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Primordial black holes (PBHs) are a compelling candidate for dark matter (DM). There remain
significant parameter spaces to be explored despite current astrophysical observations setting strong limits.
Utilizing advanced MeV observation instruments, we have statistically established the upper limit of
Hawking radiation emitted by PBHs in DM-dense systems, such as galaxy clusters or dwarf galaxies.
These results can set a stringent upper limit on the ratio of PBH to DM, expressed as fPBH. Our results
highlight the efficacy of MeVobservations in DM-dense environments. The constraints on fPBH for PBHs
in the mass range of 1016–1017 g can be improved significantly compared with the current observations.
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I. INTRODUCTION

A wealth of observational evidence has confirmed that
dark matter(DM) constitutes the primary component of the
universe [1]. However, its preferred model remains an
unresolved issue. Primordial black holes (PBHs) are among
the earliest proposed and highly motivated candidates for
DM [2,3], potentially formed through the gravitational
collapse of high-density regions in the early universe or
other exotic mechanisms. Observations of PBHs contribute
to our understanding of dark matter by constraining its
parameter space and also provide important information on
cosmology [4,5].
Despite a wide range of PBHs masses having been

excluded by recent observations, the mass range within
the 1017–1021 g remains plausible [6]. In addition to the
constraints from microlensing and gravitational wave
observations, the observations on the Hawking radiations
from PBHs [7,8] can give direct constraints on the total
mass of PBHs in the region of interests (ROIs). The
Hawking radiation of the PBHs in the mass range allowed
by current observations peaks at keV to MeV band [9].
Thus the dedicated astronomical observations in these
bands toward the DM-dominated system can provide
unique information on PBHs. However, the MeV observa-
tions are severely limited by the sensitivity of current MeV
instruments, and the x-ray observations are limited by the
small field of view (FOV) and thus expensive exposure
time. The planned next-generation MeV detectors will

significantly improve the sensitivity and may shed light
on the properties of PBHs [10,11].
The total flux of Hawking radiation is proportional to the

total mass of PBHs in DM halo. Thus, same as the indirect
search of the decaying DM, the ideal sites for searching the
PBHs are nearby dense and massive systems, such as galaxy
clusters and dwarf galaxies that in the proximity of our
Galaxy. In this regard, the Perseus galaxy cluster, Perseus for
short, renowned as the brightest cluster in the x-ray sky, is
one of the most promising sites for such kind of study. The
Perseus cluster stands out as a prime candidate for probing
CR-induced γ-ray emissions andDMsearch [12,13]. Its huge
mass and proximity could potentially fortify constraints
within the PBH mass parameter space.
Dwarf spheroidal galaxies, whose mass-to-light ratios

reach several hundred in solar units are also regarded as
some of the most extensively dark matter-dominated
entities in the cosmos. The Draco dwarf spheroidal galaxy
in the proximity of our Galaxy, hereinafter referred to as
Draco, serves as a representative of this category and was
found to be probably DM-dominated by previous studies
[14]. Thus, Draco is also an important observational object
for next-generation MeV telescopes for constraining the
DM theories of PBHs.
We therefore chose these two objects to study the

possible Hawking radiation of PBHs and constrain the
fraction of DM of PBHs (fPBH) with hypothetical future
MeV detectors. The structure of this paper unfolds as
follows: In Sec. II, we introduce the radiation mechanism of
PBHs; in Sec. III we calculate the possible Hawking
radiation of PBHs in the Perseus cluster and Draco dwarf
galaxy, and then estimate the possible observations using*yangrz@ustc.edu.cn
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future MeV detectors and derive the expected constraints
on fPBH in these two systems; in the last section discuss the
implication of our results.

