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We explore the possibility that the annihilation of dark matter (DM) is boosted due to enhanced
substructure in the presence of primordial black holes (PBHs) which constitute a subcomponent of DM.
The PBHs can generate entropy fluctuations at the small scales which trigger early structure formation, and
alarge fraction of the whole DM can reside in these collapsed objects that formed at high redshift (z 2 100).
Such early forming minihalos consequently possess higher densities than those in the conventional
scenarios (without PBHs) and would be more resilient to tidal disruptions. Our scenarios of the annihilation
boost due to DM substructures are of particular interest for light (<1 GeV) DM which has been less
explored compared to heavier DM in the presence of the PBHs.
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I. INTRODUCTION

The nature of dark matter (DM) still remains an open
question and there are a wide range of possibilities, such as
WIMPs (weakly interacting massive particles) and axions
[1-8]. Possible DM candidates are not limited to funda-
mental particles. Gravitational wave detections from black
hole binaries have revived interest in primordial black holes
(PBHs) as a DM candidate, even though accumulating data
from gravitational microlensing and other astrophysical
constraints has been narrowing possibilities for PBHs to
constitute all of the DM [9-11]. PBHs as a partial DM
component are however still an intriguing possibility, and
we consider here scenarios where self-annihilating DM is
the dominant component of DM while the PBHs constitute
a sub-dominant component.

Our scenarios focus on the effects of PBHs whose
random distributions introduce Poisson noise in the density,
which can amplify the small-scale matter power spectrum.
This results in early structure formation (at redshift
z > 100) where more than half of the total DM can be
in collapsed halos by z = 100. This is in stark contrast to
conventional ACDM without PBHs for which the typical
halo collapse epochs are below z =20. A characteristic
feature of those early-forming minihalos is the high density
(dependent on the formation redshift « (1 + z)*) which
would help minihalos survive tidal disruption on infall
into larger structures. The astrophysical probes on small-
scale structures in the presence of Poisson fluctuations
have been widely studied, including the Ly-a forest,
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gravitational lensing and 21 cm observations [12-18].
We discuss the DM annihilation boost (by a factor
10° ~ 10® depending on the PBH parameters) due to the
enhanced substructures and we also briefly discuss their
possible probes by x-ray/gamma-ray experiments. The
PBH Poisson fluctuation effects discussed in this paper
are based on structure formation through gravity and do not
depend on the microscopic properties of DM. We hence
first give a generic discussion of matter fluctuation evolu-
tion without specifying DM properties such as particle
masses and interactions. In discussing DM annihilations in
a later section, we specify their properties, treating the DM
mass and annihilation cross-section as free parameters.
We note however that our studies should be of particular
interest for light (<1 GeV) DM which has not yet been
fully explored in the presence of PBHs. Mixed DM
scenarios consisting of annihilating DM and PBHs have
indeed been discussed along with DM halo formation
around the PBHs, and the incompatibility of thermal
WIMPs and PBHs has also been pointed out [19-28].
The effects due to DM accretion onto the PBHs studied in
the previous literature are independent of the Poisson
effects to be discussed here. DM can accrete onto the
PBH and form a steep DM density profile around the PBH,
which results in enhanced annihilation from the dense
inner region of such a compact DM halo. The nonobser-
vation of such annihilation signals results in tight bounds
on model parameters, excluding the thermal WIMPs in the
presence of PBHs. Stringent bounds from DM accretion
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arise especially when the thermal kinetic energy of
accreting DM is negligible compared with its potential
energy, so that the kinetic energy does not impact the DM
density profile. On the other hand, the ratio of the DM
kinetic energy to the potential energy becomes bigger for a
lighter PBH mass as well as for lighter DM. To avoid these
potentially tight bounds from DM accretion, a light PBH
mass (sub-solar mass range) is also of particular interest in
our study (hence the black holes are necessarily primor-
dial). Previous studies on DM matter accretion have
however investigated only a limited DM/PBH parameter
space and mainly focused on the heavy (m, > 1 GeV)
DM mass (often with the fixed annihilation cross section
(ov) ~3 x 10726 cm?®/s). The incompatibility of the
mixed WIMP/PBH scenarios hence cannot be simply
applicable once one extends the available parameter
space, and it is of considerable interest to investigate
the expanded parameter space beyond the simple WIMP
paradigms. A small portion of the DM consisting of PBHs
could well help with DM detection in an unexpected
region of DM parameter space through enhanced annihi-
lation signals.

