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Abstract

Primordial black holes (PBHs) lose mass by Hawking evaporation. For sufficiently small
PBHs, they may lose a large portion of their formation mass by today, or even evaporate
completely if they form with mass M < M_;, ~ 5 x 10'* g. We investigate the effect of this
mass loss on extended PBH distributions, showing that the shape of the distribution is
significantly changed between formation and today. We reconsider the y-ray constraints
on PBH dark matter in the Milky Way center with a correctly ‘evolved’ lognormal dis-
tribution, and derive a semi-analytic time-dependent distribution which can be used to
accurately project monochromatic constraints to extended distribution constraints. We
also derive the rate of black hole explosions in the Milky Way per year, finding that al-
though there is a significant number, it is extremely unlikely to find one close enough to
Earth to observe. Along with a more careful argument for why monochromatic PBH dis-
tributions are unlikely to source an exploding PBH population today, we (unfortunately)
conclude that we are unlikely to witness any PBH explosions.
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1 Introduction

Primordial black holes (PBHS) [1-4] are one of the earliest and most intriguing dark matter
candidates. With the recent direct observations of black holes [5-7], PBHs could be considered
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to be back in the limelight as a popular dark matter candidate. However, the fraction fppy of the
dark matter energy density in PBHs is constrained by a wide range of observations across the
PBH mass spectrum [8,9]. Typically, these constraints are given for monochromatic dark matter
distributions, but there has been growing interest in studying extended mass distributions [ 10—
14].

Black holes are understood to have a temperature proportional to the surface gravity at
the horizon and so lose mass by Hawking radiation [15,16]. The black holes radiate a thermal
spectrum consisting of all particles with a mass below this surface temperature, with emission
rate,

d?N; 1 ZFi(E,M,a*)

dtdE  2m eE/T+1 °
dof

1

where N; is the number of particles emitted, T; is the ‘greybody factor’, E’ is the energy of
the particle (including the BH spin), a* is the reduced spin parameter, the sum is over the
degrees of freedom of the particle (including color and helicity), and the % sign accounts for
fermions and bosons respectively. For large black holes, mass loss from Hawking evaporation is
negligible over their lifetime. For sufficiently small black holes, however, the effect of Hawking
evaporation is large. These PBHs may lose a significant portion of their mass by today, or
even evaporate completely (possibly leaving some small remnant behind). Black holes which
evaporate exactly with the lifetime of the universe are called ‘critical mass’ black holes, forming
with a mass M,,;; ~ 5x10'*g. In this paper we will explore the effect that Hawking evaporation
has on extended PBH distributions, centered near this critical mass. Throughout, we use the
public code BlackHawk [17,18] to calculate lifetimes and emission spectra of the primordial
black holes.

First we look at monochromatic PBH distributions at masses just slightly above the critical
mass. These could leave behind a sizeable remnant population of tiny black holes today, with
masses M < M_;,. We will argue that this scenario, however, requires a very high level of fine-
tuning for the initial black hole mass, and so there is a kind of ‘stability’ bound disqualifying
such a remnant population®. Since the bounds on PBH dark matter are always given in terms
of the black hole initial mass, this small section offers a more satisfying answer to the question
of what comprises the dark matter today.

In the second part of this paper, we explore extended mass distributions with central mass
near the critical mass. Since black holes of different masses evolve at different rates, these
extended mass distributions evolve non-trivially from their formation time until today. That
means that a distribution which is e.g. lognormal at PBH formation, has quite a different shape
today—we will refer to this as the ‘evolved’ distribution, which we derive explicitly. Often,
constraints on extended distributions are derived by ‘adapting’ the monochromatic constraints
with a kind of interpolation [10]. However, it was pointed out in Ref. [13] that this method
does not work for small PBH masses, for the above reason—the distribution changes over time.
We show that using the correct evolved distribution, however, allows us to still use the method
of Ref. [10] to derive correct constraints. In particular, we rederive the constraints on galactic
center y-rays detected by HESS and Fermi [20-22] for a lognormal extended distribution,
showing the rather large effect of properly evolving the PBH distribution (and agreeing with
the isotropic y-ray constraints found numerically in Ref. [13]).