II. PRIMORDIAL BLACK HOLES AND ITS
HAWKING RADIATION

The immense compression during the Big Bang could
have led to the formation of black holes spanning a diverse
range of masses in the early Universe [15]. The elevated
density during the early Universe is a crucial factor for
PBHs formation, yet it alone is not adequate. It’s postulated
that substantial primordial irregularities might have existed,
allowing overdense regions to halt expansion and undergo
subsequent collapse, potentially leading to PBHs formation
[16]. Alternative theories propose a sort of “designed”
inflation where fluctuations’ power spectrum–and conse-
quently the production of PBHs reaches its peak at specific
scales [17].
Given their formation during an era when the Universe

was primarily radiation-dominated, these PBHs are con-
sidered nonbaryonic, thus eluding the constraints imposed
on the baryonic density linked with cosmological nucleo-
synthesis. Moreover, their current state should be dynami-
cally cold, thereby categorized as one kind of cold DM.
Theoretical frameworks proposing the genesis of PBHs
during the early universe have sparked discussions sug-
gesting that a significant portion of DM, potentially denoted
as fPBH, could predominantly consist of PBHs [18].
PBHs smaller than 1015 g should have completely

evaporated by now, and the heavier (≥1034 g) ones have
been excluded by observations [9]. Figure 1 illustrates a
compilation of current constraints from various probes,
facilitated by the PBHBOUNDS code [19]. The non-
observation of microlensing events from the MACHO
[20], EROS [21], Kepler [22], Icarus [23], OGLE [24],
and Subaru-HSC [25], limits 0.3 solar masses to 30.0 solar

masses contribution level. The limitation of PBH evapo-
ration is on the extragalactic γ-ray background [26] and on
the CMB spectrum [27,28]. And in the heavier mass range,
the main limitation comes from searches of stochastic
gravitational wave background by LIGO [29], though they
could be invalidated [9,30]. Other measurements like the
INTEGRAL measurements of Galactic gamma-ray emis-
sion [31], can also provide very strong constraints on
observations.
As first shown by Hawking [7,8], a black hole with mass

M¼M10×1010 g emits thermal radiation with temperature:

TBH ¼ 1

8πGM
∼ 1.06M−1

10 TeV ð1Þ

and such a black hole emits particles with energy between E
and Eþ dE at a rate:

d2N
dEdt

¼ 1

2π

Γs

eE=TBH − ð−1Þ2s ð2Þ

where the Γs is its dimensionless absorption coefficient, the
specific form can be obtained from [32–34].
Particles injected from PBHs exhibit a dual nature

comprising two distinct components. The primary con-
stituent arises from direct Hawking radiation, while the
secondary element emerges through the decay processes of
hadrons formed from the fragmentation of primary quarks
and gluons, alongside the decay of gauge bosons, which
was first analyzed by MacGibbon and Webber [35]. As an
illustration, the comprehensive photon spectrum emitted by
a low-mass PBH can be expressed as follows:

d2N
dEγdt

ðEγ;MÞ ¼ d2N
dEγdt

ðEpri
γ ;MÞ þ d2N

dEγdt
ðEsec

γ ;MÞ ð3Þ

A remaining window allowed by current observations
persists within the mass range of 1016–1021 g. The PBHs
in this mass range can emit Hawking radiation in the keV-
MeV band, which presents a possibility of constraining
this parameter space through observations in hard x-ray to
gamma-rays. For instance, positive outcomes have been
deduced in the electron-positron (511 keV) annihilation
line observations near the Galactic Center [36–38], the
CMB power spectrum [39], and measurements of 21-cm
signal distortion [40,41]. Additionally, x-ray surveys
conducted within the inner regions of the Milky Way
or dwarf spheroidal galaxies have contributed to this
exploration [6,42].
To determine the spectrum of PBHs, we employ the

publicly available software BLACKHAWK v2.2 [43,44]. This
software facilitates the calculation of secondary particle
generation arising from various processes like hadroniza-
tion, fragmentation, decay, and other processes of black
hole evaporation. The secondary spectra are contingent on

FIG. 1. The constraints from current missions on the fraction of
dark matter (fPBH) attributed to PBHs vary as a function of PBHs
mass (MPBH). This figure is crafted using the PBHBOUNDS

code [19].
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the development of Standard Model particles released
through Hawking radiation. BLACKHAWK includes public
codes like PYTHIA [45] and HERWIG [46] to calculate these
process. Figure 2 shows the photon spectra from the
Hawking radiation from a single PBH with the mass of
1016 g, 3 × 1016 g and 1017 g, respectively.

