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The strongest existing constraints on primordial black holes with masses in the range of
mBH ∼ 1015–1017 g have been derived from measurements of the local cosmic-ray electron-positron flux
by Voyager 1, and MeV-scale gamma-ray observations of the inner Galaxy by COMPTEL and
INTEGRAL. In this paper, we evaluate the sensitivity of future MeV-scale gamma-ray telescopes such
as e-ASTROGAM or AMEGO to Hawking radiation. We show that such an instrument would be able to
provide the strongest constraints on black holes in the mass range of mBH ∼ ð0.6–20Þ × 1016 g, typically
exceeding current constraints by approximately two orders of magnitude. In scenarios in which the
observed 511 keV excess is the result of Hawking radiation, we find that e-ASTROGAM or AMEGO
would not only be able to detect the Hawking radiation from the inner Galaxy, but could precisely measure
the abundance and mass distribution of the black holes responsible for this signal.
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I. INTRODUCTION

If the early universe contained large curvature perturba-
tions, a sizable population of primordial black holes may
have formed. While various constraints have been placed
on the characteristics of any such population of black holes
(for a review, see Ref. [1]), significant abundances of such
objects may still be present in our Universe today.
It has long been appreciated that black holes radiate an

approximately thermal spectrum of particles, known as
Hawking radiation [2,3]. Searches for Hawking radiation
in the form of gamma rays and positrons have been used to
derive powerful constraints on primordial black holes [4–8].
More specifically, local measurements of the cosmic-ray
electron (plus positron) flux by the Voyager 1 satellite
currently provide the strongest constraint on black holes
lighter than mBH ∼ ð1–2Þ × 1016 g [7], while MeV-scale
gamma-ray observations of the inner Galaxy by COMPTEL
and INTEGRAL provide the leading constraints in the mass
range of mBH ∼ 1016–1017 g [4–6].1 Constraints from the
global 21-cm signal have also been explored, as well as
constraints that will be provided by future CMB (Cosmic
Microwave Background) anisotrophy probes [11,12].

While the data provided by the COMPTEL [13] and
INTEGRAL [14] satellites have made it possible to derive
interesting bounds on the abundance of primordial black
holes, the sensitivity of such instruments is limited.
Fortunately, a new generation of satellite-based MeV-scale
gamma-ray telescopes have been proposed, including the
designs currently known as AMEGO (All-sky Medium
Energy Gamma-ray Observatory) [15] and e-ASTROGAM
(“enhanced ASTROGAM”) [16]. Such instruments would
be capable of detecting photons through both pair con-
version (as Fermi, for example, does) and Compton
scattering, enabling them to have much greater sensitivity
to photons in the 1–100 MeV range. While COMPTEL and
INTEGRAL are able to detect MeV-scale photons, the
projected sensitivity of AMEGO and e-ASTROGAM to
such gamma rays exceeds that of these earlier instruments
by roughly two orders of magnitude.
In this paper, we consider the sensitivity of next-

generation MeV-scale gamma-ray telescopes to the
Hawking radiation from a population of primordial black
holes (for earlier related work, see Ref. [5]). To this end, we
have calculated the energy spectrum and angular distribu-
tion of the Hawking radiation from a 40° × 40° region
around the Galactic Center, including contributions from
inflight electron-positron annihilation and final state radi-
ation. We then performed an analysis of simulated
e-ASTROGAM data, utilizing spatial templates, allowing
us to fully exploit the morphological and spectral infor-
mation provided by such an instrument (we expect to obtain

1While GeV-scale telescopes such as EGRET [9] and Fermi
[10] can be used to search for the Hawking radiation from lower
mass black holes, the constraints provided by such instruments
are less stringent than those derived from Voyager 1’s measure-
ments of the local electron-positron flux [7].
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similar sensitivity for an instrument such as AMEGO).
Through this analysis, we have been able to derive
projected constraints on the abundance of primordial black
holes (BHs) in the mass range ofmBH ∼ ð0.3–30Þ × 1016 g,
and for a wide range of halo profiles. For black holes in the
mass range of mBH ∼ 1016–1017 g, we find that such a
telescope would be able to improve upon current con-
straints by approximately a factor of ∼100, potentially
excluding scenarios in which the black holes make up more
than fBH ∼ 10−4–10−6 of the total dark matter density. We
also consider scenarios in which primordial black holes are
responsible for the excess of 511 keV photons observed
from the inner Galaxy [4], as reported by the INTEGRAL
Collaboration [17–19]. We find that in such a scenario, an
instrument such as AMEGO or e-ASTROGAM would not
only be able to detect the gamma rays radiated from the
black holes, but would be able to quite precisely measure
the abundance and mass distribution of the responsible
black hole population.