In the final portion of this paper, we investigate the ‘exploding’ tail of the tiniest black holes
in the evolving distribution, and calculate the rate of black hole explosions over time. We find
that there are a significant number of black hole explosions in the Milky Way every year—

IThere are a number of constraints that already exist for monochromatic PBH distributions which form just
above the critical mass. However, it is still instructional to consider this argument which so often goes unstated.
If, for instance, Hawking radiation proceeded much faster than expected in the Schwarzschild case, this argument
would still hold while the aforementioned constraints might not; see, e.g., Ref. [19].
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Figure 1: For a range of black hole masses today, we show the relative difference
between their mass at formation and the critical black hole mass. This difference
is so small that we would need incredible fine-tuning to consistently produce these
populations today, far beyond the precision with which we are even able to perform
these calculations. Below 10! g, the black hole lifetime is less than a year, making
such a scenario even more unreasonable (unless we consider ourselves to be in an
extra-special period where all the PBHs are about to explode, any day now).

however, the expected distance to the nearest black hole explosion from Earth is sufficiently
large that the photon flux is probably too small to witness one of these transient events, with-
out exceptional luck. Nonetheless, it is interesting to consider the possible signal from such
an event—since black holes evaporate with the entire particle spectrum, witnessing such an
explosion could have profound science consequences [15,16,23,24].

This paper is structured as follows. In Section 2 we address the question of whether there
could be a monochromatic spectrum of PBHs today with masses m < M. In Section 3,
we derive the evolving PBH distribution, before calculating the y-ray bounds for a lognormal
distribution in Section 4. Finally, we examine the PBH explosion rate in Section 5, and conclude
in Section 6.

2 The monochromatic stability constraint

It is often stated that ‘black holes with masses m < M., cannot be the dark matter, since
they evaporate before today’. This statement is technically true, when considering the mass
at formation. But there remains the question—can a monochromatic distribution with mass
slightly larger than the critical mass leave behind a sizeable population today of very tiny
black holes? Constraints from Hawking emissions already do exist for such a population.
However, this question can be answered on more theoretical grounds, without reference to
specific observations.

Consider the scenario where there is a remnant population today of black holes of masses
m < M_y;,. If the black holes had mass 1.1 x 10*! g, the mass of these black holes at formation
would have been 7.4 x 10'* g (very close to the critical mass). However, if the population
had mass 1.1 x 10'* g today, the initial mass would have been just 7.5 x 10'* g. Clearly, there
is extremely little difference between these two initial populations. For these two examples,
we can compute AM,,;./Mi: ~ 0.01—so there is roughly a 1% difference in formation mass
for a three orders-of-magnitude difference in black hole mass today. In Fig. 1, we show this
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percentage difference for a range of black hole masses today, using M,,;; as the ‘reference’ mass.
We can see that minuscule changes in formation mass have drastic impact on the remnant mass
today. As a result, we have a kind of ‘stability’ constraint on a theory which predicts a specific
range of black holes today with M < M, since it is so sensitive to the initial conditions—
the precision required to source such a population would be smaller than the theoretical and
observational uncertainties in our calculation.

Essentially, we can not expect to find a rapidly evaporating monochromatic distribution
of black holes today. However, if the distribution was instead extended, this becomes a more
interesting question to ask, since the tail of an extended distribution near the critical mass
would seed an evaporating PBH population today. We investigate such a distribution in the
following sections.

3 Evolving PBH distributions

With the increased interest in primordial black holes in recent years, constraining extended
distributions has become a more pressing task. In Ref. [10], Carr et al. derived the constraints
on extended distributions by interpolating the monochromatic distribution constraints. In
Ref. [13], Arbey et al. argue that this method will not work for small black holes, since Hawking
evaporation changes the PBH distribution between formation and today. Arbey et al. rederived
the PBH constrains from isotropic gamma rays numerically, by simulating the evaporation of
a number of black holes using the program BlackHawk [17,18]. Here, we will show that the
method of Carr can still be rescued for evolved distributions, as long as one uses the correct
distribution at relevant epochs. We show how to derive this distribution and later rederive the
galactic center y-ray bounds. We define the fraction of total PBHs in the range [M,M + dM ]
as,

1 dn(M)
ngy dM

where ngy is the total PBH number density and n(M) is the number density of PBHs in the
mass range [M, M + dM]. The physical interpretation of ¢ is that if you had a population of
a certain number of black holes, the fraction of this population in a particular mass range (by
number) can be found by integrating ¢ over the mass range. This is to be compared to the
often-used definition 1y = Mdn/dM, which would give you the fraction of energy density in
some mass range. Defining the quantity as in Eq. 2 is perhaps more useful, however, in our
case. This is because the Hawking process happens to each black hole separately, rather than
to the black hole population as a whole. Then ¢ (M), at PBH formation, would be normalized
as,