III. BOUNDS ON fPBH WITHMeV OBSERVATIONS

As introduced in Sec. I, we chose Perseus and Draco as
our objects of study to investigate the possible observations
in the MeV band. We consider the halo to fulfill the
spherical collapse model for overdensities Δ ¼ 200 times
the critical density of the Universe ρcrit. The radius can be
calculated by

R200 ¼
�

M200

4
3
πΔρcrit

�
; θ200 ¼ arctatan

�
R200

dL

�
ð4Þ

For Perseus, M200 ¼ 7.5 × 1014M⊙, R200 ¼ 1.865 Mpc
[13]. For Draco we used M200 ¼ 1.8� 0.7 × 109M⊙
[47]. The angular size of the DM halo, θ200, can be
estimated respectively as 1.4° and 1.3° for Perseus and
Draco, assuming the distance of these two objects is
75 Mpc [47] and 80 kpc [13].
We first consider the casewhere the PBHmass distribution

ismonochromatic. EmployingBLACKHAWK,we compute the
photon spectrum FPBHðMPBHÞ spanning from 1 MeV to
100 MeV for single PBH with each specific mass MPBH. In
this case, the total Hawking radiation from the DM halo
relates only to the total mass of the halo, rather than the
specific DM spatial profile. Thus the total photon flux from
the PBHs in Draco and Perseus can be easily estimated as
Ftotal ¼ fPBHðM200=MPBHÞFPBH for given fPBH.
The statistical counts recorded by instruments adhere to

the Poisson distribution, enabling us to establish an upper
limit of Ftotal and thus fPBH for estimating the unobservable

outcome based on background counts. Determining the
anticipated background involves integrating the instru-
ment’s effective area, the background spectrum, and the
observation period.
Recently, many projects for next-generation MeV detec-

tors have been proposed such as e-ASTROGAM [48],
AMEGO [49], COSI [50] and MeGaT [51], which all
reveal a significant improvement in the sensitivities com-
pared with the current MeV instruments. Rather than using
the instrumental response of specific instruments, we
assume the next generation MeV instruments have an
effective area of 100 cm2 and a point spread function
(PSF) of 2°, which is reasonable taken into the design and
preliminary simulation results for both the semiconductor
detectors such as e-ASTROGAM and gas detectors such
as MeGaT.
In contrast to observations in the x-ray energy range,

which typically occur over kiloseconds, we consider a
longer timescale for MeV observations. This extended
observation time is justifiable as the plannedMeV detectors
all have a much larger field of view and do not necessitate
pinpointing a specific point source for observation. Thus
the observation time of the MeV telescope is not as
expensive as that of x-rays. In this work, we chose a
length of two months to calculate the background counts.
In addition to the heavy mass, Perseus and Draco lie both

in high galactic latitude, which makes them suffer much
less contamination from other bright γ-ray emitters and the
diffuse Galactic background in the MeV band, thus
significantly improving the sensitivity of detecting/con-
straining the radiations from DM. It should be noted that in
the calculation the PSF of the instrument is larger than the
angular size θ200 for both Perseus and Draco, thus we
calculated the background emission based on the instru-
mental PSF (2° for searching the PBH signal.
The diffuse emissions below 10 MeVaround the Galactic

center were recently reanalyzed by Siegert et al. [52] using
Integral SPI observations. For a rough estimation, we
extrapolate the results to the position of Draco and
Perseus assuming the spatial distribution of the MeV band
background can be described by the same energy-dependent
spatial template predicted by GALPROP models [54] that
were used in Siegert et al. [52]. For the diffuse background
over 50MeV,weadopted the interstellar emissionmodel [53]
based on the first 9 years of Fermi-LAT science data,
gll_iem_v07.fits, and integrated the flux from the direction
of Draco and Perseus within 2 degrees. We connect the two
values smoothly by interpolation in the energy rangebetween
10MeVand 50MeV. The results for both Perseus andDraco
(for a ROI/PSF of 2°) are shown in Fig. 3.
Given the background flux estimated above, the back-

ground photon counts Nbkg can be estimated by multi-
plying the flux with the effective area Aeff and the
exposure time Texp. We calculate the photon counts by
dividing the 1–100 MeV energy interval into five uniform

