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An excess of 511 keV photons has been detected from the central region of the Milky Way. It has been
suggested that the positrons responsible for this signal might be produced through the Hawking evaporation
of primordial black holes. After evaluating the constraints from INTEGRAL, COMPTEL, and Voyager 1,
we find that black holes in mass range of ~(1 —4) x 10'® g could potentially produce this signal if they
make up a small fraction of the total dark matter density. Proposed MeV-scale gamma-ray telescopes such
as AMEGO or e-ASTROGAM should be able to test this class of scenarios by measuring the diffuse
gamma ray emission from the Milky Way’s inner halo.
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The INTEGRAL satellite has detected an excess of
511 keV photons from the inner Milky Way relative to
astrophysical expectations. This signal consists of a flux of
(1.07 £ 0.03) x 10~3 photons cm~2 s~!, requiring the injec-
tion of ~2 x 10 positrons per second [1-7]. A variety of
potential astrophysical sources for this signal have been
proposed, including type Ia supernovae [8], gamma-ray
bursts [9,10], microquasars [11], low-mass x-ray binaries
[12], and neutron star mergers [13,14]. However, given the
challenges involved in explaining the observed character-
istics of this signal (for a review, see Ref. [15]), a number of
more exotic scenarios have also been put forth. In particular,
the annihilations of MeV-scale dark matter particles have
been considered in detail within this context [16-19],
although this possibility is constrained by measurements
of the damping tail of the cosmic microwave background
[20] (see, however, Refs. [21-23]). Explanations featuring
decaying [24-26], or upscattering [27-30] dark matter
particles also remain potentially viable. Other exotic scenar-
ios involving Q-balls [31], pico-charged particles [32,33],
quark nuggets [34], or unstable MeV-scale states produced in
supernovae [35] have also been discussed within this context.

Another possibility that we will consider here is that the
excess positrons could be produced through the Hawking
evaporation [36,37] of a population of primordial black
holes concentrated in the Inner Galaxy [38—40] (see also,
Refs. [41,42]). As we will show, black holes with masses in
the range of mpy ~ (1 —4) x 10'% g could produce the
required flux of positrons while remaining consistent
with all existing constraints, including those from the
COMPTEL, INTEGRAL, and Voyager 1 satellites [43—45].
For other constraints, see Refs. [46—48].

In this paper, we explore the possibility that primordial
black holes could be the source of the positrons responsible
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for INTEGRAL’s 511 keV excess. After identifying the
regions of parameter space that can accommodate this signal,
we calculate the gamma-ray spectrum from these black holes
(including direct Hawking radiation, photons from the in-
flight annihilation of positrons, and final-state radiation), and
derive constraints based on data from the gamma-ray tele-
scopes INTEGRAL and COMPTEL. In scenarios in which
black holes can produce the observed 511 keV signal, we
find that the number density of black holes in the local halo
is ~10'> pc~3, corresponding to a median instantaneous
distance of ~10 AU to the nearest such black hole, well
within the boundaries of our Solar System. Given the
significant velocities of any primordial black holes in the
Milky Way’s halo, we should expect individual black holes
to regularly pass through the inner Solar System. Even at
such close distances, however, it would be very challenging
to detect the Hawking radiation from an individual black
hole in this mass range. On the other hand, it should be
possible to definitively test this class of scenarios by
characterizing the diffuse MeV-scale gamma-ray emission
from the halo of the Milky Way with proposed gamma-ray
telescopes such as AMEGO or e-ASTROGAM.

Black holes radiate all particle species lighter than or
comparable to their temperature, which is related to the
mass of the black hole:

2

M 10'°
P 5105 MeV( g). (1)
Ty Mgy

TBH =

This radiation causes a black hole! to lose mass at the
following rate:

For context, the Schwarzschild radius of a black hole is given
by ry = 2mgy/Mp ~ 1.5 x 10712 cm x (mg/10'° g).
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where G ~ 3.8 is the appropriate greybody factor, Myp is the
Planck mass, and g,y counts the number of (spin-
weighted) degrees-of-freedom with m < Ty, receiving
a contribution of 6 from neutrinos, 4 from electrons, 0.82
from photons, and 0.1 from gravitons [49,50]. Integrating
this expression, one finds that a black hole with an initial
mass of mpy ~ 5 x 10'* g will evaporate in a time equal to
the age of the universe.
The spectrum of Hawking radiation from an individual
black hole is given by [51]:

dN 1 E?6(mgy. E)
_(mBH’E) = 2—”2 eE/T 11

dE ’ G)

where both the sign in the denominator and the absorption
cross section, o, depend on the spin of the particle species
being radiated. For fermions (bosons), the sign is positive
(negative). In the high-energy limit (£ > T), the absorption
cross section approaches o ~ 27zm%;; /M3, for all particle
species. In the opposite limit, this cross section depends
both on the particle species in question, and on the energy
of those particles. In performing our calculations, we do not
rely on any limiting behavior, but instead use the full
spectra as presented in Ref. [51].