¢(M) = , (2)

JdM¢(M)=1, €)

and we could compute,

pBHanHJdM M¢(M), )

for some choice of volume V. However, we are interested in the time evolution of this distri-
bution. In this case, the fraction of black holes in the range [M, M + dM] at a particular time
has two arguments, ¢(M,t). We assume that the initial distribution dn(M)/dM is fixed by
whatever physics produces the PBHs, and from then on is able to evolve. Then the fraction at
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Figure 2: Four initial distributions with M, = 10> g and different o, evolved to later
times. It is evident that the low-mass tail tends towards a slope oc M2, which means
a suppression of masses around the peak, and an enhancement at low masses (the
o = 1.5 case is too wide to show this behaviour within the bounds of our data). Note
that ¢ is in units of the age of the universe.
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a particular time is given by,

B4, 0) = (MM, 1), 1) P (5)
where M,(M, t) is the formation mass corresponding to a black hole of mass M at time t, and
to is the time of formation. The second term can be thought of as a change of variable, since
we need to preserve ¢(M)dM = ¢ (M,)dM,.

Let us then compute the time-dependent distribution, assuming black holes without spin
or charge (the arguments will not change drastically with the inclusion of this complication).
Also, although black holes of different sizes form at different epochs in the early universe,
accounting for this properly will only have a minuscule effect on the distribution, since we are
considering black hole evolution times on the scale of the age of the universe. For simplicity,
we can then define the time of formation as t = 0. The Hawking mass-loss equation [25] is
given by,

dM et a

dt G2 M?’
where a is a coefficient depending on which species are possible to emit, which is determined
by the mass. A black hole will spend the majority of its lifetime near its initial mass, so a ~ a
is a sufficiently good approximation for our purposes and allows for the analytic solution of
the differential equation,

6)

fict 173
M(t):(Mg—Baoaf) , t<r. (7)
This equation can trivially be inverted to calculate the initial mass M, for a black hole of mass
M at time t after formation:

fict 73
MO(M, t)= (M3+3aoat) . (8)

However, determining a is generally complicated, and so does not make for a nice analytic
solution. One could use the ‘classical’ value a,sica1 = 1/153607, but this is not particularly
accurate, since it only accounts for photon radiation. In order to proceed semi-analytically, we
use the approximation ay = a.g, which we define as,

_ G M
@ = hea 3t

)

where 7 is the black hole lifetime, calculated numerically with BlackHawk. This means that a.¢
guarantees we obtain the correct lifetime for any initial mass. We find that using this effective
parameter instead of the numerical value gives a correct evolved mass to within a few percent
at all times for the majority of initial masses. We show a plot of a.g in Fig. 3, which must be
derived numerically. If one is desperate for a purely analytical evolved distribution, this could
be approximated with the following function, which we fit with a y? regression:
e+ oMy M, S 10'8g
Fefffit = 12011 x 104 M, > 10'8g ’ (10)

where ¢; = —0.3015, ¢, = 0.3113, and p = —0.0008 and the value for M, 2 10*® is taken
from Ref. [25]. This fit is shown in Fig. 3. Combining Egs. 5 & 8, we find the time-dependent
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Figure 3: We show a.g as a function of initial black hole mass. This parameter is
defined in such a way that the Hawking lifetime of a black hole, calculated using
Qg is the same as the lifetime of a black hole with that initial mass, fully calculated
numerically with BlackHawk. For convenience, we also fit an approximate power
law. Using the fit gives the correct black hole evolution to within a few percent for
most of the distribution, diverging a bit more for larger masses.

evolved distribution,

4 \—2/3
(M, t) = p(Mo(M, 1), to) x M> (M3 + atee(Mo(M, t))%t) (11)

This equation can be used easily by anyone wishing to study extended PBH distributions which
are effected by Hawking radiation. If one wishes to study a different kind of mass change, such
as by accretion in the early universe, however, the second term would need to be modified
according to the mass-change equations for that physical process.

There a few subtleties which should be addressed. Firstly, npy in Eq. 2 is defined at the
black hole formation time. Since some black holes will completely evaporate, this means that
the integral in Eq. 3 will be less than one as time goes on, as the M = 0 portion of the integral
is lost. Secondly, two black holes with different initial masses, but which have eventually
evaporated, will not be distinguishable (since there is nothing to distinguish)—so one must
be careful when applying Eq. 8 for fully evaporated black holes. Finally, this method requires
that the black hole masses evolve via a continuous function of mass and time. Here, that
function was the black hole mass loss due to Hawking radiation in Eq. 8—but this method
could equally be applied for anything else which affects the black hole mass in a continuous
way (e.g., accretion in the early universe).