Our paper is structured as follows. Section II reviews
the matter fluctuations in the presence of the PBHs along
with comparison to standard ACDM cosmology. After
describing the enhanced formation of the small-scale
structures, Sec. III discusses the possibilities for these
dense minihalos to survive tidal disruptions. As an inter-
esting phenomenology for detecting any effects of these
small-scale structures, Sec. IV assumes the dominant
component of DM can self-annihilate and estimates the
DM annihilation boost factor.

II. DENSITY FLUCTUATIONS
AND MINIHALO FORMATION
IN THE PRESENCE OF PBHS

We assume the PBHs are randomly distributed. This is a
reasonable assumption considering that the typical sepa-
ration between the PBHs would be larger than the horizon
scale at the formation of PBHs, and the PBH contribution
to the power spectrum is given by Poisson fluctuations
[12-14,29-33]

Ppgp (k) —ﬁ (1)

where npgy is the comoving number density

N QpmPerif PBH )

nppH = T Mowe (2)
PBH

Srea = Qpeu/Qpm- The PBH fluctuations are only in the

PBH component and are independent of the adiabatic

fluctuations, and one can interpret the PBH perturbations

as isocurvature perturbations. The total power spectrum is

the sum of the conventional adiabatic perturbations and the
PBH perturbations

P(k.z) = D*(2)(Toq(k)Paa(k) + T3, (k) Piso (K))  (3)
where Pi, = f3pPper, D(z) is the linear growth factor

normalized by D(0) = 1 and 7 is the transfer function. T,
is [34]

Tis0<k) =

[\SRON]

(14 zeq) for k> k> keg (4)

T (k) = 0 otherwise. (5)

We conservatively truncate the transfer function for k > k,
corresponding to scales smaller than the mean separation
between PBHs [13,15]
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because, for a very small scale, we cannot apply the linear
theory with the ideal fluid approximation and other
effects besides Poisson noise (discreteness) fluctuations,
such as clustering fluctuations, could be more important
[13,35,36].

The dimensionless power spectra A%(k) = P(k)k*/2x*
extrapolated to z = 0 are shown in Fig. 1. While there are
tight bounds on the perturbation spectrum down to galaxy
scales, a nonstandard spectrum deviating from a simple
power law at smaller scales can still remain an interesting
possibility. The linear power spectrum smoothed over the
comoving scale R has variance
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FIG. 1. The linear matter power spectrum in the presence of

PBHs at z = 0. The power spectrum for the conventional case
ACDM without PBHs is also shown for comparison.
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FIG. 2. The rms fluctuations 6(M,z = 0) in the presence of
PBHs, to be compared with that for the conventional case ACDM
without PBHs.
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where W(kR) = 3[sin(kR) — (kR) cos(kR)]/(kR)?> is the
Fourier transform of the real-space spherical top-hat win-
dow that contains mass M. We can see, from Fig. 2, the
enhanced variance at small scales, and we expect that small
halos can be produced much earlier in the presence of the
PBH Poisson fluctuations. We characterize our minihalo
formation epochs, according to the spherical collapse
model, by the redshift satisfying

2 Sc

oM.7)  o(M.z=0D(z) (®)

where 6, = 1.686 is the critical overdensity for col-
lapse (we ignore its weak dependence on the red-
shift and cosmology).! The rarer fluctuations with a
larger amplitude No collapse earlier at a higher redshift
7~ Nz, if the density fluctuations have a Gaussian prob-
ability distribution. Figure 3 shows such collapse redshifts
for 1o and 20 peaks. The objects collapsed from the bigger
peaks are rarer, but they form earlier and hence are more
resilient to tidal disruptions due to the higher density. The
final abundance of minihalos at the present epoch would

"The halos for a given mass are formed over a wide range of
redshifts, and there is no unique way to define the halo formation
epochs. There are a variety of characteristic redshifts used in the
literature, such as the “half-mass” formation redshift of a halo
defined as its earliest time when at least half of its total halo mass
has been assembled into a single progenitor [37-42]. We are on
the other hand more interested in the redshift (z 2 100) when the
first generation halos formed. These can be dense enough to
survive through tidal disruptions up to the present time.
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FIG. 3. The collapse redshifts for the 1 ¢ fluctuations (solid) as

a function of a halo mass. The collapse redshifts for the 2o
fluctuations are also shown as dashed lines.

