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1 Introduction

Many scenarios of early universe cosmology lead to the formation of primordial black holes
(PBH) [1-4]. Provided that the PBH have mass M, > 10'! kg, they will survive to the
present day, while PBH below this mass bound evaporate in the early universe due to the
emission of Hawking radiation [5]. Assuming a monochromatic mass spectrum, PBH of mass
10716M, < M, < 10719M, can exist as astrophysical objects and account for all of the
dark matter without being constrained by experiments [6, 7]. Furthermore, in the range
10719M < M, < 107" My, and a small window between M, ~ 1 — 10M, PBH can account
for up to 1-10% of the inferred dark matter relic density Qpy ~ 0.26 before running into
experimental limits. Thus, from an observational perspective, it is quite plausible that the
universe could host both particle dark matter along (pDM) with a non-negligible abundance
of PBH. Notably, in this “mixed PBH-pDM” scenario one anticipates that the particle dark
matter will form dense halos around the PBH. As a result, these PBH halos can lead to
enhanced dark matter self annihilations, leading to detectable signals.

The prospect of PBH and dark matter coexisting in our universe has previously be
explored in a number of papers (e.g. [8-22]) in the context of WIMP dark matter with
an s-wave thermal annihilation cross section (ov) ~ 3 x 10726cm3/s. These earlier papers
found a striking result, namely that for the s-wave WIMP case ~-ray bounds imply that
the abundance of either particle dark matter or PBH must be vanishingly small in order
to avoid exclusion limits. In this work, we extend these previous studies by using a more
careful analysis of the PBH halo profile and, more importantly, ascertaining the limits on
velocity dependent p and d wave thermal dark matter.

To put the present work into context, let us first discuss the existing literature. The
first papers on dark matter accretion by PBH [8-11] used the simplest assumption of radial
infall of dark matter particles, leading to a spike-like dark matter density profile around the
PBH with p(r) ~ =94, according to the famous result by Bertschinger [23]. Eroshenko [12]
subsequently presented a more detailed study of dark matter halo formation around a PBH
taking into account the orbital motion of the particles, although the results were restricted
to inert dark matter with a mass around 70 GeV. The most sophisticated study of the dark
matter halos around PBH is from a recent paper of Boudaud et al. [13] who provide both a
numerical study and an analytical approximation for the density profiles. This work explains
how earlier calculations are incomplete, presenting the state-of-the-art understanding of dark
matter density profiles, and thus it is this framework that we utilise as our starting point.

As mentioned, if dark matter can annihilate to Standard Model states, as is assumed
in the classic WIMP picture, then one would expect observable signals from annihilations
within the dark matter halo of the PBH. Lacki & Beacom [14] were the first to explore
these implications, declaring “Primordial Black Holes as Dark Matter: Almost All or Almost
Nothing” since their findings placed extremely strong limits on this mixed PBH-dark matter
scenario for WIMP dark matter with certain assumptions. These limits have been re-examined
for simple WIMP dark matter in subsequent papers, for instance Adamek et al. [15], who
repurposed the bounds on decaying dark matter, and analyses using constraints on the
extragalactic background photon fluxes [16, 17], among others [24-26].



Notably, the bulk of the existing literature focuses entirely on bounds on WIMP dark
matter with an s-wave annihilation route. In this paper we seek to extend this analysis
beyond s-wave dark matter to models with velocity dependent dark matter annihilation
cross sections. We present bounds on PBH dark matter halos in the context of the careful
halo density profile calculations laid out in [13]. We note that two recent papers [17, 18]
considered p-wave dark matter, however here we present more sophisticated and detailed
treatments of this class of models, including the mixed s-wave/p-wave case. We highlight
that in all realistic models of p-wave dark matter, one expects a non-zero s-wave contribution
(which in many cases is suppressed only by a few orders of magnitude). We show in section 5
that including the s-wave contribution is critical to reliably calculating the p-wave limits.
Indeed, it might be argued that this invalidates the strong statements made regarding the
large amelioration of limits on p-wave dark matter derived in the earlier works [17, 18].

This work is structured as follows: in section 2 we outline how the dark matter density
profile around the PBH is calculated, we follow, in particular, the recent improved treatment
of Boudaud et al. [13]. Subsequently, in section 3 we continue to examine the important
impacts of dark matter interactions on the halo profile which goes beyond the analysis
of [13]. We compare the resulting profiles to other treatments in the literature finding general
consistency. In section 4 we derive the limits on dark matter annihilation in the PBH halo
for thermal dark matter with annihilation cross section which are either s, p, or d wave,
i.e. velocity independent or suppressed by factors of v? or v*. We interpret these bounds
on dark matter annihilation in terms of a limit on fppy, the fraction abundance of PBH
contributions to Qpp. In section 5 we re-examine the p-wave scenario with the more realistic
assumption that the s-wave component is non-zero, but suppressed, and show that this can
have a significant impact on the results. We present some concluding remarks in section 6.
The appendices include discussions on the potential impact of dark matter self interactions,
an example model of d-wave annihilating dark matter, and a comparison to earlier studies.

2 Dark matter around primordial black holes

In this section we discuss the formation of dark matter halos around PBH, outlining first
the initial distribution of matter around the PBH and then discussing the late time dark
matter density profiles p(r) neglecting dark matter interactions. Subsequently, in section 3
we discuss the impact of dark matter annihilation to the PBH halo profile.

2.1 PBH formation

A primordial black hole is formed as a density perturbation enters the horizon, and thus the
mass of the black hole will be close to the mass of the matter inside that region, M orizon,
i.e. Mhorizon ~ Mae [27]. Assuming the Newtonian limit to the FLRW universe, the kinematics
of a shell of particles at a distance r from the PBH is given by (see e.g. [15])

GM, a

5+ =T (2.1)
r a

’i';:

The two terms on the r.h.s. correspond to the gravitational field of the PBH, and the
decelerating background expansion, respectively. The time at which these two terms become



comparable in magnitude marks a special point, commonly called the “turn-around” time
tta, at which point in time the mass shell decouples from the Hubble flow and re-collapses
towards the black hole. Accordingly, one can evaluate the radius of the shell in eq. (2.1) at
this time, defining the turn-around radius 7y, = 7(t4a), given by

9\ 1/3
Tt = 8GMotia , (2.2)
14 3w

where w is the FLRW equation of state (with w = 1/3 for a radiation dominated universe).*

Taking this relationship, along with the fact that at matter-radiation equality the total dark
matter mass is equal to the energy in radiation, it follows that r¢, can be understood as the
radius of influence of the black hole. The radius of influence evaluated at matter-radiation
equality (with ¢ = teq) can be defined as the size of the halo at this time:

Teq

— Tta(teq) o (ntaCQ)l/S —2/3t2/3 (2 3)
T g 4G? B '
where 75, = 2GM,/c?, is the Schwarzschild radius.

The formation time for a primordial black hole, tm, is related to the PBH mass via
tiorm ~ GM,. Moreover, during radiation domination time scales with temperature as follows
t = (45/ 16G7T3geff)1/ 272, where geg is the number of relativistic degrees of freedom at
temperature 1. Thus, if a primordial black hole is formed in a radiation dominated universe
at temperature T, then the mass of the black hole is My ~ \/5/(4873G3ge) T2, and it
follows that heavier PBH form at later times.

2.2 Kinetic decoupling of dark matter

Prior to kinetic decoupling (at ¢t = tixq) the dark matter particles cannot be significantly
captured by the PBHs as they are in equilibrium with the background plasma. If the dark
matter is kinetically decoupled prior to ¢ = ti,, then the ball of dark matter around the
PBH becomes gravitationally bound at this point. Thus, for PBHs formed before kinetic
decoupling, a dark matter halo of constant density equal to the background dark matter
density at kinetic decoupling will form around the black hole: p(txq) = peQppm(my /xkaT0),
where p. and T are the critical density and temperature today, ziq is the inverse scaled
temperature (z = m/T) at T'(tq), and Qppw is abundance of particle dark matter today.
Throughout we will use x to indicates dark matter particle with mass m,.

We can parameterise the kinetic decoupling of dark matter particles such that this occurs
when the temperature of the thermal bath is Tiq = axqm,, where ayq is a constant which
parameterises the point of decoupling. In this case one can define a characteristic PBH mass

5 V2
M, = ; —, (2.4)
487T3G3geff (de)akd mi

such that black holes with masses M, > M, form after the dark matter particles are already
decoupled from the thermal bath. Conversely, PBH with masses M, < M, form before the

! Analysis in [15] suggests that ry, = (ZmaGM.tfa)l/3 provide a slightly better fit to numerical results
(where 1. = 1.074), note that the prefactor of this form differs slightly to that of eq. (2.2).



dark matter is kinetically decoupled and, therefore, accretion of radiation affects the initial
dark matter halo until the point of dark matter decoupling [12].

For PBH which form much later than ¢4 the background dark matter density evolves
as ppm o< T3, where T is the temperature of the background. We can define a length scale
inside which the dark matter particles become kinetically decoupled by calculating 7, (tkq)
(the turnaround radius evaluated at kinetic decoupling)

rata) _ ((mac”)"” /5,2
~ — ta\lkd _ ta —2/3M—2 3,2/3 2.5
Tkd = rseh < 4 ) G ° tkd . ( )

The density profile of the dark matter halos around the heavier black holes which form after
the kinetic decoupling should evolve as p(r) oc t~3/2; then using eq. (2.2), one finds that the
dark matter density prior to collapse scales as: p(r) oc r—9/% [23].

Putting this together it follows that the dark matter density before collapsing into the
halo, after kinetic decoupling, can be expressed as [13]

kd
Pi 7 < Tkd

pkd (ri/ria) >/ Tkd < 75 < Teq

we use the subscript ‘4’ here to indicate that these are ‘initial’ quantities, prior to gravitational
collapse. Moreover, following kinetic decoupling, the dark matter halo density evolves, and
grows beyond riq, via secondary accretion leading to the formation of a density spike. As
we will derive below, the late time density profile (neglecting dark matter interactions) can
involve multiple regions, which scale according to different power-laws involving the radial
distance r from the centre of mass.