Eq. 11 also provides a simple explanation for the shape of the evolved distributions in
Fig. 2. It is useful to examine the two extreme regimes. For M°> > aeff% t, the second term is
suppressed, leading to an essentially unchanged distribution. This is indeed the behaviour seen
for large masses. Conversely, when M°> < aeff’%: t, the second term dominates, scaling oc M2,
Since evolved PBHs with small masses originate at almost the same initial mass, ¢ (M, ty)
and a.g(M,) become essentially constant in M, and the evolved distribution becomes o< M2,
which is indeed also the behaviour seen for small masses at later times. Where the two terms
are of comparable size, there will be an intermediate region. This analysis is independent of
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Figure 4: Expected signal from the galactic centre for evolved populations to-
day, contrasted with the expected signal for unevolved lognormal distributions, for
fobh = 1078, Larger values of fpbh Produce signals roughly larger than observed by
HESS [20] and Fermi-LAT data [21,22], setting constraints on the PBHs.

the initial distribution, and will hold as long as ¢ (M, ty) does not vary extremely quickly in
mass.

It would certainly be interesting to examine in addition the evolution of the distribution
from mergers, although it would not be trivial to calculate. The PBH-binary parameter dis-
tribution from even a monochromatic distribution [26,27] is already somewhat complicated,
and performing this calculation with an extended mass distribution is well beyond the scope of
this paper, if it is even analytically tractable (and it is difficult to intuit which way the bounds
would shift, after including this effect).

4 vy-ray constraints
For demonstrative purposes, we will recompute the y-ray constraints from the galactic center,
using a lognormal distribution. The lognormal distribution is relatively well-motivated, since

many physically realistic processes are expected to result in such distributions [13, 28-33],
and is given by,

(12)

dTl(M) _ npy exp | — (ln(M/M*))z
M Vamom ¥ 202
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The y-ray flux from an extended distribution of black holes is given as

—dzNY E dM df —dzNY M,E 13
dEdt( )= WdEdt( B, (13)

and given that the emission of low-mass black holes is much larger than that of larger masses,
the low-mass tail of ¢ (M) becomes very important, as was noted in Ref. [13]. We use this to
compute the expected flux in y-rays, ®, from the galactic centre, using

D dzN

E 14
( )= fpthdEdt( ), (14)
where M is the initial mean PBH mass, and D is the D-factor commonly used for decaying dark
matter predictions [34], given by

= f d1dQ pyp,. (15)

In Fig. 4 we show the expected signal from the galactic centre, using the Navarro-Frenk-White
dark matter profile [35] for the PBHs, contrasted with the expected signal for a lognormal PBH
distribution which does not evolve. Note that for evolved distributions, we use fp,;, to refer
to the PBH fraction of dark matter at formation. For distributions with significant portions of
low-mass PBHs, part of that mass would be evaporated at later times.

By requiring that the emission from PBHs does not exceed the observed flux from the galac-
tic centre, we can constrain fup, for a specific distribution. An alternative method for doing
this was proposed in [10], which does not require computing the signal from a given distribu-
tion, but instead adapting the constraints on monochromatic distributions. We find that using
this ‘adapted’ method, but with our correctly evolved distribution, agrees excellently with the
bounds computed numerically, by simulating an initial PBH distribution and computing the
y-ray spectrum. In addition, the correctly evolved bounds are very similar to those derived in
Ref. [13] for isotropic y-rays 2.

5 Black hole explosions

The end of life of an evaporating black hole is not entirely known. However, at least down to
extremely small masses, it should be the case that the black holes will get hotter and brighter,
emitting a huge spectrum of particles. For convenience, we call this end-of-life phenomenon
an explosion, although we will not comment on whether or not the black hole is completely
exhausted, or leaves behind some kind of remnant. The possibility of observing such an explo-
sion would be very exciting. Since all possible particle species are emitted, we could not only
probe the Standard Model more clearly, but we could possibly make statements about dark
matter and beyond-the-Standard Model physics [23,24].

We can straightforwardly convert the evolving PBH distribution to a plot of black hole
explosions, per volume per year, which we plot in Fig. 6. We can see that there are actually
quite a large quantity of explosions per year. However, and unfortunately, the distance between
these explosions is still probably too small for observation from Earth—see Fig. 7, where we
plot the average distance between these explosions as a function of the distribution parameters

and fpbh .