depend on these competing effects. Note that the variances
and consequently the collapse redshifts share the same flat
plateaus for low halo masses among different values of
Mppy. This is a consequence of the common peak height of
P;, among different PBH masses. While the smaller Mppy
makes the amplitude of Pjy (k) smaller for a given k, a
smaller Mpgy makes the cutoff scale k, bigger. Our
parametrization of the PBH fluctuations hence keeps the
same peak amplitude for a different value of Mppy. This is
in contrast to the effect of fpgy Whose smaller value makes
both P;, (k) amplitude and k. smaller. We also note there is
a large slope besides a plateau in Fig. 3. For the conven-
tional ACDM, the small-scale matter power spectrum has
the effective spectral index n ~n; —4 ~ =3 (ng ~ 1 is the
primordial spectral index and —4 comes from the transfer
function), so that the variance o(M) o« M~"+3)/% has a
weak dependence on mass scale. This results in the almost
simultaneous formation of small structures across a wide
range of mass scales, and it is still an open question as to
how the structure formation proceeds at high redshift.
Using hierarchical structure formation as a guiding prin-
ciple could be misleading here [43,44]. For instance, the
small collapsed halos may not be fully virialized by the
time they are captured by the bigger halos, and small
clumps may be more susceptible to tidal destruction
because the high core density profile may not be still
formed by the capture epochs. The Poisson fluctuations
on the other hand possess n~0 and there is a steep
k-dependent feature in the matter power spectrum, and
consequently the formation is not as simultaneous as in the
ACDM scenario illustrated as the steep slopes in Fig. 3.
These small clumps at the corresponding scales in the
spectrum may form well before the larger halos form, so
that they could well survive tidal disruptions.

It would also be illustrative to see the mass fraction
contained in these collapsed objects at a high redshift in our
PBH scenarios. We follow the Press-Schechter formalism
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FIG. 4. The mass fraction of isolated collapsed halos
df(M)/dlog M using the Press-Schechter formalism. The mass
fractions for the ACDM scenario without PBHs are too small to
be shown in this figure at high redshifts.

where the mass function (the comoving number density of
halos), n(m, z), is given by [45]

pdf(m,z)

n(m,z)dm = —— dm 9)
p is the background density and f represents the fraction of
mass which is locked in collapsed halos. We plot the mass
fraction f for different redshifts in Fig. 4 (using the mass
function in Ref. [46] where ¢ is calculated including the
PBH isocurvature perturbations), which illustrates a stark
contrast between our PBH scenarios and the conventional
ACDM without the PBHs.

We can see a generic trend here in hierarchical structure
formation. The first small halos form through direct
collapse of peaks in the density field, and the collapsed
fraction for a smaller smoothing mass scale decreases as
small halos are assembled to form larger halos (these
minihalos become subhalos). The peak of the mass fraction
hence shifts toward a higher halo mass at a lower redshift.
For the PBH parameters shown in Fig. 4, the peaks of
the matter power spectra show up around k~ 10* to
10° h/Mpc as shown in Fig. 1. Such peaks correspond
to mass scales of order 0.01-10 M and the mass fractions
also peak around these mass scales, as expected. The
peak positions of the mass fractions are redshift-dependent,
and are characterized by the mass scale satisfying
6./0(m, z.) ~ 1. Heavier halos bigger than such a charac-
teristic mass scale are suppressed due to the form of the
mass fraction « e=%/27", The mass fractions for z > 100 for
the standard ACDM are too small to be shown in this
figure. While the Press-Schechter formalism does not take
account of the abundance of subhalos once those small
halos merge into larger ones, it can illustrate how those
small isolated halos are formed at high redshifts. This
figure hence illustrates the lower bound to the mass fraction

in the small dense halos because, in addition to the isolated
halos, some of the subhalos can survive even after
being assembled into the larger halos. We find that about
half of all the DM resides in collapsed halos by z = 500
for fpgy = 0.1, Qpgy = 0.1 in Fig. 4. Because the early
formed halos have large densities « (1 + z.)* and are
hence resilient to tidal disruptions, these clumps can
potentially lead to significant substructure components if
they can survive up to the present epoch [47-49]. The
exact survival probability of the halos would require
high resolution numerical simulations. We would need a
dynamical range covering twenty orders of magnitude in
the mass over the timescale of ~10 Gyrs dedicated to the
initial conditions with the PBH isocurvature perturbations,
and this would be beyond the scope of even the current
state-of-the-art simulations [41,50-55]. We however can
analytically gain an insight into the resilience of the dense
minihalos against tidal disruptions, and in the next section
we give arguments to support the survival of small halos
formed at redshifts well exceeding 100.

