
relative velocity in encounters. For rg, ~ 1077 kpc h~!, and
using v ~ 250 kms~! and ng,, ~ 0.1 pc™? as typical for the
Milky Way disk, we obtain Z ~ 0.1 Gyr~!. 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 ultracompactness 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

tidal radius [33]
Mpgy \ /3
Ftidal = R M) (16)

where R is the perigalactic distance of the UCMH and
Myw 1s the mass of the Milky Way. Clearly, riqa > Feu
unless the UCMH orbits extremely close to the galactic
center, in which case close encounters with stars become
more likely as well.

ITII. NUMERICAL SIMULATIONS

We perform 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 simulate an (8 kpc/h)* volume with 256°
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:

(1) A primordial power spectrum that is extrapolated
from the cosmic microwave background (CMB) all
the way down to the scales of our simulation
assuming no running of the spectral index. The
amplitude A, =2.215 x 10~ at the CMB pivot
scale of 0.05 Mpc~! and the spectral index n, =
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.

(2) 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 ny — 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 for-
mation plausible. Extrapolated back to the CMB
pivot scale it corresponds to A, =2.75 x 10717,
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
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FIG. 3. The comoving density profile of a halo forming around

a 30 M, PBH in a ACDM 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.

simulation at a higher initial redshift of z = 5000 000
in order to justify using a linear description.

In Figs. 3 and 4 we show the profiles in comoving
coordinates around the PBH for a ACDM universe and
the one with a boosted power spectrum, respectively.
The density spike caused by the PBH is excluded from
the plots.

In Figs. 5 and 6 we show the profiles in physical
coordinates. Here, each profile is shown between r ~ 2¢
and r~ry,/2 where ¢ is the softening length in the
simulation and ry, is the turnaround 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

N +  z=82e+03
+
10" q‘% + 2=3.6e+03
+  2=1.6e+03
ﬁﬂ# +  z=T7.2e+02
1013 +  2=3.2e+02
% +  z=14e+02
#ﬁﬂ- +  2=62
— + 2=33
+ 11
510
o
T
10? oy
4
'#F#
107 tﬁ n
+
+
106 10 10 103 102
Tphy[kpe/h]
FIG. 5. The profile of a halo around a PBH in physical

coordinates. The four innermost profiles are fit with a power-
law profile: @ = 2.28 and C = 2.5 x 102,

approaches zero. In our simulations it is set t0 €.y, ~
1.95 x 1073 kpc/h and therefore the smallest scale we
resolve at the redshift of the earliest output is
ri = 4.8 x 107 kpe/h, roughly the same as re, given
in Eq. (14). Following arguments laid out in Ref. [34] we
estimate that our choice of softening length ensures that
strong discreteness effects do not occur within a comoving
distance of ~0.17 kpc/h from the PBH, which is sufficient
for our analysis.

The halo first forms as a single power-law function. As
the simulation progresses, a Navarro-Frenk-White (NFW)-
like profile is accreted at greater radii, but the steep profile
in its interior remains intact (see the discussion in Sec. II E
for the justification).

10° 4 — 2=8.2e+03
—— 2=3.6e+03
— z=1.6e+03
4 — z=7.2e+02
10 — 2z=3.2e+02
— z=1.4e+02
103 — 2=063
i
5
S
10
10! 4
107+
1072 107! 10°
reom|kpc/h]

FIG. 4. The same as Fig. 3 but with the
spectrum, with spectral index n, — 1 = 2.

enhanced power

1016
+‘k +  2=8.2e+03
&, +  2=3.6e+03
+++ +  2=1.60+03
14 ’i@ + 2=7.2e+02
10 :
’E%Q +  z=3.20+02
+ +  2=14e+02
&ﬁf +  2=63
7 100 P,
5 %
o
1010 %
+H+
-H-Pr
108_ +++
+
+
106 109 10~ 102
rphy [kpe/h]