2.3 PBH halo profiles neglecting dark matter interactions

To obtain the detailed late time density profile of the PBH dark matter halo one also needs
to consider the dark matter particle velocity distribution. Notably, the dark matter particles
on the lower velocity tail of the velocity distribution are going to stay captured, while the
higher velocity ones escape the PBH. Before dark matter kinetic decoupling occurs, the
dark matter particles are in thermal contact with the background plasma, and thus follow a
Maxwell-Boltzmann distribution. Following kinetic decoupling this thermal contact breaks
and the dark matter momenta redshift as 1/a.

The one-dimensional velocity dispersion can be written o = z71/2 and one can express
the pre-collapse velocity distribution in a piecewise form (similar to the pre-collapse density),
in terms of the velocity dispersion at kinetic decoupling oiq = x;dl / 2, as follows [13]

{ okd 7 < Tkd

) (2.7)
o5 (1 /riea) T2 rrea <1 < Teq

o; (T‘l) =
It is important to incorporate the orbital motion of the dark matter particles as studied
by [12, 13], and, also, numerically by [15]. The late time dark matter density profile around
the PBH p(r) is obtained by taking the initial distribution given in terms of the pre-collapse



radial distance r; and velocity v;, and integrating it taking into account the orbital motion
of the dark matter particles. These derivations make the simplifying assumption that the
dark matter particles are on circular orbits.

Expressing the radial distance in units of Schwarzschild radius 7 = r/rgen, and defining
the pre-collapse dark matter velocity relative to the speed of light ; = v;/c, the density
profile can be computed by evaluating the following expression [13]

) = ; /O ~dBp /0 " drdspi(7) £ (B, ) (: 53)3/2 /;Tm@(ymo) \/y;%iym’ (2.8)

where f((;,7;) is the fraction of dark matter particles with velocities between (; and B; + d;
given by

2 2
AmB7ABif (Biy i) = (46)3/26 p ( i > ds; (2.9)

and defining

~2
Vi 1+~2

ﬁlg (1 —~ i) - 1] . (2.10)

Note that the integral with respect to radius accounts for the pre-collapse density profile
pi(ri), while the integral over y incorporates the integration over the angular variable of
the dark matter orbits.

While one can obtain the dark matter density profile by numerically solving eq. (2.8),
here we shall employ the approximate analytic solutions as derived in [13]. A simpler form
for eq. (2.8) can be found by replacing the variables §;,7; by normalized variables

R =7/7,
w = B, (2.11)
U; = O‘?’FZ‘ .

The quantity u can be understood as a ratio between the kinetic energy and the potential
energy of a particle. As a result if © > 1 a particle is unlikely to remain bound to the PBH,
and conversely. In terms of these variable the density profile takes a form of:

)= [ wmau i >e"p(*372/2“”<1—u>3/2f<ym>, (212)

where F(Y,,) is the contribution from the angular integration over y.

As the universe evolves, both the dark matter density p; and the velocity dispersion o;
decreases as functions of the cosmological scale factor a. Following kinetic decoupling of
the dark matter particles, the dark matter energy density scales as p, ~ a3, whereas, the
particle dark matter momentum scales as p, ~ a~!, thus it follows that p;/ o? X Pikd/ O‘?,kd
which can be used to simplify eq. (2.12). Moreover, since the dispersion relationship goes
like exp(—3%/0?) ~ exp(—u/u), we may approximate the exponential in eq. (2.12) with a
Heaviside theta function ©(u; — u), for further simplification. Note that the step function



must be dressed with a numerical matching factor in order to agree with the results obtained
from the Gaussian distribution. Although in the majority of the studies this factor is assumed
to be O(1), use of an exact matching factor is needed for more precise calculation, see e.g. [13].
Making use of these simplifications, eq. (2.12) reduces to the following form

p(7) ~ \/zfggf-?’/? / / ARAU{R(L — u)}¥26 (@ — u) F(Vn)- (2.13)

When evaluating the integration in eq. (2.13), it is helpful to define the width u = o7,
and note that at kinetic decoupling

1/3
_ - 45’!% 62 1
= o} = a 2.14
Ukd = OkdTkd < 6473 gort (Tha) G° mi Tia M2 ) ( )

where we have used oxq = /Tkdq/my. Similarly, we can calculate the width at the matter-
radiation equilibrium:

1/3 —2/3
o2 \/T TtaC” (9o (Tea))'/ 175 Me / (2.15)
ed = Teq’ed 1673 \ 4G7/2 (ett (Tka))?/3 0 myTha

where 0c¢q = 0(req) is calculated using eq. (2.7) by evaluating with r = req.

As the PBH mass varies, there are three different regimes in which the analytical form
of the halo profile around the PBH has distinctly different forms, defined by

® aeqyﬂkd > ]—7
d aeq <1< Ukd,
® Ueq, Ukg < 1.

Transitions between these regimes occur at mass scales M;, and, M5 given by

PR O T N T
16 \ 7Pgen(Teq) M3 Tt G/

45 Tta
ngeﬁ” (Teq) mideGS

(2.16)

My =

0| =

Thus one can more intuitively understand these three cases as mass regimes. Namely, one has
a light PBH regime for M, < Mj, a heavy regime for M, > M>, and an intermediate class for
M < M, < M,. Switch overs in the analytic behaviour of the dark matter halo (governed
by M; and Mj) depend also on the properties of the dark matter, as might be anticipated,
specifically, the dark matter mass m,, and the point of kinetic decoupling xyq. Below we
summarise the analytic PBH halo profiles derived in [13] in each of the three mass regimes.



2.4 Lighter black holes
In the light PBH case with (evaluating the form of eq. (2.16))

3
1 3/2
M, < My ~ 3 x 107001, (‘J()Gev> (xkj) , (2.17)
My 10

the dark matter density profile surrounding the PBH is found to have two scaling regimes,

—3/4 and then transitions to a steeper

the profile in the innermost region scales as p3/4 ocr
profile with p3/5 o r~=3/2, Evaluating eq. (2.8) in the light PBH limit the corresponding dark

matter density profile p(r) is found to be well described by the following piecewise function

p3/4(T) T <Ta
Plight (7) = p3/2(7) Fa <T <Fr (2.18)
0 T > T

where 74 corresponds to the characteristic radius of the transition between profiles, and
rp is the terminal extent of the halo. Neglecting stripping of the outer profile by other
astrophysical bodies the profile naturally terminates at rr = 7oq. However, astrophysical
stripping of the outer profile will generically cause the profile to terminate at much small
radii, i.e. rr < req, we will return to discuss r7 in section 3.3.

We next give the forms of the component-wise dark matter density profiles. In the
innermost region the dark matter density has the following radial profile [13]

F) = g/2r 7/4)T, P2 aa (2.19)
P3/4(7")— 73 (7/4) 3/4 3/27“ ) .
Oxd

where I'(z) is the Gamma function, and Z3/4 is an O(1) numerical factor coming from
evaluating the integral

2t FOm)
L34 = 3/—oodym(1—y B

m
At larger radii the halo profile transition to the following profile

N 2 pkd 3m o\ __
p3/2(F) =/ ﬁ‘;ifid <I3/2 - 8%) 732, (2.21)

where 73,5 is the value of the integration

(2.20)

Req 1
Ty = / AR R / du (1 — w)?2F (D), (2.22)
0 sup{0,(1-R))

evaluated in the limit 7eq > 7 one finds 73/, ~ 1.047. The point at which the density profile
transitions between the 3/4 and 3/2 profile, which we label as 74, can be found by matching
eq. (2.21) and eq. (2.22) to obtain

~1/2 4/3
fa s’ (22} ~ 008 (2.23)
2(0(7/4))" \Tsya

where we have used that oxg = (Tka/my)?. Note that since these profiles (and the others
which follow) depend linearly on pk? as the initial abundance of particle dark matter is varied
(or, analogously, the fractional abundance fppp which we define shortly), this scales the
overall central density of the PBH halos.
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Figure 1. These plots indicate the relevant length scales which dictate the scaling laws of the PBH
halo profiles for different PBH masses M, and under different assumptions (adopting the style of [13]
(figure 7)). Left: we show how the PBH halo profiles vary between the various regimes neglecting
particle dark matter annihilations and assuming a halo terminal radius to be rp = req, following [13].
Centre: we highlight the impact of including particle dark matter annihilations for s-wave annihilations,
as studied in section 3.2. Comparing to the left panel we observe that much of the parameter space
with non-trivial scaling laws is replaced by a constant central density core. In the case of p-wave
annihilations, the boundary is shifted by about an order of magnitude and the inner profile is rising
instead of constant, however, the qualitative properties of this plot mostly remain unchanged. Right:
the PBH profile will be generically stripped through close encounters with astrophysical bodies, the
figure shows how the scaling regions are altered assuming that the PBH resides in the Galactic Bulge,
see section 3.3, note that in this case only the constant density core remains.

2.5 Intermediate mass black holes

In the intermediate range PBH with M; < M, < M,, the PBH halo profiles can be well
described by a similar piecewise function

p3/4(T) F<Ta
. T ra<r<r
Pint (7) = Pa/2(7) AT (2.24)
po/a(T) Fp<T <rp
0 T > 7

Observe that this profile exhibits three different regions, and thus two transition lengths
74 and 7p. The inner region with 7 < 7p has the same profile as the lighter mass PBH of
section 2.4 and p34, p3/2, and 74 are given by the same algebraic expressions. However, at
larger radii the density profile transforms into an pg/4 o< 7=9/4 profile given by

o VIBr g0 gp | TE(1/4) P
P9/4 (F) = T2 (1/4) Pi Tkd 1 37278 f§é4 (2.25)

As in the previous section, the transition point 7p between the p3/, profile and the pg/4
profile can be determined by matching the two profiles.