2We choose not to reproduce these particular bounds, however, since the extragalactic flux must be integrated
back in time—a slightly more complicated task when the evolution itself is evolving.
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Figure 5: Bounds on f,p, from galactic centre y-ray observations. There are four
bounds plotted here (the thickness of the borders accounts for observational uncer-
tainty). The first lognormal’ bound, is the spectrum computed produced today, if
we do not account for the evolution of the spectrum. The second ‘evolved’ bound is
numerically calculated from the y-ray spectrum of black holes, distributed with our
evolved spectrum today Eq. 11. The ‘adapted’ bound refers to the bound obtained
using the method from Ref. [10], where the monochromatic constraints are inter-
polated to form the extended distribution bounds. The ‘adapted, evolved’ bound is
calculated using the same method, but with the correct evolved distribution Eq. 11.
In each case, the actual bound is placed by requiring that the signal be below the
HESS and Fermi-LAT sensitivities. We can see that the adapted method is perfectly
compatible with the numerical results, when using our evolved distribution. The
reason our bounds for the evolved distribution are loosened for small values of M,
is that a large fraction of that population would have evaporated already, and thus
would have no impact on the y-rays from the galactic centre. A different probe, such
as their impact on BBN or CMB would be needed to constrain this type of popula-
tions. The unevolved lognormal bounds must be arbitrarily cutoff at 10'* g, since
it would not be consistent to have a lognormal distribution today consisting of tiny,
rapidly-evaporating black holes (following the same logic as in Sec. 2).
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Figure 6: Explosion rate of PBHs over time, for a few values of o and central mass
M.,. The rate is given in terms of number of explosions per cumulative ‘solar mass’ of
PBHs. To escape the previously derived bounds, we have fppy < 1078, On the second
vertical axis, then, we show what this explosion rate would imply in the Milky Way for
a PBH distribution satisfying this constraint. We can see that even at this relatively
low fraction, there is a significant quantity of explosions per year. For a different
fraction, the event rate would change proportionately.
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Figure 7: Average distance between black hole explosions, for the evolving lognormal
distribution as above. For demonstrative purposes, we also plot a line showing where
such a distance corresponds to a photon flux of 0.1 photons cm?yr—!. We can see
that even this very low flux is only satisfied for very large fractions fp,p,. As tantalizing
as the prospect of witnessing a black hole explosion would be, it appears to be unlikely
in this scenario. Of course, the Earth would be located somewhere in between these
explosions, but the expected distance to the nearest explosion would only be a factor
of few smaller than this distance—unless we were exceptionally lucky.

As a representative observation, we can examine the y-ray flux from one of these transient
events. In the last year of the black hole’s life, at a distance of ~0.01 parsec, we only expect
1 photon per square cm per year. In order to observe a single photon from an explosion with
Fermi®, the black hole would need to be within a distance of ~ 100 AU. A single photon,
however, is hardly a positive detection. Ten detected photons requires a distance of ~ 35 AU
(~ 107 pc), placing it firmly inside our solar system. One such event, unless we happen to
be very lucky, corresponds to PBH fractions which are well excluded— in the monochromatic
case, it would be excluded by the argument in Sec. 2, whereas the extended distributions are
ruled out by the arguments in Secs. 3, 4. Perhaps there is some more creative way to observe
these explosions as transient events (or even, a background) which we have not considered—
after all, there is a lot of possibility when the entire particle spectrum is produced. However,
for the moment, it does not appear that we will be witnessing any black hole explosions any
time soon.

A different way of determining the presence of such explosions would be through investi-

3Assuming an effective area of 10* cm? for the relevant energies [36].

12
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gating the energy injected into the interstellar medium. A conservative estimate of the energy
emitted from PBHs in a given year is ~ 10'! g (1032 ergs) per explosion, neglecting the emis-
sion from PBHs with more than a year of life left. As shown in Fig. 6, the explosion rate in
a Milky Way-like galaxy can vary greatly over time, depending on the initial distribution. As-
suming a Milky Way explosion rate of 101 per year, this is 10*? ergs emitted per year, of which
a large portion is in photons. In a similar naive analysis, a supernova will generally release
~ 10°! ergs [37,38]. If the supernova rate is one every 10 to 100 years in a MW-like galaxy,
this means that supernovae will inject ~ 107 times more energy over that timespan compared
to the black hole explosions. However, there may be some morphological differences, as a
supernova will be very localised, whereas the energy injection from PBH explosions will be
distributed with the halo density profile, and with roughly ‘continuous’ emission. Additionally,
supernovae are often tied to star formation, since many supernova progenitors are short-lived
high-mass stars, whereas PBH explosions are completely independent of star formation, and
could even happen before stars are formed. A more thorough analysis of the energy injection
by PBH explosions would be interesting, but beyond our scope here.