In order to identify the parameter space in which
primordial black holes could produce the observed
511 keV excess, we calculate the flux and spatial distri-
bution of the positrons injected from these objects and
compare this to the intensity and morphology of the
511 keV signal as reported in Ref. [52]. The flux of
511 keV photons from black holes near the Galactic Center
observed over a region of solid angle, AQ, is given by:

L
Fsi(aQ) = =108 () /AQ/1 npy (1, Q)dld,

L
055 o (mpy fBH/ / pom(l, Q)dldQ.
4zxmpy AQ Jlos

4)

where ngy; is the number density of black holes, Ls; is the
number of 511 keV photons produced by a given black hole
per unit time, and the integrals are performed over solid
angle and the line-of-sight, /. In the second line, we have
written the number density of black holes in terms of the
dark matter density, ngy = fsupPpm/Men, Where fpy is the
fraction of the total dark matter that consists of black holes.
When a black hole emits a positron, it can either directly
annihilate to produce two 511 keV photons, or form a
positronium bound state with an electron, which results
25% of the time in two 511 keV photons, and 75% of the
time in three photons, each with E, < 511 keV. Given that

observations indicate that the positronium fraction in the
interstellar medium of the Milky Way is f = 0.967 £+ 0.022
[4], the number of 511 keV photons produced per positron
is 2(1 — f) +2f/4 =~ 0.55.

For the dark matter distribution, we adopt a generalized
Navarro-Frenk-White (NFW) halo profile [53,54]:

o Po
=GR+ R O

where r is the distance from the Galactic Center.
Throughout this study, we have adopted a scale radius
of R, = 20 kpc and have normalized p, such that the local
density (at r = 8.25 kpc) is 0.4 GeV/cm’. We take the
inner slope of this profile, y, to be a free parameter.

In Fig. 1, we have plotted the 511 keV emission predicted
from primordial black holes as a function of galactic
latitude (averaging over —8° < [ < +8°), for four choices
of the density profile’s inner slope, y. In each frame, we
compare the predicted profile of this emission to the
measurements by INTEGRAL [52]. In addition to the
511 keV emission resulting from positrons radiated from
black holes, we have included an estimate for the con-
tribution from astrophysical positron emission in the disk,
as described in Ref. [55]. Given the uncertainties regarding
the magnitude of the astrophysical contribution, we have
allowed its normalization to float from its default value by up
to a factor of two. From this figure, it is clear that a very steep
density profile is required if primordial black holes are to
produce the observed intensity of the 511 keV emission from
the inner few degrees around the Galactic Center (see also,
Refs. [56,57]). Formally, our fit to this data favors y =
2.2 £ 0.6 (at 20), although a somewhat larger range could
plausibly be accommodated if all of the related uncertainties
were taken into account. While this range is well above that
typically favored by numerical simulations of cold dark
matter (y ~ 1 — 1.4 [58-73]), the lower portion of the range
favored by our fit could be potentially viable if adiabatic
contraction is efficient (see, for example, Ref. [74]). In light
of this, we chose to focus on the lowest portion of the range
favored by our fit, y ~ 1.6-1.8.

In each frame of Fig. 1, we have selected values of mpy
and fpy which provide the best possible normalization to
the INTEGRAL data. The orange bands shown in Fig. 2
represent the range of these parameters that lead to the best-
fit normalization for the 511 keV signal (For results using
other values of y, or for nonmonochromatic mass distri-
butions, see the Appendix).

In addition to electrons and positrons, black holes
produce gamma rays which can be used to constrain this
class of scenarios. Photons can be produced directly as the
products of Hawking evaporation [see Eq. (3)], as well as
through the in-flight annihilation of positrons, and as final
state radiation. This in-flight annihilation, final state
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FIG. 1. The predicted flux and angular profile of 511 keV photons, averaged over —8° < [ < +8°, and compared to the measurements
of the INTEGRAL satellite [52]. Results are shown for four choices of the density profile’s inner slope, y. In each frame, we have
selected values of mpy and fpy; which provide the best possible normalization to this data. The solid curves represent an estimate for the

contribution from astrophysical sources in the Galactic disk [55], while the dashed curves correspond to the total contribution from disk
sources and primordial black holes.
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FIG.2. Ineach frame, the orange band denotes the 26 region of parameter space in which the 511 keV excess observed by INTEGRAL
could be produced through the Hawking evaporation of primordial black holes. Also shown are the constraints on this parameter space
derived from the measurements of the INTEGRAL, COMPTEL, and Voyager 1 satellites. Black holes with masses of ~(1 —4) x 100 g
could produce the observed excess if they constitute a small fraction of the total dark matter and are distributed according to a halo
profile with a very steep inner slope, y ~ 1.6-1.8.