II. HAWKING RADIATION FROM PRIMORDIAL
BLACK HOLES

The temperature and Schwarzschild radius of a black
hole are related to its mass as follows2:

TBH ¼ M2
Pl

8πmBH
≈ 1.05 MeV ×

�
1016 g
mBH

�
;

rs ¼
2mBH

M2
Pl

≃ 1.5 × 10−12 cm ×

�
mBH

1016 g

�
; ð1Þ

where MPl ≈ 1.22 × 1019 GeV is the Planck mass.
Due to the gravitational nature of Hawking evaporation,

the radiation from a black hole includes all species of
particles that are lighter than or comparable in mass to the
black hole’s temperature, leading to the following rate of
mass loss:

dmBH

dt
¼ −

Gg�;HðmBHÞM2
Pl

30720πm2
BH

;

≈ −8.2 × 10−7 g=s ×

�
g�;H
10.92

��
1016 g
mBH

�
2

; ð2Þ

where G ≈ 3.8 is the graybody factor, and g�;H counts the
number of spin-weighted degrees-of-freedom that are
lighter than the black hole’s temperature. The quantity
g�;H receives a contribution of 6 from the three Standard
Model neutrinos and antineutrinos, 4 from electrons and
positrons, 0.82 from photons, and 0.1 from gravitons
[20,21]. Integrating this expression, we find that a black
hole with an initial mass of mBH ∼ 4 × 1014 g will evapo-
rate in a length of time equal to the age of the Universe.
The spectrum of Hawking radiation from an individual

black hole can be written as follows [22]:

dNdir

dE
ðmBH; EÞ ¼

1

2π2
E2σðmBH; EÞ
eE=T � 1

; ð3Þ

where for fermions (bosons), the sign in the denominator is
positive (negative). The absorption cross section, σ, also
depends on the spin of the particles being radiated. In the
E ≫ T limit, the absorption cross section approaches
σ ≃ 27πm2

BH=M
4
Pl, regardless of the particle species. At

lower energies, σ is a function of energy, and depends on
the particle species under consideration. Throughout our
calculations, we implement the full spectra as presented
in Ref. [22].
Black holes can produce gamma rays not only as the

direct products of Hawking evaporation [as described by
Eq. (3)], but also through the inflight annihilation of
positrons, and as final state radiation. The spectrum of
gamma rays from the inflight annihilation of positrons is
given by [23,24]

dNIA
γ

dEγ
¼ πα2nH

me

Z
∞

me

dEeþ
dNeþ

dEeþ

Z
Eeþ

Emin

dE
dE=dx

PEeþ→E

ðE2 −m2
eÞ

×
�
−2 −

ðEþmeÞðm2
eðEþmeÞ þ E2

γðEþ 3meÞ − EγðEþmeÞðEþ 3meÞÞ
E2
γðE − Eγ þmeÞ2

�
; ð4Þ

where α ≈ 1=137.037 is the fine structure constant, nH is
the number density of neutral hydrogen atoms, and
dNeþ=dEeþ is the spectrum of positrons radiated from
the black hole, as described by Eq. (3). The energy loss rate
for a positron due to ionization in the presence of neutral
hydrogen, dE=dx, is given by the standard Bethe-Bloch
formula. Note that since dE=dx is proportional to nH, the

flux of gamma rays from inflight annihilation is not
sensitive to the density of gas.
The probability that a positron with an initial energy of

Eeþ will survive until its energy has been reduced to E is
given by

PEeþ→E ¼ exp

�
−nH

Z
Eeþ

E
σannðE0Þ dE0

jdE0=dxj
�
; ð5Þ

where σann is the cross section for a positron to annihilate
with an electron at rest. For positrons less energetic than a