FIG. 2. The spectrum of PBHs with different mass, calculated
by BLACKHAWK v2.2. The dashed line shows the primary emitted
Hawking radiation.
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bins in logarithmic space. Photon counts follow the
Poisson distribution, and the 3σ fluctuation can be
estimated N3σ ¼ 3 ×

ffiffiffiffiffiffiffiffiffiffi
Nbkg

p
. In a simple on-off analysis,

the N3σ can then be used to estimate the sensitivity of the
detection. Thus the sensitivity (or upper limit, in the non-
detection case) of flux from PBH can be estimated as
Fupper ¼ N3σ=ðAeffTexpÞ, shown in Fig. 4. The derived
Fupper can then be compared with the theoretical expected
Ftotal for each PBH mass MPBH to derive the upper limit
on fPBH.

To consider the effect of PBHs spin, we choose different
values of the reduced spin parameter a� ¼ J=ðGNM2

PBHÞ ¼
0, 0.5, 0.9, where J is the angular momentum of the PBH.
Theoretically, the spinning BHs evaporate faster [32–34],
so with a larger value of a�, the radiation is stronger than

FIG. 3. Background flux in Perseus and Draco region with a
radius of 2 degrees, the background of 1–10 MeV is extrapolated
from the results of [52], and 50–100 MeV is from the work of
Fermi-LAT [53]. The dashed line is the function we use to
calculate the background by interpolating these data.

FIG. 4. The sensitivity (or upper limit, in the nondetection case)
of flux from PBH assuming a ROI/PSF of 2°, expressed as Fupper,
in the Draco and Perseus region. The green bar represents the
integral interval of the energy component bin.

FIG. 5. The 3σ limitation that MeVobservation of Perseus and
Draco can provide for 2 months time length. Different depths of
color show different reduced spin parameters, solid,dot-dashed,
and dashed lines correspond to a� ¼ 0, 0.5 and 0.9. The bottom
picture shows the result of a Log-normal distribution of mass for
σ ¼ 0.5 with change of different peak mass Mc.
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the nonspinning cases, also the limitation will be more
stringent. The results for the bounds on fPBH are shown
in Fig. 5.
If the PBHs span an extended range of masses, the mass

function is usually written as dn=dM. The distribution of
BHs as a function of their mass or any other parameter (spin,
charge) is completely model-dependent. To illustrate the
effect, here we consider the log-normal distributions [55]

dn
dM

¼ Affiffiffiffiffiffi
2π

p
σM

exp

�
−
lnðM=McÞ2

2σ2

�
ð5Þ

whereA is the amplitude,Mc is the position of the peak and σ
is its width. This model is a good approximation if the PBHs
are formed from a smooth symmetric peak in the inflationary
power spectrum [56].We take σ ¼ 0.5 as an example to show
the effect of themass distribution function, and the results are
also presented in Fig. 5. In this case the limit on fPBH is also
slightlymore stringent than in themonochromaticmass case.
The result of Draco is very close to what we got in

Perseus, this is due to the distance of Draco (80 kpc) being
much closer than Perseus (75 Mpc), and the background
levels are very similar in these two regions as shown in
Fig. 3. We note the total mass of the DM halo in Draco has
non-negligible uncertainties, which is shown as the shaded

area in Fig. 5. We also compared our result of Perseus with
existing limitations, as shown in Fig. 6. We found that our
results can improve significantly for the mass range
between 1016 g and 1017 g.