III. SURVIVAL OF MINIHALOS

We here briefly review two main dynamical processes
from which these minihalos can potentially suffer. The first
process we mention is the dynamical friction which causes
the minihalos to fall into the host halo’s dense central
regions where the strong gravitational field may tidally strip
the outer parts of minihalos. Let us consider the subhalo of
mass M orbiting within the host halo of mass M,,,;. We can
estimate the orbital decay timescale due to dynamical
friction as

M OS! —_
I~ torbit% (InA)~! (10)

where the orbital timescale #,p; ~ Ryir/Vyie ~ 0.1ty (ty is
the Hubble time and we used My =200pR3, 47/3,
V2 ~GMyoq/Ryic [pei is the critical density], and the
Coulomb logarithm In A ~ In(My./M) [56,57]. For the
minihalos of interest here (which can even go down to
scales as small as the order of O(107%)M), the tidal
stripping due to the infall into the host halo’s central region
caused by the dynamical friction would be negligible
thanks to the large mass hierarchy between the minihalo
and host halo masses. For such small minihalos, tidal
disruptions due to stellar encounters can be more important
[47,49,58—62].2 Stellar encounters (such as with stars)

The minihalos may be disrupted even without dynamical
friction if they happen to be in radial trajectories toward the host
halo center and they may be also disrupted due to encounters
among the minihalos, for which we refer readers to [60,61,63].
However these processes turn out to give smaller effects than
minihalo encounters with stellar objects to be reviewed in this
section.
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transfer the energy into a minihalo, and the minihalo’s
velocity dispersion increases and its binding energy
decreases. We refer the readers to other literature for
extensive studies, and here we give a simple estimate
based on the impulse approximation [an interaction is
treated as instantaneous because a typical timescale for
the minihalo-star interaction is much smaller than the
dynamical timescale of minihalos (orbital time of particles
in a minihalo)]. When the minihalo of mass M with size R
encounters a stellar object with mass M, and relative
velocity v at impact parameter b, the change in the velocity
of a particle within a minihalo at a position r (relative to the
minihalo center) is of order

2GM.,r

A
v vb?

(11)

The total energy input due to the velocity change is given
by integrating over the minihalo density p(r) in the impulse
approximation [56]

1
—3 [ 1motrar

Rd3rrtp(r
NM(GUZ*)2<r2>, (2 = 0 Lrplr) o LAGRTS

AE

One can introduce the characteristic impact parameter b,
inside which a single encounter can entirely disrupt the
minihalo by requiring that the energy input is larger than
the binding energy E, ~ GM?/R

GM* Rvir

2
b; %
UV yir

(13)

where we used R ~ Ry, V2. ~GM/R; and (r*) ~ R%,
[48,64,65]. We can then estimate the timescale for mini-
halos orbiting in a host halo to be disrupted by stellar

encounters as

| 1+ 2.\3/2 (105 M /kpc?
£~ ~70 G ¢ 14
b2, v yr( 100 ) ( M, (14)

where 7, is the mean number density of stars in a host halo.
z. represents the epoch when the halo collapses and the
decoupling from the Hubble flow occurs, and the redshift
dependence comes from the minihalo density at its for-
mation p(z.) o (1 +z.)*. We hence can infer that the
minihalos in a galactic host halo would suffer from
significant disruptions if they formed after z ~ 100, even
though the inner central regions could well remain intact
[48]. On the other hand, our PBH scenario leads to early
structure formation z > 100 and those early-formed mini-
halos can avoid disruptions (this is even so if the minihalos
are formed from rarer N(> 1) — o fluctuations typical in the
high density regions [66,67]). We note that tidal stripping

mainly removes the outer parts of the subhalos, and the
dense core regions, from where the annihilation signals
mostly originate, can survive. Even if the subhalos evolve
while losing their mass after accreting onto the host halos, it
is still a matter of debate if they completely lose their
identities or not [47,48,59,65,68-72]. The tightly bound
inner cores of minihalos in our scenario can survive to the
present time even though the DM distribution could differ
throughout the course of structure formation from that at
the formation epoch. While the detailed numerical simu-
lations for the survival probability is beyond the scope of
even the state-of-the-art simulations, the above simple
order-of-magnitude discussions should suffice to motivate
looking into the phenomenology due to surviving sub-
structures, as discussed in the next section.