radiation, and the contribution directly from black hole F,(AQ) _any v 4] / / ngu(l, Q)dldQ,
evaporation, make up our 511 keV photon emission from dE 7T/ AQ Jlos

black Illoles, and takes into account electron propagation in _ dNy' feu / / pon(l, Q)dldQ, (6)
the Milky Way. The flux of these gamma rays from a dE, 4mmgy Jaq Jios

population of black holes observed over a solid angle, AQ,

where dN}'/dE, is the gamma-ray spectrum from an

is given by: individual black hole, including the contributions from
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FIG. 3. The gamma-ray emission from a black hole with a mass

of mpy = 2 x 10'® g, showing separately the contributions from
direct Hawking radiation, in-flight positron annihilation, and final
state radiation.

direct Hawking evaporation, in-flight positron annihilation,
and final state radiation. In Fig. 3, we plot the spectrum of
the gamma-ray emission from a black hole with a mass of
mpy = 2 x 10'° g, showing separately each of these con-
tributions. At the highest energies, the direct Hawking
radiation dominates, while in-flight annihilation provides
the largest contribution at lower energies. For the calcu-
lation of the contributions from in-flight annihilation and
final state radiation, see the Appendix.

To constrain the abundance of primordial black holes in
the Inner Galaxy, we make use of gamma-ray measure-
ments from the INTEGRAL [75] and COMPTEL [76]
satellites (for lower mass black holes, one would instead
derive constraints from gamma-ray measurements at higher
energies, such as those from EGRET [77] or Fermi [78]).
We utilize the gamma-ray fluxes as measured in the
0.1-0.2 MeV, 0.2-0.6 MeV and 0.6-1.8 MeV bands by
INTEGRAL, and in the 1-3 MeV, 3-10 MeV, and
10-30 MeV bands by COMPTEL. For each INTEGRAL
band, we integrate the predicted gamma-ray flux over each
of the angular bins presented. We then vary fgy until we
identify the value at which the total y* has increased from
its best fit at the 20 level (for similar analyses, see
Refs. [43,79]). For our comparison to the COMPTEL data,
the large systematic (and highly correlated) error bars make
it inappropriate to conduct a y> analysis, so we simply
require that our predicted flux does not exceed any of the
measurements by more than 2o (see also, Ref. [44]). We
also apply constraints derived from the local electron/
positron flux as measured by Voyager 1 [45].

In Fig. 2, we plot the INTEGRAL, COMPTEL, and
Voyager 1 constraints on the value of fgy, as a function of
mpy, for y = 1.6 or 1.8. After taking these constraints into
account, we conclude that ~(1 —4) x 10'® g black holes

could produce the observed 511 keV excess if they
constitute a small fraction of the total dark matter halo,
fer ~ 0.0001-0.004, and are distributed according to a
halo profile with a very steep inner slope. For this range of
parameters, there are approximately ~10>2-10% black
holes in the innermost kpc of the Milky Way. It is plausible
that black holes in this mass range could have been formed
in the very early universe. In particular, the horizon
enclosed a total mass of ~10'® g when the universe was
at a temperature of ~108 GeV [80-97]. Note that although
we have adopted a monochromatic mass distribution in our
calculations, a distributions of masses with a variance as
large as roughly an order of magnitude could plausibly
produce the observed 511 keV signal without conflicting
with existing constraints. We also note that in the presence
of a sizable population of primordial black holes, the
remaining dark matter cannot consist of particles that are
capable of producing photons or other readily detectable
particles through their self-annihilations [98,99].