2Throughout this study, we will focus our attention on the case
of Schwarzschild black holes.
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few MeV, PEeþ→me
always falls in the range between 0.95

and 1.0, reflecting the fact that only a few percent of the
positrons annihilate before becoming nonrelativistic.
Lastly, we also include in our calculations the final state

radiation from any electrons and positrons that are pro-
duced through the process of Hawking evaporation. This
leads to the following contribution to the gamma-ray
spectrum:

dNFSR
γ

dEγ
¼ α

2π

Z
dEe

dNe

dEe

�
2

Eγ
þ Eγ

E2
e
−

2

Ee

�

×

�
ln

�
2EeðEe − EγÞ

m2
e

�
− 1

�
; ð6Þ

where dNe=dEe is the spectrum of electrons and positrons
radiated from the black hole.
In Fig. 1, we show the spectrum of the gamma-ray

emission from an individual black hole for several choices
of mBH, and including contributions from direct Hawking
radiation, final state radiation, and inflight annihilation. At
the highest energies, direct Hawking radiation dominates
this emission. In contrast, inflight annihilation provides the
largest contribution at lower energies.
Putting these contributions together, we are now in a

position to calculate the total flux of gamma rays from a
population of primordial black holes. Averaged over a solid
angle, ΔΩ, this flux is given by

FγðΔΩÞ ¼
dNtot

γ

dEγ

1

4π

Z
ΔΩ

Z
los

nBHðl;ΩÞdldΩ;

¼ dNtot
γ

dEγ

fBH
4πmBH

Z
ΔΩ

Z
los

ρDMðl;ΩÞdldΩ; ð7Þ

where

dNtot
γ

dEγ
¼ dNdir

γ

dEγ
þ dNIA

γ

dEγ
þ dNFSR

γ

dEγ
; ð8Þ

nBH is the number density of black holes, fBH is the fraction
of the dark matter that consists of black holes, and the
integrals are performed over the line-of-sight and the solid
angle observed. For the spatial distribution of primordial
black holes in the Milky Way, we adopt a generalized
Navarro-Frenk-White (NFW) halo profile [25,26]:

nBH ¼ n0
ðr=RsÞγ½1þ ðr=RsÞ�3−γ

; ð9Þ

where r is the distance from the Galactic Center. In our
calculations, we adopt a scale radius of Rs ¼ 20 kpc
and have normalized n0 such that the local density of
black holes (at r ¼ 8.25 kpc) is nBH ¼ 0.4 GeV=cm3 ×
fBH=mBH [27]. We take the inner slope of this profile, γ, to
be a free parameter.

III. DATA SIMULATION AND TEMPLATE
ANALYSIS

In order to project the sensitivity of a future MeV-scale
gamma-ray telescope to the Hawking radiation from a
population of primordial black holes in the inner Galaxy,
we have created a series of simulated data sets based on the
proposed design of e-ASTROGAM, and analyzed this
simulated data utilizing a number of spatial templates.
Such template-based analyses are extremely powerful in
that they allow us to simultaneously exploit both spectral
and morphological distinctions between the signal being

FIG. 1. Left: the gamma-ray spectrum from a black hole with a mass of mBH ¼ 3 × 1015 g, including the contributions from direct
Hawking radiation, final state radiation, and the inflight annihilation of positrons. Right: the total gamma-ray spectrum from black holes
for several choices of mBH.
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searched for and the various astrophysical backgrounds that
are present.
Our analysis includes spatial templates associated with

the processes of pion production, inverse Compton scatter-
ing, and bremsstrahlung, each of which we generated using
the publicly available code GALPROP [28,29].3 In addition
to these three templates associated with Galactic diffuse
emission mechanisms, we have also included templates
designed to account for known gamma-ray point sources
(using the best-fit spectra and source locations, as reported
in the Fermi 4FGL-DR2 catalog [30]), and for the (iso-
tropic) extragalactic gamma-ray background [31]. For each
of these two latter templates, we have extrapolated in
energy from the range measured by Fermi. We have also
included a template intended to account for the emission
known as the Galactic Center gamma-ray excess [32–36],
which we have modeled as a population of 40 GeV dark
matter particles annihilating (to bb̄) with a cross section of
hσvi ¼ 2.2 × 10−26 cm3=s, and that is distributed accord-
ing to a halo profile with an inner slope of γ ¼ 1.2 [35–37].
In this paper, we take no stance on the origin of this excess,