FIG. 6. The physical density profile of the halo for the boosted
power spectrum, with spectral index n; — 1 = 2. The parameters
of the fit are @ = 2.35 and C = 3.9 x 10'2.
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1+6 BKOV
10% —— Eroshenko
— Simulation
1023 Analytic
— Gmax+!
1013 \
107 10 10" 10° 107 10° "Tkpc/h]

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

We fit the interior of the density profile with a power law

r

Sony + 1= c<—> - (17)

ro

where @ and C are the two parameters of the fit and the
pivot scale r, = 10~ kpch~! is chosen approximately in
the middle of our fitting range. The fitting with the power
law is 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 a 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 center, 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 analyti-
cally, the profile generated by our simulation, as well as
those shown in Refs. [10,11]. All profiles are chosen for a
10 M, black hole apart from the simulated one which is
3 times more massive. Notice how the simulated and
analytic density profiles are similar to each other and the
result in Ref. [10], but orders of magnitude more dense than
the result in Ref. [11]. The horizontal line shows the
maximum possible density at late times, given by Eq. (13).
The simulation result is only plotted down to the radius
which we can numerically resolve, roughly r.,, where the
density profile reaches the maximum density at late times.

IV. CONSTRAINTS ON THE PBH FRACTION
OF DARK MATTER

Here we follow Ref. [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
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 two-
body 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 fppy for any given PBH mass
once we assume a complete model for the gamma-ray
luminosity of these objects,

1—‘DMMPBH ( 1 8)

I'pgum,

fPBH =

For I'p; we use (consistent with Ref. [11]) constraints from
Ref. [35]. Their Fig. 3(f) shows that the lifetime of dark
matter particles is greater than rpy = I'ply 2 10?2 s, at least
in the range of the dark matter particle masses to which the
experiment is sensitive: 10 GeV < m, < 10* GeV.

The WIMP annihilation signal is obtained as

I'pgy = <G—Z>4ﬂ/mp(r)2r2dr, (19)
my 0

where (ov) is the annihilation cross section and spherical
symmetry of the density profile has been assumed. For a
halo with a density profile

p<r) = Min(:”mawpmax(r/rcut)_a)’ (20)

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

Ar(ov)praxran (1 1
FPBH:#(§+ZG_3>7 (21)

My
where the first and second terms in brackets are contribu-
tions from the constant-density central region and the
falling profile, respectively. In the particular case of
a = 9/4, this simplifies to
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2 .3
FPBH — 4”<Gv>p2max TCut ) (22)

my
In the above expression, a third of the contribution comes
from the central region. Assuming a Heaviside density
profile with the density dropping to zero at r,, as was done
e.g., in Ref. [11], therefore underestimates the annihilation
rate by a factor of 3. For profiles that are less steep than
a =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

10 GeV 100 GeV
1077 2x107°

m 1 TeV

4

fPBHs

4x107°

This is a remarkably strong constraint which demon-
strates that current limits on gamma-ray signals from
WIMP annihilation imply that 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 fppy 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
Fwime = Qwivp/Cpm»> the fraction of dark matter in
WIMPs. It then follows that the result for r., will be