2.6 Heavy black holes
For heavy black holes with

2 1/2
M,y > My ~ 3 x 1073 Mg, <1OOG€V> (xkd) :

—kd 2.26
My 104 ( )



the density profile is well approximated by the following piecewise function

P/ (F) r<Tc
pheavy(f) = p9/4(f) ro<r<rp . (227)
0 T > T

While the pg/4 is identical to eq. (2.25), the inner r=3/2 profile differs from the case of lighter
PBH and follows instead the form below

_3/2 - -
b 2 xdTeq [ 2V27W 27 7

Similar to section 2.4, the transition from pl /2 0 P9/ is identified by matching the outer

and inner profiles and we label this scale 7.

We compare our profiles following Boudaud et al. to other treatments in the literature,
specifically Adamek et al. [15] and Carr et al. [16] with identical parameter choices. We find
that these analytic results are broadly consistent with existing results in the literature. Finally,
we note that many studies which aim to constrain dark matter annihilations around PBH

—9/4 and thus utilising this careful analytic treatment

simply approximate the profile as r
of Boudaud et al. offers an improvement on many earlier approaches. However, as we will
see in later sections, particle dark matter interactions and stripping of the halo due to close
encounters with astrophysical bodies can significantly alter the halo.

In figure 1 we summarise the relevant length scales which dictate the scaling laws of the
PBH halo profiles. In the left panel we show how the PBH halo profiles vary between the
various regimes as described in this section. The centre panel illustrates how the introduction
of particle dark matter annihilations alters the picture, as we explain in section 3.2. Finally, the
right panel shows the potential impact of halo stripping due to encounters with astrophysical
bodies, assuming that the PBH resides in the Galactic Bulge, we discuss this in further detail
in section 3.3. We highlight that for extragalactic «-ray constraints we do not anticipate the
stripping to be significant and thus the central panel better describes the PBH halo profile
for these observations. In contrast, for galactic y-ray observations these will be sourced
by PBH in the Galactic Bulge at late time and thus the appropriate profiles are better
described by the right panel.

3 The impact of dark matter interactions on the PBH halo profile

In the previous section we have outlined the form of the dark matter density profiles around
PBH, however it should be stressed that the above dark matter density distributions only hold
if the dark matter has no non-gravitational interactions, or if those additional interactions
can be neglected. In particular, both dark matter annihilations and scattering can potentially
alter the halo shape. Notably, if the relic density of particle dark matter is set via freeze-out,
as assumed here, then the annihilation rate of dark matter in the centre of the halo is sufficient
to considerably alter the halo profiles identified in section 2, as we discuss next.

,10,



3.1 Thermal dark matter

The guiding premise of thermal dark matter is that dark matter was once in thermal
equilibrium with the Standard Model states and subsequently decoupled via “freeze-out”
leading to the observed relic density [28]. Since both particle dark matter and PBH contribute
to the observed dark matter today we encapsulate their contributions in the form

Qpm = QpH + QppM - (3.1)

This implies that one can make the replacement Q,pm = Qpm(1 — fper) in eq. (2.6) and we
see that the density of particle dark matter is reduced for larger fppy, as expected. Moreover,
we can now formally define PBH fractional abundance as follows

Fonm = QppH _ QpeH
Opvm Qpr + QpDM

(3.2)

In calculating the late time abundance of particle dark matter in this framework it is typical
to consider the thermally averaged annihilation cross-section

3 00
(ov) = i dv v2e " gy, (3.3)

and take a standard expansion of the thermally averaged cross-section
(ov) = (0 + opv® + ogvt 4+ ---) . (3.4)

One can rewrite this expansion in terms of the inverse temperature [29]

15

gt (3.5)

3
(ov) =05+ Tpo + 04

We identify the coefficients to each term in the velocity expansion as the s-wave (o), p-wave
(0p), and d-wave (o4) pieces to the cross section, being the sequential leading contributions.
The s-wave piece is velocity independent, in contrast to other contributions. Since at freeze-
out zp ~ 30, each subsequent term exhibits a substantial suppression relative to previous
terms in the expansion. Thus if o4 # 0 this contribution will dominate the annihilation cross
section, we refer to this as s-wave annihilating dark matter. Similarly, if o5 = 0 but o, # 0
then it is these p-wave contributions that dominate the annihilation process, and so on. It is
useful to keep in mind that often, even though at tree level o3 = 0, there will typically be
loop induced contributions to o that while subleading at freeze-out, may become relevant
for low velocities within the PBH halo and we will discuss the impacts of this in section 5.

Notably, there is a host of well motivated dark matter models in the literature that lead
to s-wave and p-wave annihilating dark matter scenarios (see e.g. [30] for p-wave models).
Given a specific Lagrangian which describes the dark matter interactions one can calculate
the thermally averaged annihilation cross-section, and parameterise it in the form of eq. (3.4)
and thus identify any velocity suppression in the leading contribution to the annihilation
cross section. In appendix D we sketch a simple model of d-wave annihilating dark matter
(following [31, 32]) which reproduces the observed relic density via thermal freeze-out whilst
avoiding direct detection constraints.
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Figure 2. Left. The dark matter density profile around the PBH of Boudaud et al. [13] (dashed), the
impact of including annihilation labelled “This work” (solid), and also compare to the alternatively
derived profile of Carr et al. [16] which includes dark matter annihilations (grey dashed). In all cases
dark matter annihilation is assumed to be s-wave, other parameter values are stated. Observe that
with dark matter annihilations the density profile features an inner plateau and then falls with a
power-law profile at increasing radial distance. Right. A comparison of three density profiles with
the same parameters, but assuming only s-wave, p-wave and d-wave annihilations. The velocity
dependence of the annihilation cross section translates into the radial dependence of the central density
profile.

3.2 Dark matter annihilations

Due to the high density environment inside the PBH halo the dark matter particles will
undergo annihilation resulting in a flattening of the inner density spike if the annihilation
rate is sufficient. Thus the density near to the center of the halo will be determined by the
annihilation rate, which scales as I'ynn ~ 1y (2)(0v), where n,(z) is the dark matter number
density at a given redshift z, and (ov) is the thermally averaged annihilation cross-section. It
follows that the maximum density of dark matter after annihilations will be [12]

Pmax R My Ty ~ Ml My
XX <J'U> <0v)tha10’

(3.6)

where we take I'apn ~ 1/thalo, With thalo ~ 109 years being the age of the halo. However,
note for certain applications, like the calculation of the diffuse gamma-ray background, the
relevant age of the halo can be significantly lower as we discuss in section 4.

Accordingly, the halo profiles for dark matter with velocity independent annihilation cross
sections (s-wave) exhibit central regions for which the density profile is flat with p() = pmax
for r < rcore- More generally, for velocity dependent annihilation cross sections pmax is not
constant, but inherits the radial dependance coming from the velocity dependence in the
cross section with v(r) ~ /G M,/r. Beyond rcore the density p(r) smoothly transitions into
the profiles described in section 2. Thus one can determine rqoe by the matching condition
Pmax (Tcore) = Pi(Tcore) for ¢ =light, int, or heavy as given in section 2. Figure 2 (left) provides
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a comparison between the density profile with and without dark matter s-wave annihilations,
also comparing with the profile of Carr et al. [16]. Figure 2 (right) gives an example of how
Pmax(r) varies in the cases that the annihilation channel is s-wave, p-wave or d-wave; in
particular, observe that the radial dependence in the latter two cases.

Returning to inspect figure 1, the impact of including particle dark matter annihilations
is shown in the central panel for s-wave annihilations. We highlight that compared to the
left panel which neglected dark matter interactions, much of the parameter space in which
the halo exhibited an interesting scaling law has now been replaced with a constant central
density core. In the next subsection we proceed to discuss the prospect of halo stripping,
corresponding to the right panel of figure 1.

3.3 Stripping radius

We now discuss the terminal radius of the PBH dark matter halo rr. Much like planets in
the outer-reaches of a star system can be stripped away from their parent star if another
star passes too close to the system, close encounters of a PBH with astrophysical objects
of similar or greater mass can strip the exterior of the PBH’s dark matter halo, such that
r7 <K req. Close encounters with stars are the obvious candidate for stripping events, however
close encounters with the galactic centre, as well as other PBH, can also be relevant. This
discussion is included to convey that the late-time halos around PBH can be quite different
from those at earlier times. Notably, we do not expect stripping to impact constraints from
extragalactic gamma-rays (which will be our focus in section 4) since these are dominantly
sourced at higher redshift, prior to stripping events.

Suppose that a PBH undergoes a close encounter with body B with density pp. One can
estimate the radius r7 out to which the dark matter halo survives stripping due to a close
encounter with B via the Hill radius, this leads to a terminal radius of order (see e.g. [19])

1/3 1/3
- (phalo) —d (Mhalo> , (3.7)
2pB 2Mp

where d is the distance between the PBH and B at the point of closest approach, and ppalo
and My, are the total density and mass of the PBH halo prior to the close encounter.

To arrive at an order of magnitude estimate, we suppose that the most significant tidal
stripping events are due to close encounters with stars, thus we take Mp = M. Given that
a PBH will have traversed the galaxy for 10'° years and for the typical spacing of stars we
take 0.01 pc,? taking the typical PBH speed to be ~ 200 km/s (in line with the typical dark
matter velocity) then each PBH will have encountered around N, stars:

N, ~ O(10%) (3.8)

Note that if the PBH have orbits such that they never pass through the Galactic Bulge then
the number of star encounters drops to O(10%), however, we consider here the more aggressive
scenario since this would have the biggest impact on our calculations.

If make an large simplification and suppose that the stars in the galaxy roughly form a
regular square lattice with [ = 10~2pc spacings, then it follows that the closest encounter of

2The typical spacing of stars is ~1 pc in the solar neighbourhood and < 0.01 pc in the buldge, see e.g. [33].
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a PBH with a star located at one of these lattice sites is roughly
gL 1070 (3.9)
~ = C. .
N p

It follows that during the history of the PBH one anticipates that such close encounters with
stars should truncate the PBH’s associated dark matter halo to around

1 1
Mhyaio\ 3 -6 ( d ) (Mhalo> 3
rr (bulge) <2M@) 0\ 1076 pe ) LT, (3-10)

Outside of the bulge, where encounters are less common, this can be a much larger scale:
| = 1pc, so N ~ O(10%), hence d = 10~3pc and so:

1

d M, 3
isk) ~ 1073 halo 3.11
rp(disk) ~ 10™°pe (10_3 pc) ( M. ) . (3.11)

Furthermore, PBHs that are in the dark matter halo, have significantly suppressed encounter
rate (only when they cross the disk, twice per their orbit of the galaxy) and so their terminal
radius can be even larger.