6 Conclusions

Small black holes can lose a significant fraction of their mass via Hawking radiation. Distribu-
tions of small black holes therefore evolve over time, as some black holes explode and some
shrink considerably. We showed that for monochromatic distributions, it is extremely unlikely
to find a population today which is rapidly evaporating, since the initial mass would have to
be extremely fine-tuned to a small value above this critical mass. However, extended distri-
butions centered near the critical mass would source a population of evaporating black holes.
We demonstrated how to derive this distribution today, and that using the correctly evolved
distributions saves the method of Ref. [10], which recasts monochromatic constraints into ex-
tended constraints. We then calculated the rate of PBH explosions for a lognormal distribution
near the critical mass. Unfortunately, we found that although there are a significant quantity
of these explosions, they are on average sufficiently far from Earth that we do not expect to
see them.

Primordial black holes are seeing something of a Renaissance today, in large part due
to the exciting observations of black holes from experiments such as LIGO/Virgo. As our
understanding of their origins and astrophysics improves, the need to properly model extended
mass distributions becomes more pressing. There is a lot to learn from these black holes, both
cosmologically and astrophysically, as well as on the theoretical side—for gravity and particle
physics.

During the preparation of this paper, a similar treatment of the evolved mass distribution
was published in the context of PBH bubbles as cosmological standard timers [39]. We find
that our results agree well.

Acknowledgements

We would like to thank Celine Boehm, Archil Kobakhidze, and Ciaran O’Hare for many useful
discussions and insights throughout the research and writing of this paper.

13



SciPost Physics Submission

Funding

The authors are funded by The University of Sydney.

References

[1]

[2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Y. B. Zel’dovich and 1. D. Novikov, The hypothesis of cores retarded during expansion and
the hot cosmological model, Sov. Astron. 10, 602 (1966).

S. Hawking, Gravitationally collapsed objects of very low mass, Mon. Not. Roy. Astron.
Soc. 152, 75 (1971).

B. J. Carr and S. Hawking, Black holes in the early Universe, Mon. Not. Roy. Astron. Soc.
168, 399 (1974).

G. E Chapline, Cosmological effects of primordial black holes, Nature 253(5489), 251
(1975), doi:10.1038/253251a0.

B. Abbott et al., Observation of Gravitational Waves from a Binary Black Hole Merger, Phys.
Rev. Lett. 116(6), 061102 (2016), doi:10.1103/PhysRevLett.116.061102, 1602.03837.

K. Akiyama et al., First M87 Event Horizon Telescope Results. I. The Shadow of the Super-
massive Black Hole, Astrophys. J. Lett. 875, L1 (2019), do0i:10.3847/2041-8213/ab0ec?,
1906.11238.

K. C. Sahu et al., An Isolated Stellar-Mass Black Hole Detected Through Astrometric Mi-
crolensing (2022), 2201.13296.

B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama, Constraints on Primordial Black Holes
(2020), 2002.12778.

A. M. Green and B. J. Kavanagh, Primordial Black Holes as a dark matter candidate
(2020), 2007.10722.

B. Carr, M. Raidal, T. Tenkanen, V. Vaskonen and H. Veerméie, Primordial black
hole constraints for extended mass functions, Phys. Rev. D 96(2), 023514 (2017),
doi:10.1103/PhysRevD.96.023514, 1705.05567.

E Kihnel and K. Freese, Constraints on Primordial Black Holes with Extended Mass
Functions, Phys. Rev. D 95(8), 083508 (2017), doi:10.1103/PhysRevD.95.083508,
1701.07223.

N. Bellomo, J. L. Bernal, A. Raccanelli and L. Verde, Primordial Black Holes as Dark
Matter: Converting Constraints from Monochromatic to Extended Mass Distributions, JCAP
01, 004 (2018), do0i:10.1088/1475-7516/2018/01/004, 1709.07467.

A. Arbey, J. Auffinger and J. Silk,  Constraining primordial black hole masses
with the isotropic gamma ray background, Phys. Rev. D 101(2), 023010 (2020),
doi:10.1103/PhysRevD.101.023010, 1906.04750.