IV. DISCUSSION

In this article, we present the possible observation of
Hawking radiation from PBHs based on the performance of
next-generation MeV detectors. We found that in the DM
halo of both galaxy cluster and dwarf spherical galaxy, the
MeV observations with reasonable exposure can signifi-
cantly improve the current constraints of PBHs as DM,
especially in the PBHs mass range of 1016 g to 1017 g.
It should be noticed that in this range of mass, 21 cm

observations, using its temperature [57] and redshift infor-
mation [58], can give us more stringent constraints.
However, these bounds are highly model-dependent, and
have not yet been confirmed by other surveys, a more
objective approach is to put all of these limits as prospective
[59]. In comparison, the constraints from Hawking radia-
tion depend only on the total mass of the DM halo, which is
well established by the observations of star/galaxy dynam-
ics. Thus the constraints we expected here are robust and
nearly model-independent.
As shown in [60] the current and future x-ray observa-

tions can also improve the constraints on fPBH. Indeed, as
shown in Eq. (1) the x-ray andMeV bands are most suitable
for different PBH mass ranges. Furthermore, the x-ray
instruments, limited by their much smaller field of view,
can be difficult to observe such large structures (θ200 are
more than 1 degree for both Perseus and Draco), and the
long exposure on such regions can also be very expensive.
In this regard, the large FOV MeV instruments are more
suitable for such kind of study.
In conclusion, the future MeV observations show prom-

ising prospects in constraining the PBHs as DM candidates.
It should be noted that themethodology here can also be used
to search for other decaying DM candidates. Due to the lack
of sensitivity of current MeV instruments, the parameter
space of particle DM candidates in the mass range below
several GeV is largely unexplored, and future MeV projects
would shed light on the indirect search of DM.
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FIG. 6. The constraints within the PBHs mass range of
1016–1018 g. Our results of Perseus, for the nonspin monochro-
matic mass situation, represented by the cerulean line, encapsu-
late a two-month observation period utilizing MeV detectors.
This figure is crafted using the PBHbounds code [19].

LIMITS ON THE PRIMORDIAL BLACK HOLES DARK MATTER … PHYS. REV. D 109, 043020 (2024)

043020-5



[1] K. Pardo and D. N. Spergel, What is the price of abandoning
dark matter? cosmological constraints on alternative gravity
theories, Phys. Rev. Lett. 125, 211101 (2020).

[2] G. F. Chapline, Cosmological effects of primordial black
holes, Nature (London) 253, 251 (1975).

[3] M. Yu. Khlopov, Primordial black holes, Res. Astron.
Astrophys. 10, 495 (2010).

[4] Y.-F. Cai, C. Chen, Q. Ding, and Y. Wang, Ultrahigh-energy
gamma rays and gravitational waves from primordial exotic
stellar bubbles, Eur. Phys. J. C 82, 464 (2022).

[5] Y.-F. Cai, C. Chen, Q. Ding, and Y. Wang, Cosmological
standard timers from unstable primordial relics, Eur. Phys.
J. C 83, 913 (2023).

[6] J. Auffinger, Primordial black hole constraints with
Hawking radiation–a review, Prog. Part. Nucl. Phys. 131,
104040 (2023).

[7] S. W. Hawking, Black hole explosions?, Nature (London)
248, 30 (1974).

[8] S. W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975).

[9] P. Villanueva-Domingo, O. Mena, and S. Palomares-Ruiz, A
brief review on primordial black holes as dark matter, Front.
Astron. Space Sci. 8 (2021).

[10] A. Ray, R. Laha, J. B. Muñoz, and R. Caputo, Near future
MeV telescopes can discover asteroid-mass primordial
black hole dark matter, Phys. Rev. D 104, 023516 (2021).

[11] A. Coogan, L. Morrison, and S. Profumo, Direct detection
of Hawking radiation from asteroid-mass primordial black
holes, Phys. Rev. Lett. 126, 171101 (2021).

[12] A. C. Edge, G. C. Stewart, and A. C. Fabian, Properties of
cooling flows in a flux-limited sample of clusters of
galaxies, Mon. Not. R. Astron. Soc. 258, 177 (1992).