For the total mass of the PBH halo prior to the close encounter My, we have normalised
the expression to Mg. Moreover, in appendix A we calculate the typical total mass of
the PBH halo due to accretion and also following annihilations. In particular, we find that
Myaio ~ M, is a characteristic total mass for the PBH dark matter halo and thus 7 ~ 10~ 5pc
is appropriate for M, ~ 1My. Furthermore, examining figure 1 again, we note that the
right panel illustrates the case that the terminal radius of the halo is identified as rp(bulge),
whereas the left/centre panels assume 77 = roq. Observe that the change in the stripping
radius significantly impacts the expectation for the late time PBH halo profile. In appendix B
we also discuss the possibility of PBH stripping due to interactions with other PBH.

While this estimate of the terminal radius is a rather quick analysis, the exact details
are largely unimportant for our purposes since the vast majority of dark matter annihilations
will occur in the high-density central region. Moreover, the precise radius at which the halo
terminates will have little impact on the leading constraints coming from extragalactic ~-ray
observations, as we discuss in the next section.

4 Constraints on PBH dark matter halos

The dense dark matter halo around the PBH, as detailed in the previous sections, will
invariably lead to the production of high energy photons and other observable particles if the
dark matter has any appreciable couplings with Standard Model states. This observation
has been used in earlier studies to derive stringent constraints on s-wave annihilating WIMP
dark matter; here we extend this line of reasoning to place constraints on dark matter in
the case that the relic density is due to thermal freeze-out via p-wave or d-wave annihilation
processes. Moreover, in deriving our bounds on dark matter annihilations we employ the
more sophisticated halo profile developed in [13] and outlined in section 2.

— 14 —



n
=]

n
o
T
1

) L) "
£ £ 5 Gev £ my =10° GeV
. 20 - L my = 1()2 e 1 e 10 my = 10% GeV
o ERNE my=10"GeV | = my =10 GeV
b4 . 24 my =10 GeV =) ave
L2 my = 10° GeVv o X o d-wave
P*\\(l\?‘
1oL my=10>GeV | 0
my =10 GeV or ]
s—wave | ] _10
| | | | | |
-15 -10 -5 0 -15 -10 -5 0 -15 -10 -5 0
10g1o(Me/ M) logyo(Me/ M) logo(Me/ M)

Figure 3. The annihilation rate, I's, as function of PBH mass M, with a halo extending to rq ~ 7¢q.
We plot I'y assuming that the dominant annihilation channel is either s-wave (left), p-wave (center), or
d-wave (right) and for each we show three different dark matter mass choices as indicated. We assume
the annihilation rate sets the relic density of particle dark matter Q,pym with Qppym ~ 0.26. As a
cross-check, notice that the powerlaw breaks for m, = 1TeV in the s-channel plot at M, ~ 1071 M,
corresponding to the switch over for the outer density profile apparent in the central plot of figure 1.

4.1 Annihilations in the PBH halo

If the relic abundance of particle dark matter is set via thermal freeze-out then the dark
matter will have appreciable couplings to the Standard Model, it follows that dark matter
states may continue to annihilate at the present day in regions of enhanced density. In
particular, the highly dense halos surrounding PBH are ideal environments for particle dark
matter annihilations. Such dark matter annihilations can lead to observable signals, in
particular y-rays. As a result, we can place limits on the combined system of dark matter
plus PBH from the null observations in searches for extragalactic v-ray excesses.

We shall work in a model independent fashion, thus we identify the value of o; (with
i = s,p,d) required to reproduce the observed dark matter relic density Qpy =~ 0.26, such
that o; # 0 is the leading non-zero term in the expansion of eq. (3.4). For the classic s-wave
annihilating “WIMP” this is achieved for o5 ~ 3 x 1072%cm3 /s for Weak scale dark matter
masses (this value is only logarithmically sensitive to changes in the mass) provided that
particle dark matter is mostly responsible for inferred value Qpy & 0.26. The cross section
for p-wave and d-wave dark matter to match the observed relic density will be numerically
different, since it is suppressed by powers of the velocity, but can be calculated similarly.

In our calculations we fix the value of o; by requiring that Q,py = Qpm ~ 0.26. This is
technically only correct for fi,.x < 1 since in this mixed PBH-particle dark matter scenario
the PBH can account for an appreciable, or even the dominant, contribution to the observed
quantity Qpy = Qppm + 2ppu. However, the impact to the value of o; required to obtain
the correct Qpy taking into account Qppy # 0 will be negligible away from fppy =~ 1. To
circumvent this issue we restrict our analysis to fppy < 0.3. In addition to making the analysis
somewhat simpler, this cut on fppp is very sensible since over the majority of parameter
space fractional abundance fppy > 0.3 are excluded by observational constraints [6].

The mixed PBH-particle dark matter scenario necessarily implies a number of free
parameters, even in its simplest setting, namely one has the dark matter mass m,, the cross
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section (ov), the PBH mass M, (assuming a uniform mass spectrum?®) and the fractional
abundance of PBH fppp. One should also specify or identify the point of kinetic decoupling
which can impact the form of the halo, as in eq. (2.16), here we take xxq = 10%. Also, we fix
the annihilation cross section (ov) by requiring that Q,pm ~ 0.26, as discussed previously.
For the three remaining parameters the typical way to present limits in this setting is to
constrain fppy as a function of PBH mass M, for a given dark matter mass m,,.

Given the annihilation cross-section (ov) and a dark matter density profile p(r), one can
calculate an annihilation rate I' for a given object by integrating over the profile [34]

2
Iy = 47T/d7“ r? (?) (ov) . (4.1)

In figure 3 we show the variation in the annihilation rate I'y from the PBH dark matter
halo as a function of the PBH mass M,, integrating up to r = req(Ma, zkq) and we take
Zxg = 10*. The annihilation rate is shows for three different dark matter mass choices and
assuming that the dominant annihilation channel is either s-wave (left), p-wave (center),
or d-wave (right). From the annihilation rate I's one can place limits on fppy for a given
dark matter model by comparing to y-ray searches.

4.2 The extragalactic v-ray flux due to annihilations in PBH halos

We now examine the limits that come from null searches for excesses of y-rays of extragalactic
origin, we note that the physics is much richer for the case of velocity dependent dark matter
annihilations. The rate of dark matter annihilations I' is a function of the annihilation cross
section (ov) (cf. eq. (4.1)), which itself will depend on the dark matter mass m,, the dark
matter coupling, and, for p/d-wave annihilation processes, the dark matter velocity. Notably,
the velocity of the dark matter is dictated by its orbit around the PBH (and distinct from
the velocity used in freeze-out calculations). For calculating the cross section for dark matter
annihilations within a halo via the velocity expansion in eq. (3.4) we take v(r) = /GM,/r,
so that the dark matter velocity varies with its radial distance from the PBH.*

For extragalactic v-rays the halo density profile is redshift z dependent, hence the effective
rate of annihilations is z-dependent. Thus we define I'[I", h(z)] which we write as a function of
h = H(z)/Hp and T's the (potentially velocity dependent) annihilation rate of dark matter in
the PBH halo, as given in eq. (4.1). The redshift enters in such a manner that I’y = T'y P[h(2)]
where P is some polynomial or logarithmic function determined by the size of the PBH
and the annihilation channel, and is such that I'|,—g = T's. In the analysis of [16] the
z-dependence of the annihilation rate was taken to be

07 o(2) = La(h(2))*?, (4.2)

where for f? < we introduce the subscript s, since this form is only valid for s-wave annihilation,

and the superscript B (for Bertschinger [23]) since this form is correct only for an r~%/4

30mne could consider PBH which are not produced with a uniform mass scale, this would lead to variations
in the exact constraints, but is unlikely to impact the broad conclusions.

“Close to the Schwarzschild radius 7 ~ O(1)7sen the dark matter will reach velocities v ~ ¢/O(1) however
this is a small fraction of the dark matter and thus we can neglect relativistic corrections to the velocity.
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profile. The study of [17] used a rescaling to adjust for this variation in redshifting, but
did not take into account the full form of z-dependance, as we do here. Thus with velocity
dependent cross sections, or away from the heavy PBH limit M, > M5 the form of L. given
in eq. (4.2) no longer holds.

For realistic halos (away from the simple r—9/% profile) the h(z) dependance is quite
complicated, and the full forms for the z-dependence of the annihilation rate are presented
in appendix E for each of the various cases. Thus our analysis of the extragalactic y-ray
bounds improves earlier studies in the literature, even in the well studied s-wave case. In
appendix E we give the approximate dependence of the annihilation rate on the redshift,
however let us highlight some general features here. For lighter (L) black holes rL (those of
section 2.4), and for heavier (H) black holes ' (those of section 2.6), the leading dependance
scales with redshift z as:

1+ O(log[h(z)]) s—wave h?3(z)  s—wave
IL o { h2/5(2) p—wave T o { B10/13(2)  p—wave . (4.3)
R (2) d—wave R (2)  d—wave

The leading dependance is slightly more complicated in the case of intermediate mass PBH
(cf. section 2.5) and depends upon whether the core due to annihilations terminates at
the 3/2 profile or the 9/4 profile. In the analysis of [16] it would appear that the rate
f‘f +(2) = To(h(2))%? appropriate for heavier PBH is used for regardless of PBH mass.