B. Carr, S. Clesse, J. Garcia-Bellido and E Kuhnel, Cosmic Conundra Explained by Thermal
History and Primordial Black Holes (2019), 1906.08217.

S. W. Hawking, Black hole explosions, Nature 248, 30 (1974), do0i:10.1038/248030a0.

14


https://doi.org/10.1038/253251a0
https://doi.org/10.1103/PhysRevLett.116.061102
1602.03837
https://doi.org/10.3847/2041-8213/ab0ec7
1906.11238
2201.13296
2002.12778
2007.10722
https://doi.org/10.1103/PhysRevD.96.023514
1705.05567
https://doi.org/10.1103/PhysRevD.95.083508
1701.07223
https://doi.org/10.1088/1475-7516/2018/01/004
1709.07467
https://doi.org/10.1103/PhysRevD.101.023010
1906.04750
1906.08217
https://doi.org/10.1038/248030a0

SciPost Physics Submission

[16] S. W. Hawking, Particle Creation by Black Holes, Commun. Math. Phys. 43, 199 (1975),
doi:10.1007/BF02345020, [Erratum: Commun.Math.Phys. 46, 206 (1976)].

[17] A. Arbey and J. Auffinger, BlackHawk: A public code for calculating the Hawking
evaporation spectra of any black hole distribution, Eur. Phys. J. C 79(8), 693 (2019),
doi:10.1140/epjc/s10052-019-7161-1, 1905.04268.

[18] A. Arbey and J. Auffinger, Physics Beyond the Standard Model with BlackHawk v2.0, Eur.
Phys. J. C 81, 910 (2021), doi:10.1140/epjc/s10052-021-09702-8, 2108.02737.

[19] Z. S. C. Picker, Navigating the asteroid field: New evaporation constraints for primordial
black holes as dark matter (2021), 2103.02815.

[20] A. Abramowski et al., Acceleration of petaelectronvolt protons in the Galactic Centre, Nature
531, 476 (2016), do0i:10.1038/nature17147, 1603.07730.

[21] O. Macias and C. Gordon, Contribution of cosmic rays interacting with molecular
clouds to the Galactic Center gamma-ray excess, Phys. Rev. D 89(6), 063515 (2014),
doi:10.1103/PhysRevD.89.063515, 1312.6671.

[22] T. Lacroix, O. Macias, C. Gordon, P Panci, C. Behm and J. Silk, Spatial morphology of the
secondary emission in the Galactic Center gamma-ray excess, Phys. Rev. D 93(10), 103004
(2016), doi:10.1103/PhysRevD.93.103004, 1512.01846.

[23] T. N. Ukwatta, D. R. Stump, J. T. Linnemann, J. H. MacGibbon, S. S. Marinelli, T. Yapici
and K. Tollefson, Primordial Black Holes: Observational Characteristics of The Final Evap-
oration, Astropart. Phys. 80, 90 (2016), doi:10.1016/j.astropartphys.2016.03.007,
1510.04372.

[24] M. J. Baker and A. Thamm, Probing the Particle Spectrum of Nature with Evaporating
Black Holes (2021), 2105.10506.

[25] D. N. Page, Particle Emission Rates from a Black Hole: Massless Particles from an Un-
charged, Nonrotating Hole, Phys. Rev. D 13, 198 (1976), doi:10.1103/PhysRevD.13.198.

[26] T. Nakamura, M. Sasaki, T. Tanaka and K. S. Thorne, Gravitational waves from coalescing
black hole MACHO binaries, Astrophys. J. Lett. 487, 1139 (1997), doi:10.1086/310886,
astro-ph/9708060.

[27] M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama, Primordial Black Hole Scenario
for the Gravitational-Wave Event GW150914, Phys. Rev. Lett. 117(6), 061101 (2016),
doi:10.1103/PhysRevLett.117.061101, [Erratum: Phys.Rev.Lett. 121, 059901 (2018)],
1603.08338.

[28] A. M. Green, Microlensing and dynamical constraints on primordial black hole
dark matter with an extended mass function, Phys. Rev. D 94(6), 063530 (2016),
doi:10.1103/PhysRevD.94.063530, 1609.01143.

[29] K. Kannike, L. Marzola, M. Raidal and H. Veermée, Single Field Double Inflation and
Primordial Black Holes, JCAP 09, 020 (2017), doi:10.1088/1475-7516/2017/09/020,
1705.06225.