In the regions of parameter space in which primordial
black holes could generate the observed 511 keV excess,
the number density of black holes in the vicinity of the
Solar System is given by:

local

local __ J BHPDM_
g —

mpy

16
~1.0x 102 pe? x (fBH) <2 x 10 g)

10_3 MpBH

16
~1.2x 1074 AU x (fBH> (2 10 g), (7)

10_3 MpBH

where we have again adopted a local dark matter density of
pial = 0.4 GeV/cm?®. For this number density, we should
expect the closest black hole to be located at a distance of
only d~ (3/4zngy)"/® ~O(10 AU), and for the Solar
System to contain several hundred black holes at any given
moment. Considering the significant velocities expected of
any black holes that are part of the Milky Way’s dark matter
halo, we conclude that black holes should regularly pass
through the inner Solar System in this class of scenarios.
Over a ten year window, for example, and adopting a
representative velocity of 300 km/s, we predict a closest
approach of a few AU or less. At such close proximity, one
might think that the Hawking radiation from an individual
black hole could be detectable, especially in light of
proposed satellite-based gamma-ray telescopes optimized
for sensitivity to MeV-scale photons, such as AMEGO [100]
and e-ASTROGAM [101] (see, for example, Ref. [102]).
Even for these future missions, however, the design sensi-
tivity to point sources of MeV-scale photons is only
~107® MeV cm™2s~!. In comparison, the gamma-ray flux
from an individual black hole is predicted to be
~1071" MeV ecm™2s7! x (10 AU/d)*(2 x 10'® g/mgy)?,

leading to a detectable signal only for a black hole closer
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d <1 AU. Even if we were to be lucky enough to have a
black hole at such a close proximity, its proper motion would
significantly complicate the search for its Hawking
radiation.

A more promising way to test this class of scenarios is to
use a telescope such as AMEGO [100] or e-ASTROGAM
[101] to detect and characterize the diffuse gamma-ray
emission generated by black holes in the Milky Way’s inner
halo, or as they contribute to the isotropic gamma-ray
background [103]. Instruments such as AMEGO or
e-ASTROGAM should be able to improve substantially
(by approximately an order of magnitude) on the limits
derived in study using COMPTEL and INTEGRAL data,
making it possible to definitively test the range of param-
eter space in which primordial black holes could produce
the observed 511 keV signal.

In summary, we have shown in this paper that a population
of primordial black holes could potentially produce the
excess of 511 keV photons observed from the Inner
Galaxy by the INTEGRAL satellite. To reproduce the
angular distribution of this signal, the black holes must be
distributed with a very cuspy halo profile, featuring an inner
slope of y ~ 1.6 or higher. Furthermore, to be consistent with
gamma-ray constraints from COMPTEL and INTEGRAL,
and cosmic-ray electron constraints from Voyager 1, the bulk
of these black holes must have masses in the range of
mgy ~ (1 —4) x 10'% g. To provide the observed normali-
zation of this signal, these black holes must constitute a
relatively small fraction of the total dark matter abun-
dance, fpy ~ 0.0001-0.004.

In our calculations, we have included the photons,
electrons and positrons that are directly produced through

dE

Hawking radiation, as well as the gamma-rays that are
generated through the in-flight annihilation of positrons,
and as final state radiation. For the range of mgy and fpy
required in this scenario, we predict that the local halo of the
Milky Way should contain a considerable number density of
black holes, nig&d ~ 10! pc=3. Although such black holes
would be very challenging to detect individually, future
satellite-based gamma-ray telescopes such as AMEGO or
e-ASTROGAM will be able to definitively test this class of
scenarios by measuring the spectrum and morphology of the
MeV-scale emission from the Inner Galaxy.

C.K. would like to thank Cory Cotter for helpful
discussions. C.K. is supported by the National Science
Foundation Graduate Research Fellowship Program under
Grant No. DGE-1746045. D. H. is supported by the Fermi
Research Alliance, LLC under Contract No. DE-AC02-
07CH11359 with the U.S. Department of Energy, Office of
Science, Office of High Energy Physics.

APPENDIX A: IN-FLIGHT ANNIHILATION

In the energy range of interest for this study, most
positrons lose energy via ionization and become non-
relativistic before annihilating. A small fraction of such
positrons, however, will annihilate in-flight prior to reach-
ing nonrelativistic velocities. Such annihilations can pro-
duce photons with energies greater than 511 keV, thus
contributing to the continuum spectrum of diffuse
gamma rays.

Following Ref. [104], the spectrum of gamma rays from
the in-flight annihilation of positrons is given by:

PEeJr —FE

dNA _ raPny /00 dE,. dN,+ [E~+

dE, m,

dE,+ Jg_ dE/dx (E* —m?)

(E +m,)(m%(E + m,) + EZ(E +3m,) — E,(E +m,)(E + 3m,))
x <_2_ EXE-E,+m,)? > (A1)

where « is the fine structure constant, ny is the number density of neutral hydrogen atoms, and dN ,+ /dE,+ is the spectrum
of positrons radiated from the black hole. dE/dx is the energy loss rate of a positron due to ionization in the presence of
neutral hydrogen, as described by the Bethe-Bloch formula. Since dE/dx is proportional to ny, the flux of gamma rays
from in-flight annihilation is not sensitive to the value of the gas density.