Annihilations of the dark matter particles in the halos around PBHs produce radiation
in y-rays which contribute to the extragalactic differential flux [35]

o,
dEQ

:/OO Fo(z)nPBHe—q—(z,E’)dN’V’ (4.4)
ExGal 0 SWH(Z) dE’

where nppy is the number density of PBHs, and 7 is the optical depth at redshift z for photon-
matter pair production, photon-photon pair production, and, photon-photon scattering. To
incorporate the optical depth we follow the treatment in [34].° The energy spectrum is
dN,/dE" and we use a prime to indicate that this is the energy at which the annihilations
occur, which (due to redshifting) need not be the energy at which they are observed.

4.3 Constraints from the extragalactic v-ray background

For a given PBH mass, dark matter mass, and annihilation cross section there is a maximum
fractional abundance fppg = fmax for which the PBH contribution to the total differential
extragalactic flux saturates the current experimental limit. Here we compute the constraints
by requiring that the PBH contribution to the total differential extragalactic flux does note
exceed the extragalactic y-ray background observed by Fermi-LAT [36].

We note that one of the recent analyses [16] to place constraints on fyax following a
similar method seems to have propagated an error from earlier in the literature. It was shown
that the resulting bounds are overstated by several orders of magnitude (especially for lighter

SWhile one may be concerned that the optical depth might be altered by baryonic accretion around the
PBH, [14] highlights that changes to the optical depth should be negligible for sub-steller mass PBH.
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Figure 4. Examples of the extragalactic differential flux as a function of energy for dark matter
with m, = 1TeV and PBH mass of M, ~ 1079 M, for s-wave (left) and p-wave annihilation (right,
note different y-axis scale), fixing fppy = 1.15 x 1078, We overlay this with the Fermi-LAT data
extragalactic y-ray background [36]. By design, for s wave fppg = fumax (as defined by our criteria)
and one can see that the flux in this case saturates the upper limit of the observed «-ray background.

dark matter) [17].
with some differences arising due to slight differences in our analyses. In appendix G we

Our results are more consistent with [17] in cases where they overlap,

give a detailed comparison of our work with [16] and [17].
For an analytic intuition for the differential flux, rather than integrating over redshift z,
we sum over logarithmic spatial shell of redshift 10"~! < z < 10" (for n € N):

d%,
dE

dN,y e~ T(z,E(1+z)) |

iE (5 2)H() i (4.5)

00
~ Z 10™ x NPBH
ExGal -0

The factor 10™ approximates the interval in z and in each shell one can evaluate the expression
in the brackets for the redshift value given by the geometric mean of the boundary values
that define the shell z = v/107.10"~1 ~ 3 x 10"~ L
volume and the number of PBH in each shell increases exponentially with n and the energy of
photons emitted with energy E in shells with n > 1 will be redshifted such that the observed
energy is E = E'(1+4 z)~!. For the spectra dN.,/dE we use the benchmark models of photon
spectra developed in [37] assuming bb pairs account for 100% of the primary annihilation

For successive spatial shells grow in

products in calculating the energy distribution.

To obtain reasonable bounds on the differential flux due to annihilation in the PBH
halo we bin the flux coming from eq. (4.5) (after z-shell summation/integration) and identify
the bin (with central value Ejeax) for which the differential flux is highest. Notably, the
redshifting effects will typically smear the differential flux compared to the expected flux
of nearby (i.e. galactic) populations and may alter the peak. We then impose the simple
(but sufficient for our purposes) constraint that

{d@7 {d@7

diE diE Fermi—LAT (46)

ExGal:| E=E, E=FEpeak

eak

where d®, /dE|permi—LaT is the observed Fermi-LAT [36] extragalactic y-ray background.
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Figure 5. The upper bound on the fractional abundance of PBH fppg < fmax from extragalactic
~-rays as the PBH mass M, is varied for different dark matter scenarios. We show three choices of the
dark matter mass, assuming that the dominant annihilation channel is s-wave (left), p-wave (centre),
and d-wave (right). We assume that the same annihilation channel sets the relic density of the particle
dark matter. The grey region indicates M, — fppu parameter space for which PBH populations are
excluded by evaporations, lensing, gravitational waves, or distortions of the CMB (see e.g. [6]).

For a given E = Fjek the r.h.s. is simply a number and specifically we assume the
value given by the upper limit of their systematic uncertainties. The l.h.s. corresponds to
the calculated differential flux so depends on a number of factors, in particular the dark
matter mass, the PBH mass, the annihilation cross-section/channel (final states and Lorentz
structure), and the fractional abundance fppy. As noted, we assume that bb pairs account
for 100% of the primary annihilation products, and we will consider s, p, and d wave in turn.

Thus for a given dark matter mass and PBH mass one can identify the fractional
abundance that saturates the constraint of eq. (4.6) which we label fyax. Put another
way, for fppu > fmax the flux of photons due to annihilations in PBH halos exceeds the
observed extragalactic background.® To provide further intuition, in figure 4 we present
examples of the extragalactic differential flux d®,/dE for specific values of the dark matter
and PBH mass in which we fix fppg = fmax. We then compare this to the extragalactic y-ray
background due to Fermi-LAT [36], observed that, since we have set fppg = fumax, the peak
of predicted differential flux reaches the upper systematic uncertainty of the extragalactic
~-ray background. Subsequently, in figure 5 we show bounds on fyax as relevant parameters
are varied. To determine FEpe.x in figure 4 we numerical integrate (rather than summing
z-shells) from z = 10 the point of galaxy formation to z = 10° and check that our results are
insensitive to order of magnitude variations in the upper limit. Observe that these bounds
differ depending on the PBH mass, the dark matter mass, and the annihilation rate (which
differs for s/p/d-wave thermal particle dark matter).

We highlight that the extragalactic bounds are dominated by young PBHs and as a
result are not as sensitive to the physics associated with the halo stripping or the dark matter
profile changes due to annihilations, as there simply was less time to effect such changes
to their profiles. The evolution of the profile due to annihilations is taken into account

50ne could certainly take a more sophisticated approach by summing over energy bins (see [38] for analyses
of this type and discussion), however, the method outlined above is sufficient for our purposes.
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Figure 6. Peak value of the extragalactic flux E2d®/dE due to sources at different redshift z,
calculated using successive shells of redshift similar to eq. (4.5). The z < 1 contribution is subdominant
to the sum over higher z contributions. This implies that it is reasonable to neglect the impact of
dark matter halo stripping, which will occur for z ~ 1, in deriving the extragalactic y-ray limits.

when integrating over redshift z to compute the extragalactic flux. Stripping likely becomes
significant for z ~ O(1) and for higher-z PBH one can reasonably take the terminal radius of
the halo to be rp ~ req, as we do in calculating the bounds from extragalactic y-rays. In
figure 6 we confirm that the extragalactic bounds are dominated by the summed contributions
from PBHs at z 2 1. In contrast, y-rays from galactic sources (as considered in e.g. [16])
are sourced from late-time PBH, and likely dominated by those in the Galactic Bulge, in
which case the relevant PBH halo will have undergone significant stripping one expects
TT ~ Thulge K Teq- Thus the terminal radius of the PBH relevant to the galactic y-rays
bounds should leave only a small fraction of the original profile and this will significantly
impact the exclusion limits. Accordingly, here we focus on the extragalactic bounds, but
moreover it has previously been suggested that bounds derived from galactic populations
of PBH tend to be weaker even not accounting for halo stripping [16].

Finally, we note that groups have endeavoured to place other bounds on PBH with dark
matter halos, though CMB studies [17] or recasting limits on decaying dark matter [39]
(based on [40]). These alternative bounds are found to be comparable to the limits obtained
above where comparison can be made. Appendix G shows a comparison to these other limits.

5 More on velocity dependent annihilations

In previous sections we have defined p-wave dark matter to be the case with o, = 0 and
op # 0. Let us now refer to this case as ‘pure p-wave’, since while from a model independent
perspective this is very clean, in full models what one really expects is that the s-wave channel
is non-zero but negligible, such that the p-wave annihilation is dominant for all relevant
processes. Indeed, arranging for o, to be zero at all orders in perturbation theory would
be very difficult and in cases that the p-wave diagram is the dominant annihilation route
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there are generically s-wave annihilation diagrams which exhibit either (multi-level) loop,
phase space, and/or chirality flip suppression (see e.g. [41]).

Specifically, to realise p-wave annihilating dark matter at freeze-out in a given model one
typically requires that the velocity suppression, which is of order % ~ 2—10, is less significant
than the relative suppression of the s-wave cross section compared to the p-wave. A natural
example is the case in which p-wave annihilation proceeds via tree-level 2 — 2 diagrams,
whereas the s-wave annihilations are loop or 2 — 3 processes, see e.g. [42, 43]. One can
consider more complicated scenarios for arriving at relative enhancements of p-wave over
s-wave processes, see for instance [44, 45].

Let us recall the parameterisation of the annihilation cross section
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3
<Jv>:0.s+o-p%+o—d@+... (51)

For p-wave processes to be dominant at freeze-out one typically requires a suppression factor

F=2£0(107%), (5.2)
Op
this is quite achievable if the dominant s-wave diagram is loop-induced or exhibits chirality
flips. We will refer to scenarios with F # 0 as ‘mixed p-wave’ annihilation, and F = 0
corresponds to the pure p-wave case.
The important point to recall is that the dark matter velocity in the halo is not the
velocity at freeze-out, but will vary within the halo according to (assuming circular orbits)

o(r) = ¢ & (Mu + M) (53)
where Mya10(r) is the halo mass out to radius r, and thus the velocity follows the total mass
enclosed” at a given radius: M, + Mhalo(r). Therefore, at large radial distances one anticipates
that the velocity suppression to p-wave processes will be such that x > zr and thus there is
a critical radius r. at which the dominant annihilation processes transitions from p-wave to
s-wave. This is important because the transition alters the inner structure of the halo profile
and as a result this impacts the experimental limits on p-wave models. Hence while it may
be cleaner to simply set os = 0, more accurate estimates of the experimental bounds may be
obtained by assuming o, # 0 with motivated values for the suppression factor F.