reduced by a factor of ff,é?MP and hence I'pgy f‘\%fMP;
see Egs. (14) and (22). Suppose LIGO (or any other
experiment) detected PBHs with density fpgy = 1073,
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 fypp < 1072 ~
3 x 107>, 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 I'pgy o« Mpgy, the constraint on fpgy is inde-
pendent 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 turnaround. In particular, we need the
kinetic energy to be small at the radius r., where the
maximum density is reached. Even though their thermal
energy will be larger at smaller radii, we expect that this
will just act to change the profile inside r,, and not change
the total mass of the WIMP particles inside the sphere of
radius rg,,. For PBHs with a mass comparable to those
detectable by LIGO, a WIMP mass of m, = 100 GeV, and
Feu ~ 1077 kpc/h we can see from Fig. 1 that the kinetic
energy is subdominant to the potential energy of the PBH
by about 5 orders of magnitude, and 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 Refs. [10,11] should be made.
Because the constraint on fpgy 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 fppy was made
assuming that the WIMP annihilation signal creates a
diffuse gamma-ray background. Since the constraint on
fpeh 1s so tight, this will not be true for large PBH masses
(because for fixed fppy, 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 fpgy < 1077, 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 Ref. [8], who also found the constraints on
Jfpeu to be independent of the PBH mass. However, they
assumed a r~3/? 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~/4, as we have shown both
analytically and numerically.
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Simulations of PBHs and dark matter (in a nonexpanding
background) were performed in Ref. [39], to study the
effect of the dark matter halos surrounding PBHs on the
merger rate. However, they also assumed an /2 profile
density around the PBH, and it would be interesting to
repeat those simulations with an #~/4 density profile.

Our constraints are not valid for black holes which form
through astrophysical processes since they form later 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, Ref. [40] showed that inter-
esting constraints can be derived on intermediate-mass
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
WIMPs’ 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 Mpgy ~ 1076 M.
The treatment of Refs. [10,11] includes the WIMPs kinetic
energy and they forecast that the existence of WIMPs
would imply a relevant constraint (i.e., fpgy < 1) for PBHs
with masses Mpgy ~ 10~ M, (assuming a 70 GeV WIMP
mass) and Mpgy ~ 10712 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 derive 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 approxi-
mation, since they would instead oscillate on a radial orbit
centered 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
2 dt (r i)

T o1t dr ’

1 )
P(V)——z/ dririp(ri, ;)

where r; is the initial radius of the WIMP orbits at the time
they decouple from the background expansion (and ¢, is the

corresponding time), Ty = nr?/ 2 r}/ % is the period of the

orbit, dr/dr=r;""*(1/r=1/r;)7"/? describes the time
dependence of the orbit, and the gravitational radius is rg =
2GMpgy [10,11]. The integral is over r > r; 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 an =%/
profile like Eq. (12) but which is 53% denser. Because the
integral above should be truncated at matter-radiation
equality rather than oo, the size of this correction of
including the radial motion of the particles in the halo
will in reality be smaller.

(A1)

APPENDIX B: NUMERICAL SOLUTIONS
OF THE TURNAROUND RADIUS

In this Appendix we present a numerical solution to
Eq. (1) and use that solution to justify Eq. (5). In radiation

domination é/a = —1/(4%), so Eq. (1) can be rewritten as
; GMppy 1
=- - Bl
" r? 412 (B1)

This can be written in a dimensionless form via the
transformations y = r/(2GMpgy) and 7 = t/(2GMpgy),
giving

25 lelO /
2.0 F
T 15-
o
=
Q
~N
E’ 1.0 A
Numerical solution
0.5 - Background solution
Analytical estimate of ri,
Numerical estimate of ri,
0.0 T T T T T T T
0 50000 100000 150000 200000 250000 300000
t/(2GMpgH)
FIG. 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 Eq. (5) clearly
works very well.
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. 1y

v 2yr 4% (B2)
In Eq. (B2) the overdot refers to differentiation with respect
to 7 rather than 7. Because the differential equation can be
rewritten in this form, independent of the PBH mass Mpgy,
a family of solutions found for one mass can be rescaled
onto the solutions for other masses.

At early times the cosmological background solution
should dominate. Therefore, the initial time 7, and radius y,
for the numerical solution are set so that y,/(473) >
1/(2y3). y is then determined by the cosmological solution
during radiation domination, i.e., r o t'/2. This gives
Yo = Yo/ (279).

In Fig. 8 we show a comparison of a numerical solution
of Eq. (B2) to the background cosmological solution.
We also plot two horizontal lines showing our analytical
and numerical estimates of the turnaround radius [i.e.,
Egs. (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 Eq. (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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