[30] J. Calcino, J. Garcia-Bellido and T. M. Davis, Updating the MACHO fraction of the Milky
Way dark halowith improved mass models, Mon. Not. Roy. Astron. Soc. 479(3), 2889
(2018), doi:10.1093/mnras/sty1368, 1803.09205.

15


https://doi.org/10.1007/BF02345020
https://doi.org/10.1140/epjc/s10052-019-7161-1
1905.04268
https://doi.org/10.1140/epjc/s10052-021-09702-8
2108.02737
2103.02815
https://doi.org/10.1038/nature17147
1603.07730
https://doi.org/10.1103/PhysRevD.89.063515
1312.6671
https://doi.org/10.1103/PhysRevD.93.103004
1512.01846
https://doi.org/10.1016/j.astropartphys.2016.03.007
1510.04372
2105.10506
https://doi.org/10.1103/PhysRevD.13.198
https://doi.org/10.1086/310886
astro-ph/9708060
https://doi.org/10.1103/PhysRevLett.117.061101
1603.08338
https://doi.org/10.1103/PhysRevD.94.063530
1609.01143
https://doi.org/10.1088/1475-7516/2017/09/020
1705.06225
https://doi.org/10.1093/mnras/sty1368
1803.09205

SciPost Physics Submission

[31] M. Boudaud and M. Cirelli, Voyager 1 e* Further Constrain Primordial Black Holes as Dark
Matter, Phys. Rev. Lett. 122(4), 041104 (2019), doi:10.1103/PhysRevLett.122.041104,
1807.03075.

[32] W. DeRocco and P W. Graham, Constraining Primordial Black Hole Abundance
with the Galactic 511 keV Line, Phys. Rev. Lett. 123(25), 251102 (2019),
doi:10.1103/PhysRevlLett.123.251102, 1906.07740.

[33] R. Laha, Primordial Black Holes as a Dark Matter Candidate Are Severely Constrained
by the Galactic Center 511 keV vy -Ray Line, Phys. Rev. Lett. 123(25), 251101 (2019),
doi:10.1103/PhysRevlLett.123.251101, 1906.09994.

[34] N. W. Evans, J. L. Sanders and A. Geringer-Sameth,  Simple J-Factors and D-
Factors for Indirect Dark Matter Detection, Phys. Rev. D 93(10), 103512 (2016),
doi:10.1103/PhysRevD.93.103512, 1604.05599.

[35] J. E Navarro, C. S. Frenk and S. D. M. White, The Structure of cold dark matter halos,
Astrophys. J. 462, 563 (1996), do0i:10.1086/177173, astro-ph/9508025.

[36] A. Coogan, L. Morrison and S. Profumo, Direct Detection of Hawking Radiation
from Asteroid-Mass Primordial Black Holes, Phys. Rev. Lett. 126(17), 171101 (2021),
doi:10.1103/PhysRevlLett.126.171101, 2010.04797.

[37] B. Paxton et al., Modules for Experiments in Stellar Astrophysics (MESA): Binaries, Pul-
sations, and Explosions, Astrophys. J. Suppl. 220(1), 15 (2015), doi:10.1088/0067-
0049/220/1/15, 1506.03146.

[38] H.T. Janka, T. Melson and A. Summa, Physics of Core-Collapse Supernovae in Three Dimen-
sions: a Sneak Preview, Ann. Rev. Nucl. Part. Sci. 66, 341 (2016), doi:10.1146/annurev-
nucl-102115-044747, 1602.05576.

[39] Y.-E Cai, C. Chen, Q. Ding and Y. Wang, Cosmological Standard Timers from Unstable
Primordial Relics (2021), 2112.10422.

16


https://doi.org/10.1103/PhysRevLett.122.041104
1807.03075
https://doi.org/10.1103/PhysRevLett.123.251102
1906.07740
https://doi.org/10.1103/PhysRevLett.123.251101
1906.09994
https://doi.org/10.1103/PhysRevD.93.103512
1604.05599
https://doi.org/10.1086/177173
astro-ph/9508025
https://doi.org/10.1103/PhysRevLett.126.171101
2010.04797
https://doi.org/10.1088/0067-0049/220/1/15
https://doi.org/10.1088/0067-0049/220/1/15
1506.03146
https://doi.org/10.1146/annurev-nucl-102115-044747
https://doi.org/10.1146/annurev-nucl-102115-044747
1602.05576
2112.10422

	Introduction
	The monochromatic stability constraint
	Evolving PBH distributions
	Gamma-ray constraints
	Black hole explosions
	Conclusions
	References