In particular, if one assumes a loop factor suppression in the s-wave channel then a
reasonable estimate for o4/0), is of order

2
Foop ~ ¢°/1672 ~ 107 (095) , (5.4)

where ¢ is some coupling constant of unspecified origin. Taking this unspecified coupling to
be O(1) we arrive at a suppression of order 1072, Smaller couplings will allow for greater

"We highlight that when stating this velocity dependence earlier in the paper we have made the approxima-
tion Me + Mhaio(r) & M, which is generally true apart from at large radial distance. This is examined further
in appendix A. In our numerical calculations we use the full relationship, as given in eq. (5.3).
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Figure 7. Left. The dark matter annihilation cross section at radius r compared to the cross section
at freeze-out for a PBH of mass M, = 1070 Mg, dark matter mass m, =1TeV (however, the figure
is largely insensitive to this value), assuming that the s-wave contribution is suppressed by a factor F
relative to the p-wave piece. For larger radial distance the dark matter velocities are smaller and thus
the suppression to the p-wave contribution is larger, at a certain radius the s-wave piece eventually
dominates and the curve plateaus since this term is velocity independent. Right. The dark matter
halo profile, similar to figure 2 (right), here we show the mixed p-wave case taking F = 1073, observe
that the mixed case smoothly transitions between the pure s-wave and pure p-wave cases.

suppression. Moreover, tree level s-wave diagrams involving chirality flip can readily lead
to significant suppressions in the cross section, characteristically of the order

2 2
1073
Fchiral ~ <m> ~ 10_6 ( ) 5 (55)
My My /m

where m is typically the mass of the annihilation product. A modest hierarchy between the

two mass scales results in a sizable suppression. We will take these two suppression factors
(]—'100p ~ 1073 and Fopiral ~ 10*6) of the s-wave relative to the p-wave as characteristic.
Observe that these suppression factors give the ratio o/, for = 1 and for « > 1 the p-wave
develops the velocity suppression thus making the s-wave more competitive. Since at freeze-
out typically 2 ~ 30 these s-wave suppression factors of 1073 and 1075 are both sufficient
to allow for the relic density of particle dark matter to be set via p-wave annihilations.

As noted above, at a certain radius r. the inner structure of the halo switches from being
determined by the p-wave annihilations to s-wave. The value of r. depends oy, 0, as well
as the dark matter mass and black hole mass. The addition of more parameters provides
a greater degree of freedom. In figure 7 (left panel) we compare the s-wave annihilation
cross section to the p-wave cross section (for two values of F) as a function of radial distance
from the PBH taking the dark matter mass to be m, = 1TeV and the PBH mass to be
M, = 1071° M. We highlight that the central region is dominated by the p-wave process and
then transitions to s-wave domination for r > r. ~ 1071¢ AU (with the stated parameters).
To provide further intuition in figure 7 (right) we show the halo profiles for F ~ 1073, we
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Figure 8. Left. Extragalactic y-ray constraints on mixed p-wave annihilating dark matter with
F =103 (solid curves), analogous to figure 5. We show the pure p-wave case as the dashed curve,
and the pure s-wave case dotted. Right. Similar to the left panel, however here we show how the limits
change with the suppression factor F. Note that F = 0 corresponds to the pure p-wave case. The
inclusion of even highly suppressed s-wave interactions is seen to significantly strengthen the bounds.

assume the same dark matter mass and PBH mass as in the left panel. Correspondingly, in
figure 8 we derive the experimental limits for F ~ 1073 and F ~ 1079, this is analogous to
figure 5 but where we no longer assume that o, = 0, but rather oy = Fo,. Observe that the
mixed p-wave case provides a transition between the pure s-wave and pure p-wave cases.

Finally, we highlight that these considerations are also a factor for d-wave dark matter,
and the velocity dependence in the halo implies that the true halo structure can exhibit
radial shells corresponding to transitions between a d-wave region, followed by a p-wave shell
and then an s-wave plateau, prior to the transition to the halo profiles of section 2. Indeed,
in the d-wave model outlined in appendix D the d-wave suppressed tree level diagrams are
accompanied by velocity independent 2 — 3 diagrams which are phase space suppressed.
Since d-wave dark matter occurs far less frequently as motivated models compared to p-wave
scenarios, we will not explore this case in further detail here.

6 Concluding remarks

Primordial black holes could well exist as remnants of early universe cosmology but not be
sufficiently abundant to account for the anomalous gravitational observations that have led to
the inference of dark matter. In such a case it is natural to suppose that PBH could co-exist
with a cosmological abundance of dark matter particles and, indeed, in scenarios of physics
beyond the Standard Model potential dark matter candidates are ubiquitous.

We have highlighted that in the case that PBH and particle dark matter co-exist in
appreciable abundances then the limits from indirect detection can be very constraining in the
case that the relic density of particle dark matter is set via thermal freeze-out. Notably, our
work furthers earlier studies in the literature by using a more careful treatment of the PBH
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halo profile and simultaneously extending this analysis away from the velocity independent
case to the richer scenarios involving p-wave and d-wave dark matter.

Our main findings are illustrated by figures 5 & 8, we highlight that velocity dependent
dark matter annihilations ameliorate the bounds from indirect detection both in the sense that
these models allow for significantly larger values of fpgu to be consistent with observational
constraints. Thus while in the case of s-wave dark matter one require that the PBH fraction
be sub-1% in order to avoid constraints for M, > 1070*2)/, (assuming Weak scale dark
matter of mass m, > 10*F! GeV) for (pure) p-wave dark matter this bound weakens to
M, 2 10~™2M,,, and for d-wave models even heavier PBH are permitted with a bound
M, > 107°*2M,. We highlight that these p and d-wave bounds assume that the cross
sections with less velocity suppression are exactly vanishing and, as discussed in section 5 a
more realistic analysis leads to stronger constraints, see figure 7 (right).

The limits derived above assume that the entire PBH population have the same mass and
negligible spin. This monochromatic spectrum assumption provides for reasonable estimates
(which is the aim of this work), however, it is plausible that the PBH would have extended
mass distribution functions, such as lognormal or powerlaw spectra, see e.g. [4, 46, 47].
Moreover, while it is thought that PBH formed during radiation domination will typically be
mostly slowly rotating [48, 49] away from this scenario PBH can exhibit appreciable (even
extreme) spins, see e.g. [50-52]. We intend to explore the bounds on the mixed PBH-particle
dark matter scenario in these more complicated settings in subsequent work.
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A Mass accreted by the black hole

In this appendix we derive an analytic expression for the accreted dark matter mass in the
halo by a black hole and investigate when the halo mass becomes important while studying
the orbital motion of the dark matter particles. For simplicity, we assume s-wave dark matter.

Neglecting initially dark matter self-interactions, the mass of the dark matter halo My,
(the total mass of the accreted dark matter prior to annihilations), can be found for heavy
PBH (M, > M) by integrating over the 9/4th profile

Macc _ G3M02 (1287T)3/2 pkdf9/47:3/4 o #
M, 36 T2(1/4) " kd Tea 6 (213)/?

In contrast when including dark matter annihilations the halo mass is determined by

(A1)

integrating over the annihilation plateau near the center, and the 9/4 profile at larger radial

— 24 —



— —_ -
[o) [} S
§ S—wave § S—wave EE
© -10 B ° -10 - =
e g 2 % -10
s m, =1TeV = Mg =10"% M, Eg
S B =] 3 my=1TeV
8’ Me =10"" M, g, my =1TeV 5 my =300 GeV
= Mg =1072 M, = my =100 GeV ] my =100 GeV
Mg =107 M, my =10 GeV s—wave
-20 ° -20 x - -+ p—wave
1 1 1 1 1 1 1 1 “““““““““““
-4 -2 0 2 -4 -2 0 2 -15 -10 -5 0
log;o[r(AU)] log;o[r(AU)] log;o[Me/M,]

Figure 9. Left/Centre: mass of the dark matter halo contained within radial distance r, denoted
My for fixed choice of either dark matter mass (left) or PBH mass (centre), as the other mass
parameter is varied. This is presented for s-wave annihilation cross section and thus assumes a central
plateau in the density profile. Note that the mass of Mpao < Mo out to O(1) AU for the cases
presented. Right. The fraction of dark matter removed from the PBH halo through annihilations
Mioss/Mace = (Mace — Mhalo)/Macc this is shown as a function of PBH mass M,. The s-wave (pure
p-wave) case is shown solid (dotted).

distances. Thus for heavy PBH (M, > M>), the total mass in the halo following depletion

via annihilations is given by

M, halo
M,

—3/4
_ 321G M My -3 V1287 kd 9/4 4 (f3/4_7;3/4 ) 2 / (713/2 _=3/2 )
3 \'ed core 9 (27’(’3)1/2 eq core :

6 3<0U>tage rcore+mpi kd
(A.2)

If figure 9 (left) we show how the total mass of the dark matter halo (including the effects
of dark matter annihilations) enclosed at a radius r varies with PBH mass for a fixed choice
of dark matter mass. We also show (centre panel) how the halo mass enclosed at radius r
varies with dark matter mass for a fixed PBH mass. Finally, in the right panel we present
the relative change in the total mass of the halo after depletion through self-annihilations,
being the fractional change Mioss/Mace = (Mace — Mhalo)/Mace, as a function of PBH mass.
While in eq. (A.1) we give the total mass assuming a 9/4 profile, in figure 9 (right) we use
the full PBH halo profiles outlined in section 2.