which can be treated without loss of generality as arising
from the annihilation of particle dark matter, a large
population of millisecond pulsars, or from some other
unknown process or mechanism. The morphology of these
templates, as evaluated at 10 MeV, is shown in Fig. 2.

FIG. 2. The spatial templates used in our analysis evaluated at 10 MeV after convolving with the point spread function of
e-ASTROGAM. In the upper row, the templates correspond to the emission from pion production (left), inverse Compton scattering
(center), and bremsstrahlung (right), as generated using the publicly available code GALPROP [28,29]. In the lower row, the templates
correspond to the gamma-ray point sources contained within the Fermi 4FGL-DR2 catalog (left), the emission associated with the
Galactic Center gamma-ray excess (center), and the emission from primordial black holes (with γ ¼ 1.4, mBH ¼ 2 × 1016 g, and
fBH ¼ 10−4). The scale used is logarithmic, and the brightest point in each frame is normalized to unity.

FIG. 3. The gamma-ray spectra of the various components of
our background model, and from primordial black holes (for the
case of mBH ¼ 2 × 1016 g, fBH ¼ 4 × 10−4 and γ ¼ 1). Each
curve is averaged over the 40° × 40° region of interest.

3In utilizing GALPROP, we have adopted the default parameters
from GALPROP WebRun, https://galprop.stanford.edu/webrun
.php, which have been selected to reproduce a variety of
cosmic-ray and gamma-ray data.
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The scale used is logarithmic (base 10), and the brightest
point in each frame is normalized to unity. For example, the
brightest point in each frame is pink, while a point that is
fainter by two orders of magnitude would appear purple.
The gamma-ray spectrum associated with each of these
templates is shown in Fig. 3.
In our analysis, we adopt as our region of interest a

40° × 40° square centered on the Galactic Center. We
divide this region into 0.2098 square degree HEALPix
bins, corresponding to Nside ¼ 128. We also divide the
spectrum into 10 energy bins per decade, from Eγ ¼ me up
to 1 GeV.
To produce a simulated dataset, we first convolve each

of the templates by the point spread function of
e-ASTROGAM, which we treat as a Gaussian with a
68% containment radius as given in the upper frame of
Fig. 4 [38]. Then, after summing the templates as described

above, we calculate the mean number of events in a given
angular and energy bin. This is done by multiplying the
flux in that bin by the acceptance of e-ASTROGAM (as
given in the lower frame of Fig. 4) [38], and by five years of
observation time. For each bin, we then randomly draw
from a Poisson distribution using the mean number of
events in that bin, as described previously, to find the
simulated number of events in that bin. Once we have a
simulated data set for a given choice ofmBH, fBH, and γ, we
can calculate the likelihood for a model described by any
given sum of the templates listed above.

IV. PROJECTED CONSTRAINTS

To derive the projected constraints for e-ASTROGAM
(or a similar instrument) on the abundance of primordial
black holes, we simulate a dataset assuming that no such
black holes are present. Then, for each choice ofmBH and γ,
we calculate the likelihood as a function of fBH, in order to
place an upper limit on fBH. To identify the points in
parameter space with the maximum likelihood, and to
derive the appropriate confidence intervals around those
points, we utilize the publicly available MINUIT algorithm
[39]. Because MINUIT can occasionally identify false
minima, we use the PyMultiNest package [40] to test the
robustness of our results by searching for global minima
which may not have been encountered in our MINUIT scan.
In the left frame of Fig. 5, we show our 95% confidence-