IV. DARK MATTER ANNIHILATION

Our discussions so far outlined the generic features of
structure formation in the presence of PBHs, which did
not necessarily require us to specify the properties of the
dominant DM component. In this section, we turn our
attention to a more model-dependent feature of PBH
scenarios, and, as an interesting application of the enhanced
substructures, we give an analytical estimation of the DM
annihilation boost factor. We here assume that the dominant
component of DM can self-annihilate while the other
subcomponent is comprised of PBHs. A boost factor gives
a ratio of the total annihilation from all the subhalos for a
given host halo to that from a smooth host halo without
assuming any subhalos (without any PBHs either for an
easier comparison with the standard ACDM cosmology
studied in the existing literature) [52,73,74]. The DM
annihilation rate is proportional to the DM density squared,
the so-called the J factor J = [ p*(x)d*x. For the J factor
from a single subhalo, we simply use the NFW-like profile
with scale radius ry, scale density p,, and tidal truncation
radius r, above which the subhalo density vanishes

1= [ @xpter =5 on (1 —ﬁ) (15)

where ¢, = r,/r,; and the integration was performed over
r = 1[0, r,] for the NFW profile

- Ps
) = Gy s e (16)

We took for concreteness r;, = 0.77r, [75] (the dependence
of the boost factor on r, is weak for r, = r,). We use the
normalization so that the mass of the DM which can
annihilate enclosed within 7y is 750082, /€2, (7 is the
radius inside which the total enclosed mass is n1,q, with the
average matter density 200p.;)
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with concentration parameter ¢ = ryyy/r,. We also need
to know the subhalo abundance for a given host halo.
A simple extrapolation of the subhalo mass function, as
conventionally done for the standard featureless power
spectrum, may not be justifiable for the peculiar power
spectrum discussed in this paper. It is in fact still a matter
of debate how large a fraction of the total host halo mass
can be provided by the subhalos [47,50,59,76-81]. Here,
we take a simple approach following [62,82,83] that the
minihalos produced at a high enough redshift z.(=©O(100))
can survive till the present epoch and the minihalos follow
the underlying DM distribution as the larger halos form.
The subhalo mass fraction in a host halo at the present
epoch originating from these early forming minihalos can
be estimated from the mass fraction using the Press-
Schechter formalism at z = z.. The corresponding boost
factor can hence be estimated as

_ i) Expi(x)

B =
f d3xp12nat(x )

(18)

where p,,, is the underlying matter density of a host halo
(assuming no substructures) and the contribution by summing
subhalo J factors in a host halo is obtained as [78,82—-89]

R R)d
> / dxpi(x) = / dm / g ar2qryPmR) 4F
i Minin 0 m dm =2,

(19)

The capital (small) letters refer to the host halo (subhalo).
For instance m is the subhalo mass, R is the distance from
the host halo center and R, is the host halo radius. The
spatial distribution of the subhalos inside a host halo is also
a topic under an active investigation subject to resolution
issues and possibly to baryonic effects [75,90-94]. Even if
the subhalo spatial distributions initially follow the under-
lying host halo matter density, their distributions can be
dynamically changed by the tidal forces. The subhalos of
our interest in the PBH scenarios are highly bound objects
and their spatial distributions could be different from those
in the conventional ACDM scenario where most of the
survived subhalos reside in the outer part of the host halos.
We, as customarily done for easier comparison with other
literature, simply assume a homogeneous distribution of
subhalos, and we leave the spatial dependence of the
subhalos such as the concentration parameters as a function
of the positions in our PBH scenarios for future work.’

3Incorporating some modelings of the subhalo distribution
inside a host halo can affect the boost factor estimates by less than
10% [52].