The probability that a positron of energy E,+ will survive until its energy has been reduced to E is given by

Pg . g =exp| —ny ; Gann(E)M ; (A2)

where o,,, is the cross section for a positron annihilating with an electron at rest. For positrons with an energy below a few
MeV, Pg . _,,, is always between ~0.95 and unity. In other words, only a few percent of the positrons annihilate before

becoming nonrelativistic.
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FIG. 4. As in Fig. 2, but for black hole distributions with an inner slope of y = 1 (left) or y = 2 (right). In the y = 1 case, we do not
show any region for the 511 keV excess, as the angular distribution of this signal cannot be accommodated for this choice of halo profile.
In the y = 2 case, the region favored by the 511 keV excess is ruled out by a combination of the constraints from COMPTEL,

INTEGRAL, and Voyager 1.

APPENDIX B: FINAL STATE RADIATION

Electrons, positrons, and other charged particles emitted
from a black hole can radiate photons as final state
radiation. This process contributes as follows to the
gamma-ray spectrum:

W [ (252
dE 2 dE, \E, E: E,

() ]

where dN,/dE, is the spectrum of electrons and positrons
radiated from the black hole.

14

(B1)

APPENDIX C: RESULTS FOR
OTHER VALUES OF y

In Fig. 2, we showed the regions of black hole parameter
space that can accommodate the observed characteristics of
the 511 keV excess, along with the constraints from
gamma-ray and cosmic-ray electron measurements, for
halo profiles with an inner slope of y = 1.6 or 1.8. In
Fig. 4, we show the corresponding results for the cases of
y=1ory =2 Inthe y =1 frame, we do not show any
region for the 511 keV excess, as the angular distribution of
this signal cannot be accommodated for this choice of halo
profile. In the y =2 case, the region favored by the
511 keV excess is ruled out by a combination of the
constraints from COMPTEL, INTEGRAL, and Voyager 1.

APPENDIX D: BIN-BY-BIN GAMMA-RAY
CONSTRAINTS

In Fig. 5, we show the constraints on the black hole
parameter space as derived from individual energy bins of

100 : o
10_1 :¢'.
“aane
10—2 :.
T1n-3
310
4 0.1-0.2 MeV
10™ ===s 0.2-0.6 MeV
=sss 0.6-1.8 MeV
10-5 1-3 MeV
m——— 3-10 MeV
— 10-30 MeV
-6
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MpH(9)
FIG. 5. The constraints on the black hole parameter space from

individual energy bins of data from the INTEGRAL (dashed) and
COMPTEL (solid) satellites, for the case of y = 1.8.

INTEGRAL and COMPTEL data, for the case of y = 1.8.
INTEGRAL provides the most stringent constraints on
black holes more massive than ~2 x 10'® g, while
COMPTEL (and Voyager 1) are most restrictive for smaller
values of mpy.

APPENDIX E: NONMONOCHROMATIC MASS
SPECTRUM

In addition, we show the constraints in the black hole
parameter space for a nonmonochromatic mass spectrum in
Fig. 6. For this mass spectrum, we follow a log-normal
distribution and plot the parameter space as a function of
median black hole mass, with ¢ =1 (left) and o =2

063033-6



511 keV EXCESS AND PRIMORDIAL BLACK HOLES

PHYS. REV. D 104, 063033 (2021)

10°

1071
1072
1073
&10-4

10-°

-6
10 === = COMPTEL constraint
107 = INTEGRAL constraint
—— 511 keVfit
1015 1016 1017 1018
MBH, med ()

10°

-6
10 === =  COMPTEL constraint
10-7 = INTEGRAL constraint
—— 511 keVfit
1015 1016 1017 1018
MBH, med (9)

FIG. 6. As in Fig. 2, but for black hole distributions with an inner slope of y = 1.8, with a non-monochromatic mass distribution. We
do not show the Voyager constraints, as they are specific to a monochromatic mass spectrum. The non-monochromatic mass spectrum is
calculated using a log normal distribution, with the median black hole mass being plotted on the x axis, with ¢ = 1 in the left plot, and

¢ =2 on the right.

(right). We consider a value of y = 1.8. For a Gaussian
distribution of black holes masses, the constraints from
COMPTEL and/or INTEGRAL are approximately

saturated across a wide range of median mass values. In
such a scenario, a large fraction of the gamma-ray emission
observed from the Inner Galaxy must originate from PBHs.
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