level projected upper limits on fBH for black holes
distributed according to a generalized NFW profile with
γ ¼ 1.0, 1.2, or 1.4.4 In the right frame of this figure, we
compare this constraint to those previously derived from
Voyager 1 [7], as well as COMPTEL and INTEGRAL [4],
for the specific case of γ ¼ 1. For black holes more massive
than mBH ∼ 6 × 1015 g, our projected constraints would
represent the most stringent limits on the Hawking radi-
ation from black holes.
Up to this point in our analysis, we have adopted a

monochromatic distribution for the masses of the black
holes. More realistically, we might expect a population of
primordial black holes to contain members with a range of
different masses. To this end, we repeated our calculation
considering black holes that are distributed according to a
log-normal distribution with a variance of σ ¼ 2. These
results, which are shown in Fig. 6, are somewhat more
stringent than those obtained for the case of a monochro-
matic mass distribution.
Ideally, one would independently float the intensity and

spectrum from each gamma-ray point source in a template-
based analysis. Computational limitations, however, make
such an approach unrealistic. For this reason, we have
adopted in our calculations a single template to account for

FIG. 4. The 68% containment radius (top) and acceptance
(bottom) of e-ASTROGAM as a function of gamma-ray energy
[38]. At energies below (above) 10 MeV, this instrument relies
primarily on Compton scattering (pair conversion).

4To reduce the impact of stochastic variations in our simulated
datasets, we show as our projected constraints the average result
obtained over five independent realizations.

SENSITIVITY OF FUTURE GAMMA-RAY TELESCOPES TO … PHYS. REV. D 106, 043003 (2022)

043003-5



all of the known gamma-ray point sources in this region of
the sky. Most of these sources are very morphologically
distinct from our black hole template, making it very
unlikely that this choice would significantly impact our
projections. One might speculate, however, that an indi-
vidual point source located near the Galactic Center could
be partially degenerate with our black hole template,
potentially biasing our results. To test this possibility, we
have repeated our analysis including an additional template
to account for the relatively bright and centrally located

point source 4FGL J1745.6-2859, which is associated with
the Milky Way’s supermassive black hole, Sgr A*. The
constraints obtained in this way differ negligibly from those
shown in Fig. 5, never by more than a few percent, thus
indicating that the emission from individual point sources is
unlikely to be confused with that from primordial black
holes in our analysis.

V. SENSITIVITY TO PBHS CAPABLE OF
GENERATING THE 511 keV EXCESS

Measurements of the inner Milky Way by the
INTEGRAL satellite have identified an excess of
511 keV photons, consisting of a flux of ð1.07� 0.03Þ ×
10−3 photons cm−2 s−1 and corresponding to the injection
of ∼2 × 1043 positrons per second [17–19,41–44]. While
various astrophysical sources of this emission have been
considered [45–51], these interpretations each face con-
siderable challenges (for a review, see Ref. [52]). In light of
this situation, a number of more exotic scenarios have been
proposed, including those in which the 511 keV excess is
produced by the annihilation [53–56], decay [57–59], or
upscattering [60–63] of dark matter particles, or by Q balls
[64], pico-charged particles [65,66], quark nuggets [67], or
unstable MeV-scale states produced in supernovae [68]. It
is also possible that the excess of 511 keV photons could be
produced through the Hawking evaporation of a population
of primordial black holes concentrated in the inner Galaxy
[4,69–71] (see also, Refs. [72,73]). In particular, a pop-
ulation of black holes with a distribution of masses that
peaks around mBH ∼ ð1–4Þ × 1016 g could plausibly gen-
erate this signal if they are distributed in a very concen-
trated profile around the Galactic Center [4].

FIG. 5. Our projected 95% confidence level upper limits on the fraction of the dark matter that could consist of primordial black holes,
fBH, after 5 years of observation with e-ASTROGAM. In the left frame, we show results for black holes that are distributed according to
a generalized NFW profile with γ ¼ 1.0, 1.2, or 1.4. In the right frame, our projected constraints are compared to existing constraints
derived from local measurements of the cosmic-ray electron-positron flux by the Voyager 1 satellite [7], and gamma-ray observations of
the inner Galaxy by COMPTEL and INTEGRAL [4].