The simple estimation given by Eq. (19) is z.-dependent.
While one should consider all redshifts in order to estimate
the boost factor, we follow the approach of [82,83] and
consider the single redshift z. which gives the maximum
contribution to the boost factor (this approach turns out
to give an order-of-magnitude match to a more detailed
analysis including the effects of merging among the mini-
halos [95]). Noting J o m(1 +z)3, such an optimal z,
corresponds to the redshift at which (1 + z)* [ dmdf/dm
becomes maximum. Note that this approximation does not
take account of the annihilation boost contributions from
the minihalos formed after z. or the subhalos inside the
minihalos at z.. The actual boost factor hence can be bigger
than our simple estimates here if the minihalos present at
Z = z, survive up to the present epoch. We only discuss the
PBH parameters which lead to the optimal z, > 100 in our
discussions, because we focus on highly bound minihalos
produced at sufficiently high redshifts so that they
are resilient to tidal disruptions. For instance, the optimal
Z. ~ 300 for Mpgy = 0.1 My, fpgy = 0.01. We also note
that, in performing the subhalo mass integration, we
introduced the conventional reference value of the minimal
halo mass m,,;, = 107 M, for concreteness [96-103].
We assume the NFW profile for a host halo, and our
estimated boost factor as a function of a host halo mass is
shown in Fig. 5.* For the minihalo concentration param-
eters at z = z,, we conservatively use the concentration
parameter ¢ = 2 for all the minihalos because it is the
minimum concentration parameter value in the simulations
performed for a wide range of the masses [41,50-55].
For the concentration parameters of the host halos, we use
the ¢ — M scaling relation in Ref. [41] tested for the
standard ACDM cosmology. The boost factor for fpgy =
0.1, Mpgy = 0.1 M, is of order 107. We also show the
boost factor for fpgy = 0.005 and Mpgy = 0.1 M. For
Mpgy = 0.1 Mg, fpgy < 0.005 leads to the optimal red-
shift z. < 100. We do not consider such scenarios because
the subhalos may significantly suffer from tidal disruptions
due to late formation. We also showed the boost factor
when MPBH = 10_6 MO for fPBH = 0.1. For fPBH = 01,
Mpgy <1077 My corresponds to the cutoff scale of
k, = 4 x 10° [n/Mpc] whose corresponding mass scale
is <107% M. Hence structure formation may suffer from
suppression due to DM free-streaming/acoustic damping if
the kinetic decoupling happens to occur at these corre-
sponding scales [96,99]. We can hence infer that the boost
factor could change significantly for Mpgy = 107 M, if
we change the cutoff subhalo mass value m,;, = 107 M.
Indeed, using myyi, = 107> Mg (my,;, = 107* M) instead
of my,;, = 107 M, o decreases the boost factor by an order

*We follow the convention that the subhalo mass fraction is not
subtracted from a host halo (subtraction increases our boost factor
estimation) [52].
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FIG. 5. The annihilation enhancement factor, 1+ B, as a

function of a host halo mass.

(two orders) of magnitude. On the other hand, for the other
PBH parameters shown in Fig. 5, choosing m;, =
1078 My to 10™* M, instead of my, = 107 My does
not change the boost factor by an order of magnitude,
which is reasonable because the peaks of the mass fractions
show up at mass scales larger than the m,,;, values. The DM
kinetic decoupling can be heavily model-dependent, and
we leave a more concrete DM model analysis for future
work [96-103]. Figure 5 shows that the dependence of the
boost factor on Mpgy is small, compared with that on fpgy.
This stems from the same reasons mentioned in the
previous sections. It is because, while the smaller Mppy
makes the amplitude of P, (k) smaller for a given k, a
smaller Mppy makes the cutoff scale k, bigger.

We also note substructures also arise in conventional
ACDM without PBHs, and these substructures can enhance
DM annihilation rates. Their formation epochs are however
much later than those discussed in our PBH scenarios and
they are less dense and so susceptible to tidal disruptions.
The boost factors for ACDM have been studied numeri-
cally and we plot the fitting formula given by Ref. [41]
(which was tested for the halo mass range 10° My <
Myog < 10'® My assuming the minimal subhalo mass
Mpin = 107 M) for comparison. We can indeed see
the significant enhancement of boost factors in the PBH
scenarios compared with the standard ACDM cosmology.
Even though more rigorous estimates of the boost factors
due to substructures still require detailed numerical sim-
ulations, our studies illustrate the potential significance of
the PBHs in the search for DM annihilation signals.