In particular, we highlight that characteristically M. ~ M,, hence it follows that
the PBH dominates the gravitational force out to large radii and the dark matter velocity
approximation v(r) ~ \/GM,/r (which neglects the mass contribution due to the halo)
is robust. Additionally, we highlight that the fractional change of the total mass due
< 0.01, and thus we do not

~

to annihilations is typically sub-percent level, Mioss/Macc
anticipate subsequent significant rearrangements of the halo profile following depletion due

to annihilations.
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B PBH stripping by PBH

The prospect of PBH halo stripping due to encounters with other PBH is complicated due to
the unknown abundances and distribution of PBH, but also due to the fact that unlike stars
the second PBH has a dark matter halo of its own. For a rudimentary estimate, we make
a similar argument to the stellar stripping calculation in section 3.3. Since Mya1o ~ MppH
we expect the stripping radius to be

Mo >1/3
v [PBH] ~ d ( ~d (B.1)
rl ] 2MpBu

where d is the distance of closest approach between a specific PBH and another PBH in the
galactic population. Given the total mass of dark matter in the Milky Way is ~ 1020
the number of PBH in the Milky Way is

Npgu ~ fpeul0"? Mg /Mpp. (B.2)
For simplicity let us assume that the PBH are uniformly spaced on a regular square lattice with
each side being the diameter of the Milky Way halo ~ 500 kpc. Thus the horizontal /vertical
spacing of adjacent lattice sites is

1073\ /M
l N5><10—4pc< 0 )( PBH> . (B.3)

~ Nppu frBH Mg

Similar to section 3.3 we estimate the separation during the closest encounter for a specific
PBH traversing this lattice to be

3/2
d= l _ b 1078 pc 107" (MPBH>3/2 (B.4)
V' NpBH NE’,]/BQH fpBH Mg

For solar mass PBH and taking fpgg near the exclusion bounds, we find rp is a factor of

100 smaller than the stellar stripping found in section 3.3. However, for smaller fpgy, PBH
stripping will be less important than stellar stripping. For lighter PBH, say 10~5M; PBH,
the encounter rate goes up and thus the stripping radius goes down:

—3\ 3/2 3/2
rT~d~1017pc<10 ) (oo ) (B.5)

J/PBH 10-5M¢

However, the schwarzschild radius for a 107°M PBH is ~ 10~ 3pc, suggesting that, in fact,
the dark matter halo may be entirely disrupted during this encounter. However, unlike close
encounters with stars, close encounters with other PBH implies passing through the dark
matter halo around the second PBH. Thus, the halos of both PBHs are disrupted. It is not
entirely clear whether they will be entirely dissipated through the close encounter or if some
fraction will remain. Regardless, one would also expect the profiles to be strongly perturbed.

The scaling estimate above is rather crude and a simulation of the galactic dynamics
using realistic PBH distributions should be used to address this question. Thankfully, such
PBH-PBH encounters should not significantly impact the extragalactic bounds studied here
since we expect them to mostly occur after galaxy formation z ~ O(1), but this may be
important when calculating bounds on galactic PBH populations.
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C Dark matter self-scattering

Dark matter self-scattering is typically important for dark matter models with large self-
interactions introduced through new states that couple only to the dark matter. However, in
the case of PBH halos one may be concerned that the densities are sufficiently high that, even
in the absence of large tree level dark matter self-interactions, loops of Standard Model states
can induce non-negligible dark matter self-scattering. Indeed, since the dark matter relic
density is assumed to be set via freeze-out these loop induced interactions are irremovable.
Such dark matter self-scattering allows for energy transport within the halo, which can alter
the density profile. This process is highly analogous to self-interacting dark matter solutions
to the core-cusp problem, see e.g. [53]. Notably, if the cross section required to set the correct
relic density of particle dark matter would imply large self-interactions, then the profile
derived in section 3.2 may not be appropriate.

Next, we comment on how self-interactions of the dark matter halo around the PBH could
significantly change the overall picture. In principle the dark matter annihilation into Standard
Model states always induces a self-interaction diagram through loop processes. However,
the loop-induced self-interaction matrix elements typically represent a lower bound on the
self-interactions in the dark matter sector. Furthermore, the precise way the loop-induced
process generate the self-interactions is dependent on the full hidden sector model.

As an example, consider the operator responsible for dark matter annihilation into b
quarks: ﬁzﬁwl_)b. The loop-induced self-interaction from a loop of b-quarks is UV-completion
dependent, since the b-quark loop is quadratically divergent. Suppose that the scattering
between the two sectors in the UV is realized by Z’ mixing with the B boson. Then the
XX — XX process has a parametric dependence of form:

osipm o g ME /My ~ g* A%, (C.1)

where for simplicity we assume the dark sector has a typical shared scale A ~ M, ~ My, which
would be natural if the masses for both x and Z’ arise from some dark sector Higgs mechanism.
The annihilation into Standard Model states has a cross-section of parametric form:

g3g° sin? 9M§ N g3g°sin? 0
A, A2

(C.2)

oA X

where 6 represents the Z’-B mixing angle, and gs is the Standard Model weak coupling.
Parametrically, the ratio of the two is given by (g2sin(6)/g)?, possibly not far from unity
(but highly dependent on parameter choices). Provided that the separation of the two sectors
is achieved through low mixing, then the self-interactions should lead to larger cross-sections.
Since there is a great deal of model freedom, we are going to consider here just two scenarios:

e In Scenario 1, we take the self-interaction cross-section to be the current limit for dark
matter self interactions from astrophysical observation: ogipym = 0.1cm? /g [54, 55].

e In Scenario 2, we rather set the self-interaction cross-section to be the same as the
s-wave thermal freeze-out cross-section: ogipym = (ov) = 2 x 10726cm3 /s,
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Figure 10. Thermalization times inside the dark matter halo around the PBH as a function of the
distance from the PBH. In both plots we set the dark matter mass to 1 TeV, and probe three different
PBH masses: 1M, 1078My and 10~'*M, denoted by blue, orange and green colors, respectively.
The case of the s-wave scattering is on the left, the case of p-wave thermal dark matter is on the
right. The solid lines correspond to Scenario 1 from the text (the self interaction cross-section is set
by the current limit of o/m = 0.1g/cm?) , while Scenario 2 is achieved by setting the self-scattering
cross-section to be the same as the thermal cross-section with the Standard Model particles.

The first represents an upper bound, the second represents a reasonable benchmark scattering
rate, however there is no requirement that the scattering and annihilation cross sections be
similar and thus this could lead to an under or over estimate. Regardless, without specifying
a detailed model Scenario 2 provides a reasonable benchmark to compare to. Moreover,
contrasting between the two scenarios will lead to an interesting observation.

Scenario 1. The time for dark matter to thermalize inside the dark matter halo around
the PBH is given by:

tn = O1) (osmmn(r)v(r) . (C.3)

We take the dark matter density profiles of section 2 & 3, and the assumption v?(r) ~ GM,/r.
This allows us to evaluate the thermalization times as a function of distance from the PBH,
r. We show these results in figure 10 for s-wave and p-wave models for two different dark
matter masses: 100 GeV and 1TeV and for three PBH masses [10714,1078,1] x M,

As we can see, for Scenario 1, the thermalization times are vastly shorter than the
existence of these systems. In the s-wave models for which the density profile is very close
to isothermal anyway (flat and then P94~ r~2) this may not have strong consequences.
However, in p-wave models this will lead to thermalization, which will flatten the halo inner
density profile, likely transport more dark matter into the inner profile and increase the
annihilation rate, until there is no more material to transport further in. As a result, we
would expect that in these models, the extragalactic bounds (which are dependent on early
annihilation rates) will become stronger, while the galactic bounds which are dependent on
current density profiles, will correspondingly weaken.

Scenario 2. We can see that for the solar mass PBH the thermalization time begins to
approach the age of the Universe and for lighter black holes or larger cross-sections the effect
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of transporting dark matter becomes relevant and leads to increased historical annihilation
rates. A careful analysis of the scenario obviously requires more work and we plan to explore
this in an upcoming dedicated paper.

D d-wave dark matter

In this appendix we sketch a model of d-wave dark matter that has been previously identified
in the literature. While there are many well known examples of s-wave and p-wave annihilating
dark matter (see e.g. [30] for examples of the latter), we include here an example of the less
common case in which d-wave annihilations are the dominant process, highlighting the d-wave
model of [31], later discussed in [32]. Consider the case of real scalar dark matter x that
interacts with the Standard Model through heavy vector-like fermions and annihilates into
lepton-antilepton pairs. Specifically, the dark matter interacts with right-handed Standard
Model leptons, [, through heavy vector-like leptons ¥ which are SU(2), singlet, such that

the hypercharges for ¥, and [g are the same, Yy = Y., with the Lagrangian contribution

R
LD yx¥ig+he. -, (D.1)

where y is the real scalar dark matter candidate, y is a Yukawa coupling. In the interaction
above, we assume a discrete Zs symmetry S — —S and ¥ — —W. The lightest member will
be stable under this Zs symmetry, which we take to be x, such that m, < my.

In the chiral limit my — 0 the thermally averaged cross-section for the two-body
annihilation process xx — Il (which is ¢ and u-channel, as shown in figure 11) is given by

yt vt 1

70~ G m2 (L 221

(D.2)
at the leading order in v, with z = my/m,.
There is also a competing 2 — 3 annihilation process xx — Il (see figure 12) for which
the thermally averaged cross section is given by [31]
4

ay

{00 st = 32— F(2), (D-3)

4m2m, 2

where F'(z) is defined in terms of Polylogarithms as follows
o
8(z2+24)

2
+ (1+522+0.54z4—3.4526+8log(z) log(z2+1) <z+z3) )

(i )12 (e ] a2 1] )

2
F(z)= (1222 +162%+ (—3 —13.772% —2* —1.3225 -8 <z+23> log(z)) log (z2 - 1)

The above expression requires z > 1, which is satisfied given the mass ordering mg > m,.

Comparing the d-wave suppressed two-body annihilations (eq. (D.2)), and three-body
VIB annihilations (eq. (D.3)) one finds for my > m,, that the d-wave process is dominant at
freeze-out. Moreover, for y ~ 1 one finds that the dark matter relic density can be correctly
reproduced for m,, ~ 100 GeV. We refer the reader to [31] for further details of this model
and the associated phenomenology.
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Figure 11. Two-body annihilation of the real scalar dark matter x to Standard Model leptons I
mediated by heavy vector-like fermion via ¢t and u channels. These diagrams are d-wave suppressed.
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Figure 12. Velocity independent three-body annihilation via Virtual Internal Bremsstrahlung (VIB).