FIG. 6. The solid curve in this figure represents the same
constraint as that shown in Fig. 5 (for the case of γ ¼ 1), while the
dashed curve is that obtained for a population of black holes
with masses that are distributed according to a log-normal
distribution with a variance of σ ¼ 2 and that is centered around
μ ¼ lnðmBHÞ.
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The observed morphology of the 511 keV excess [74] is
quite steeply concentrated around the Galactic Center. As a
result, if primordial black holes are to generate these excess
photons, they must be distributed with a profile that is at
least as centrally concentrated as γ ∼ 1.6 [4] (see also
Refs. [75,76]). This is significantly steeper than the profiles
favored by numerical simulations of cold dark matter,
which typically favor γ ∼ 1.0–1.4 [77–87]. Such a scenario
thus requires a greater degree of adiabatic contraction than
is suggested by current simulations (see, for example,
Ref. [88]).
To project the sensitivity of e-ASTROGAM to a pop-

ulation of black holes that could be responsible for the
observed 511 keVexcess, we simulate a dataset for the case
of mBH ¼ 2 × 1016 g, fBH ¼ 4 × 10−4, and γ ¼ 1.6 [4].
We then calculate the maximum value of the likelihood that
is obtained as a function of these three parameters. In Fig. 7,
we show the results of this analysis. This figure demon-
strates that an instrument such as e-ASTROGAM would
not only be able to detect the Hawking radiation from a
black hole population responsible for the 511 keV excess,
but would be able to characterize the properties of such a
population with remarkable precision. While such a result
could be impacted by systematic uncertainties that we have
not accounted for in our analysis, we consider it clear that
e-ASTROGAM would be able to quite accurately detect
and measure the gamma-ray emission produced by such a
population of primordial black holes.

VI. SUMMARY AND CONCLUSION

In this study, we have evaluated the ability of future
MeV-scale gamma-ray telescopes such as e-ASTROGAM

or AMEGO to detect and characterize the Hawking
radiation from a population of primordial black holes
located in the inner volume of the Milky Way. To this end,
we have calculated the gamma-ray emission from black
holes, including contributions from direct Hawking radi-
ation, inflight positron annihilation, and final state radi-
ation. We then performed an analysis utilizing a series of
spatial templates, allowing us to fully exploit the mor-
phological and spectral information provided by such an
instrument. We have included in our analysis templates
associated with pion production, inverse Compton scat-
tering, bremsstrahlung, known point sources, the Galactic
Center gamma-ray excess, and the extragalactic gamma-
ray background, as well as that associated with the
Hawking radiation from a population of primordial black
holes.
At the present time, the strongest constraints on Hawking

radiation come from the Voyager 1, COMPTEL, and
INTEGRAL satellites [4–8]. More specifically, local mea-
surements of the cosmic-ray electron-positron flux by
Voyager 1 provide the strongest constraint on black holes
lighter than mBH ∼ ð1–2Þ × 1016 g [7], while MeV-scale
gamma-ray observations of the inner Galaxy by
COMPTEL and INTEGRAL provide the leading con-
straints in the mass range of mBH ∼ 1016–1017 g [4–6].
In the absence of a black hole population, we project that
e-ASTROGAM will be able to provide the strongest
constraints on black holes in the mass range of
mBH ∼ ð0.6–20Þ × 1016 g. Over much of this mass range,
the sensitivity of e-ASTROGAM will exceed that of
existing or past experiments by roughly two orders of
magnitude.
It has been previously pointed out that primordial black

holes could be responsible for the excess of 511 keV
photons observed from the inner Galaxy by the
INTEGRAL satellite. This requires the mass distribution
of the black hole population to peak at around
mBH ∼ ð1–4Þ × 1016 g, and for these objects to be distrib-
uted in a very concentrated profile around the Galactic
Center [4]. In such a scenario, we find that an instrument
such as AMEGO or e-ASTROGAMwould not only clearly
detect the Hawking radiation from such a population, but
would be able to quite precisely measure the abundance and
mass distribution of the responsible black holes.
While the results presented here were calculated using

the acceptance and angular resolution of the proposed
e-ASTROGAM experiment, similar results could be
obtained for other designs with comparable sensitivity to
MeV-scale gamma rays, such as the proposed satellite-
based mission, AMEGO [15].
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