In addition to the “Poisson effect” discussed so far where
the PBH Poisson fluctuations can collectively trigger the
early formation of small-scale structures, there is a “seed
effect” where each PBH can individually impact cosmo-
logical structures [17,33]. For instance, when the PBHs are
rare enough such that the interactions between the PBHs
can be neglected in the process of DM accretion onto the

PBH, the PBH can be a seed for an ultracompact minihalo
with a steep DM profile. Such a dense DM halo around the
PBH can also result in DM annihilation enhancement. For
instance, if we fix the DM parameters to the canonical
WIMP values of (ov) =3x 10726 cm?/s,m, =100 GeV,
the lack of any observation of such enhanced annihilation
signals from the Fermi Large Area Telescope (LAT)
extragalactic gamma-ray observations requires fppy < 2 X
10~ (for Mpgy = 1075 M) [22,104]. For such conven-
tional weak-scale WIMP DM parameter values of (ov) and
m,,, the Poisson fluctuation effects would be small because
the isocurvature perturbation amplitude is proportional to
fpeu- Such a small fpgy however is deduced based on the
assumption that the thermal kinetic energy of DM particles
is small and does not influence the DM density profile
around the PBH [22]. We instead treat the DM parameters
as free parameters in this paper for more generic discus-
sions, and we argue in the following that our substructure
annihilation boosts accordingly would be of great interest
for light (sub-GeV) DM for which the previous bounds on
the mixed DM scenarios cannot be simply applied. We in
the following briefly review the discussion of Ref. [22],
and refer the readers to existing literature for the derivation
of equations and more detailed analysis on the steep DM
density profile as well as the consequently enhanced
annihilation around the PBHs [19-24,26-28]. Following
Refs. [21,22] for the spherically symmetric collapse model
for the DM halo around the PBH, Fig. 6 shows the ratio of
the thermal kinetic energy (KE) and the gravitational
potential energy (PE) of a DM particle at a turnaround
radius when the DM particle starts moving toward the PBH
(Fig. 2 of Ref. [22] corresponds to m, = 100 GeV and
{ov) =3 x 1072% cm?/s). The kinetic energy estimates
heavily depend on the particle physics model details
determining the DM kinetic decoupling epochs, but this
simple figure illustrates the generic features of DM in the
presence of the PBHs. The DM potential energy due to the
PBH gravitational potential in this figure was estimated as
E, = GMpgym,/r,, where, for the turnaround radius r,,,
Feore Was used [22]

M 1/3 —4/9
Foe & 1.2 X 1076 <MP]7;1> <G”:;] )
©

. 4/9
X <3><1(<)‘2U(’>/cm3/s> [kpc/h] (20)

inside which the DM density is constant (this value is
the maximum possible DM density today pp. = m,/
(00)t04ay) and beyond which the density possesses a steep
profile. To estimate the kinetic energy (or the DM temper-
ature at turnaround) E; ~ T, one needs to estimate the DM
kinetic decoupling temperature. The precise estimation of
the kinetic decoupling temperature requires the (possibly
momentum dependent) elastic scattering cross sections
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FIG. 6. The ratio of the DM thermal kinetic energy over the
potential energy at r.. as a function of the PBH mass.

with the particles in the plasma, and can be heavily model-
dependent.” To get an order-of-magnitude estimate for
this ratio KE/PE and also for an easier comparison with
the previous literature, we use a simple dependence of
the kinetic decoupling temperature on the DM mass as

Txp/m, m)l/ 4 [103]. In general, the lighter DM kineti-
cally decouples at a lower temperature and it suffers less
from the rapid temperature decrease T, a™? after the
decoupling (T, « a~! before the decoupling). The ratio
KE/PE accordingly increases for a smaller DM mass as
shown in Fig. 6, because the gravitational potential energy
decreases and the kinetic energy increases as the DM mass
decreases. Figure 6 illustrates that, for m, = 100 GeV, the
thermal kinetic energy is not important at a radius exceed-
ing the core radius for Mpgy = 107° M. Reference [22]
performed the numerical simulations to obtain the bounds
fpea < 107 but limited the validity of their simulation
results to the parameter ranges where the kinetic energy can
be ignored during the DM accretion. Hence such quanti-
tative results cannot be simply applied once one extends the
available parameter space, for instance, to light (<1 GeV)
DM and sub-solar mass PBHs for which Fig. 6 shows the
kinetic energy can be significant. Even though the numeri-
cal simulations for the DM density profile around the PBH
are still yet to be performed when the DM kinetic energy
cannot be ignored, the analytical studies for such cases with
non-negligible DM kinetic energy indicate that the accre-
tion bounds on the PBH fraction become weaker when
Mppy is smaller [23-25]. The discussions for the DM
profile around the light (sub-solar mass) PBH for the light
DM (m, = 1 keV ~ 1 GeV) are beyond the scope of our
paper and such detailed studies including numerical sim-
ulations on DM accretion along with consequent con-
straints on the PBH/DM parameters are left for future work.