E Annihilation rate inside the dark matter halo

We next derive analytic forms for the annihilation rate of the dark matter particles inside
the halo at different redshifts, z, using the density profiles as discussed in section 2. At
various z, the Hubble parameter is defined as

H(z)
Hy

1/2
= [QA+Qmat(1+Z)3+Qrad(1+Z)4} / ’ (El)

where Hj is the present day Hubble constant, €24 is the dark energy density, Qs is the
matter density, and €),,q is the radiation density as observed today.

For the dark matter mass range in this study the density profile for the heavy mass PBH
(with Me > M>) is described by the maximum density core followed by the 9/4 profile, while
the 3/2 profile becomes only important for the light mass PBH (M, < M) and intermediate
mass PBH (M; < M, < Mj). The 3/4 profile mostly annihilates away into the maximum
density core and remains negligible for light PBH. Thus, it suffices to define the characteristic
radial distance at which the 3/2 profile for the light mass and intermediate mass black holes
meet the 9/4 profile, given by

82 4/3
~ ~ —2
7"% = <w> dea:kd . (EQ)

The radius 7core, below which dark matter annihilations set the profile, is sensitive to

the PBH mass and whether the dark matter is s-, p-, or, d-wave. For the case that the core

region transitions into an exterior profile with p?{i’i the form of the core radii is given by

1/3 2/3
2 2/3 28,
(2) " PimaZem H232) s wave
X
1/5 2/5
~ _ 1 2/5 3/50 Yy
Tcore,3/2 = (27r3> Pika%xa s H /3(z) p—wave . (E.3)
1/7 2/7
1 2/7 3/70 —2/7
<8ﬂ3> Pikd%kd m‘%(nH /T(z) d—wave
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Alternatively, if the central core transitions into a profile with p?{:é the core radius is rather

128m)2/9 4/9 - o \A9
§8/978/4) pi,ﬁdrkd (mi) H™/9(z) s—wave
~ 32m)2/13  4/13.9/13 4/13
Tcore,9/4 = ISST)uM)pi,léd Pl (%) H=4/13(z) p—wave , (E.4)
8m)2/1T 4/17 9/17 ( o, \ AT
rg/lrgiuﬂ)pm/{d Tké (ﬁi) H 4/17(2’) d—wave

where the subscripts 3/2 (eq. (E.3)) and 9/4 (eq. (E.4)) indicate whether the maximum
density profile terminates at a 3/2nd profile or the 9/4th profile. Using eq. (4.1) we next
derive analytic forms for the annihilation rate at different redshifts I'y = I'y(h(2))* where
x is determined case-by-case, and is such that f.|z=0 =T,.

E.1 Heavy black holes

We begin by considering heavy PBH in which case the density profile is determined by
maximum density core followed by the 9/4th profile. Let us first give the s-wave case (where
we use the notation f’f{ ¢ with the subscript s indicating the s-wave case and the superscript
H to indicate the heavy PBH scenario), for which

~ 4777‘3 m2 Hz(Z) 5 1287 -9/2 20 . —3/2 ~-—3/2
Ffl s — m?(Ch [ XBO-S (TCOI‘G)S/4 + mpikdrké <S> [(Tcore)9/4/ — Tta / :| 9

(E.5)
where r¢, is the radius of influence to be evaluated at the matter-radiation equilibrium.
Simplifying one can obtain

R 4rrd | (1287)%/3 4 2567 _
H _ Sch 2/3 4/3 -3 _1/3772/3 2 9/2  .-3/2
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Note that the second term here is sub-leading and can typically be neglected.

Similarly, for the p-wave case one has
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(E.7)
and the d-wave case
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E.2 Light black holes

For lighter PBH the density profile is determined by the maximum density core transitioning
into a 3/2 profile. In this case the rate for s-wave annihilating dark matter is given by

A drrd o [miH?(2) 20, 7
I, = m§Ch X3 (Feore)3 /2 + 3 = ptkatialn [ —— |,
X Og (Tcore)g/z (E 9)
87“ My Ty H2( ) .
3SChp12kd kd 1+1In <2a3 ~ Ff, s
2 mX Pi,kdxkdas

An important observation is that the radiation due to the annihilations produced inside
the core is independent of the redshift, while the contribution from the spike profile is only
logarithmically sensitive to the expansion history of the universe, the redshift independent
piece typically dominates.

Similarly for the p-wave case
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and for the d-wave case
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E.3 Intermediate mass black holes

Finally, we consider the case of an intermediate mass PBH (as defined in section 2.5) in
which the maximum density core transitions into a 3/2 density profile, which subsequently
transitions into a 9/4 profile. For the s-wave case the annihilation rate is given by

~ 47TT3 m2 H2 (Z) 20 7
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For the p-wave case the annihilation rate is given by
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Finally, for the d-wave case one has
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F  Annihilation channel dependance of gamma-ray bounds

To derive the bounds on dark matter annihilations one must define the photon spectrum due
to annihilations dN,/dE. The photon spectrum depends on the details of the model, and in
the plots presented in figures 5 & 8, we have made the simplistic (although not unreasonable)
assumption that 100% of the primary annihilation products are bb pairs. Such a scenario
naturally occurs if the dark matter annihilates via a scalar mediator that mixes with the
Standard Model Higgs and thus inherits the hierarchical structure of the Standard Model
Yukawa couplings, for instance, see e.g. [56].

It is immediately clear, however, that one can construct dark matter scenarios in which
the annihilation products are not entirely bb pairs, or indeed, some other state provides
dominant channel. Without a specific dark matter model in mind it is not feasible to consider
all possible annihilation channels, however, we find it prudent to consider some alternative
channels (although to our knowledge prior studies have not investigated this issue).
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Figure 13. The solid curves are identical to figure 5 and show the extragalactic y-ray bounds
assuming 100% of the dark matter annihilation primaries are bb pairs . The other curves also show
the extragalactic y-ray bounds, but where we vary our assumptions regarding the annihilation channel
with 100% WTW ™ pairs shown dashed, and 100% 777~ pairs shown dot-dashed.

In figure 13 we present an analogous plot to figure 5, but where we show only the
extragalactic y-ray bounds and we vary our assumptions regarding the annihilation channel.
The 100% bb pairs shown as solid lines in figure 13 (matching figure 5), 100% W W~ pairs
shown dashed, and 100% 777~ pairs shown dot-dashed. For each different annihilation channel
we use the corresponding photon spectrum dN,/dFE, taking these distributions from [37].
Changes between these three annihilation channels typically result in O(1) differences in the
limits and does not significantly impact the broad conclusions of our analysis.

G Comparison to other analyses

We have extracted limits from the extragalactic y-ray flux from Fermi-LAT [36]. Other groups
have examined this data, as well as alternative constrains. In figure 14 we take our results of
figure 5 and overlay these with the results of other groups to provide a comparison.

G.1 Extragalactic y-ray flux

We now compare our results (solid black curves in figure 14) to analogous analyses in [17]
(blue dashed) and [16] (grey dashed). Comparing to [17] (based on the same underlying
data [36]), our limits are a factor of 100 stronger. Notably, our dark matter halo profiles have
inner density regions with O(1) larger inner profile radii. Additionally, while we have fixed
xKp in our analyses, in [17] the authors apply some scaling relationship. Resultantly, the flux
in [17] and our own analyses differ by roughly a factor of 10. The other factor of 10 difference
coming from the application of indirect detection bounds. Overall, we consider our results
to be largely compatible, and these limits should be taken as characteristic since the exact
model details can lead to modest changes (cf. the mixed s-wave/p-wave case in section 5).
Further, neither our analysis or the method of [17] is especially sophisticated in applying the
indirect detection constraints and certainly a more careful analysis might be conducted (see
for instance discussions in [38]), although deviations in limits are anticipated to be modest.

We note that the s-wave extragalactic y-ray bound derived in [16] (grey dashed), while
stronger, is in error. The work propagates an error in the earlier literature relating to
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Figure 14. A comparison to alternative constraints, presented analogously to figure 5. The upper
bound on the fractional abundance of PBH fppn < fmax as the PBH mass M, is varied for different
dark matter scenarios and different experimental limits. Our limits from the extragalactic y-ray
background are shown as black, solid curves. The analogous from extragalactic y-ray bound derived
by [17] is shown as blue dashed. We also show the limits from [17] for CMB constraints (blue dotted),
and from recasting bounds from decaying dark matter (blue dot-dashed). We overlay (grey dashed)
the s-wave extragalactic y-ray bound derived in [16], but importantly highlight that this analysis
propagates an error in the literature relating to application of the y-ray constraint and is not reliable.

application of the y-ray constraint and is not reliable. It is presented here for comparison
purposes only. Specifically, this issue comes from the specific criteria for applying the indirect
detection limits when calculating fyax. Other aspects of [16] are correct and insightful.

G.2 Other approaches

It was highlighted in [26] that one might obtain a constraint on annihilations in PBH dark
matter halos through matching the limits on the decaying dark matter, with decay rate
I'ppm- Specifically, one may make the following identification with the annihilation rate
in the PBH halo T’

feer(1 — fren)?T. _ T'ppum

M, My

(G.1)

In this manner one can potentially recast decaying dark matter limits to place bounds on
PBH with dark matter halos (this is the specific method used in the recent papers of [17, 18]
to set a bound on p-wave annihilations around PBH). It was argued that for the dark matter
mass range, m, = 1— 10* GeV, by inspection of [39], a reasonable reference value for the limit
on the lifetime of dark matter is oy = F[_)]le > 10% s based on [40]. From this limit one can
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extract a constraint on fyax for a given M, and dark matter model. The results from [17]
using these recast limits are shown as dot-dashed curves. We also show the CMB constraints
derived in [17], shown as blue dotted curves. It is also worth highlighting that these studies
use a simplified treatment of the halo redshift dependance (e.g. using only eq. (4.2)).

We strongly favour using Fermi-LAT data directly, over recast decaying dark matter
limits, as we believe that it is much more robust to match to a primary experimental data
source rather than try to interpolate from a very different analysis using broad order of
magnitude assumptions regarding critical values (in this case mpyr). Notably, the limits from
these recast decaying dark matter limits and CMB constraints are comparable to the limits
from extragalactic «-rays derived here and thus are complementary.

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.
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