For instance, see Ref. [100,103] for the detailed estimates of
kinetic decoupling temperature.

Light DM is a relatively new avenue and indeed less
explored compared with heavier DM (> 1 GeV). We briefly
discuss these implications, before concluding our discus-
sion with observational prospects based on our boost factor
estimates for our PBH isocurvature scenarios.

Even though WIMPs from thermal freeze-out are
indeed well motivated from theory, facing the lack of
any observational data hints of canonical properties of
the thermal WIMP DM, growing attention has been paid to
beyond-WIMP possibilities such as light (sub-GeV) DM
[105-115]. Light DM search experiments include x-ray and
gamma-ray telescopes sensitive to sub-GeV DM annihila-
tions/decays such as EGRET, COMPTEL, INTEGRAL,
HEAO-1 as well as the planned e-ASTROGRAM,
AMEGO and eROSITA [116-122]. Consequently there
have been studies on indirect searches for sub-GeV DM
annihilation/decay for a wide range of DM scenarios
[109,110,123-125]. For instance, for decaying DM whose
mass is of order a few keV to a few GeV, the lower bounds
on the DM lifetime 7 are in the range of 10** ~ 10?® sec
depending on whether the produced photons are from
direct decays or final state radiation [109]. We can simply
translate these bounds to gain insight on the potential
significance of the PBHs as follows. Because the subhalos
follow the underlying DM density distributions (rather
than the DM density squared), our unresolved diffuse
gamma ray backgrounds observationally resemble those
of decaying DM rather than the conventional annihilation
signals [21,83,95,126]. We can hence, for a simple order-
of-magnitude estimate, equate the total annihilation rate to
the total decay rate for a given region of interest

(ov) / RGET™
o PBxp? o~ = Ema 21
2m§zj: S (1)

where the sum of the subhalo J factors is given by Eq. (19).
For instance, for m, =1 MeV, the bound 7 % 10%° sec
can be translated into the annihilation bound of order
<UU> S 10_32 Cm3/S for fPBH = O‘OI?MPBH =0.1 M@.
This changes to (ov) <1073 em®/s for fpgy = 0.01,
Mpgy = 107 M according to the changes in the boost
factors shown in Fig. 5. These bounds can be tighter than
the current CMB bounds ((6v) <107° cm?/s for MeV
mass DM with s-wave annihilations) which limits the
annihilation cross section to be below the canonical thermal
WIMP value [109,127]. A more precise estimate should
take account of the experimental specifications and the
particle physics model details such as the exact decay
channels, but our estimate allows an insight into the
potential significance of the fractional PBH DM for
structure formation and the motivations for investigating
further details such as more detailed subhalo survival
probabilities in the mixed DM scenarios.

We have studied the effects of PBH Poisson fluctua-
tions to enhance the small scale structures, and the DM
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distributions at the present epoch can be consequently
clumpier than the conventional ACDM scenario. As an
interesting phenomenology for applying such effects, we
discussed DM annihilation boosts due to enhanced substruc-
tures. Such early-formed minihalos should be also of great
interest for other observations such as 21 cm signals
[128-133]. Dedicated numerical studies are warranted to
study minihalo evolution in mixed DM scenarios. Lacking
evidence of DM in the conventional WIMP parameter range,
DM studies have accordingly been diversified. Interesting
possible DM candidates include light (sub-GeV) DM as
well as PBHs which gained growing interest in connection
with the advancement of gravitational wave astronomy.

The coexistence of annihilating DM and PBHs is an intriguing
possibility which could well unveil unexpected DM properties
through detection in indirect DM search experiments. We
treated the dark matter particle mass and interaction rates as
free parameters without specifying their origins, and a more
model-dependent analysis with the motivated particle physics
models would be also worth pursuing.
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