[13] T. C. T. A. Consortium, K. Abe, S. Abe, F. Acero et al.,
Prospects for γ-ray observations of the perseus galaxy cluster
with the Cherenkov telescope array, arXiv:2309.03712.

[14] E. L. Lokas, G. A. Mamon, and F. Prada, Dark matter
distribution in the Draco dwarf from velocity moments,
Mon. Not. R. Astron. Soc. 363, 918 (2005).

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

[16] D. Nadezhin, I. Novikov, and A. Polnarev, The hydro-
dynamics of primordial black hole formation, Astron. Zh.
55, 216 (1978), https://www.researchgate.net/profile/
DmitrijNadyozhin/publication/23878666_Hydrodynamics_
of_primordial_black_hole_formation/links/546ddbe50cf2a
7492c560851/Hydrodynamics-of-primordial-black-hole-
formation.pdf; [Sov. Astron. 22, 129 (1978)].

[17] H.M. Hodges and G. R. Blumenthal, Arbitrariness of infla-
tionary fluctuation spectra, Phys. Rev. D 42, 3329 (1990).

[18] B. Carr, F. Kühnel, and M. Sandstad, Primordial black holes
as dark matter, Phys. Rev. D 94, 083504 (2016).

[19] B. Kavanagh, bradkav/pbhbounds: Release version (2019).
[20] R. Allsman, D. Alves, T. Axelrod et al., Macho project

limits on black hole dark matter in the 1-30 solar mass
range, Astrophys. J. Lett. 550, L169 (2001).

[21] P. Tisserand, L. Le Guillou, C. Afonso et al., Limits on
the Macho content of the galactic halo from the eros-2
survey of the magellanic clouds, Astron. Astrophys. 469,
387 (2007).

[22] K. Griest, A. M. Cieplak, and M. J. Lehner, Experimental
limits on primordial black hole dark matter from the first
2 yr of Kepler data, Astrophys. J. 786, 158 (2014).

[23] M. Oguri, J. M. Diego, N. Kaiser, P. L. Kelly, and T.
Broadhurst, Understanding caustic crossings in giant arcs:
Characteristic scales, event rates, and constraints on com-
pact dark matter, Phys. Rev. D 97, 023518 (2018).

[24] H. Niikura, M. Takada, S. Yokoyama, T. Sumi, and S.
Masaki, Constraints on earth-mass primordial black holes
from OGLE 5-year microlensing events, Phys. Rev. D 99,
083503 (2019).

[25] D. Croon, D. McKeen, N. Raj, and Z. Wang, Subaru-HSC
through a different lens: Microlensing by extended dark
matter structures, Phys. Rev. D 102, 083021 (2020).

[26] B. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, New
cosmological constraints on primordial black holes, Phys.
Rev. D 81, 104019 (2010).

[27] S. J. Clark, B. Dutta, Y. Gao, L. E. Strigari, and S. Watson,
Planck constraint on relic primordial black holes, Phys. Rev.
D 95, 083006 (2017).

[28] T. Xiu-Hui, Y. Yang-Jie, Q. Taotao, and X. Jun-Qing,
Searching for the Signal of a Primordial Black Hole from
CMB Lensing and γ-Ray Emissions, Astrophys. J. Lett.
939, L15 (2022).

[29] Z.-C. Chen and Q.-G. Huang, Distinguishing primordial
black holes from astrophysical black holes by Einstein
telescope and cosmic explorer, J. Cosmol. Astropart. Phys.
08 (2020) 039.

[30] C. Bœhm, A. Kobakhidze, C. A. O’hare, Z. S. Picker, and
M. Sakellariadou, Eliminating the LIGO bounds on pri-
mordial black hole dark matter, J. Cosmol. Astropart. Phys.
03 (2021) 078.

[31] R. Laha, J. B. Muñoz, and T. R. Slatyer, Integral constraints
on primordial black holes and particle dark matter, Phys.
Rev. D 101, 123514 (2020).

[32] D. N. Page, Particle emission rates from a black hole. II.
Massless particles from a rotating hole, Phys. Rev. D 14,
3260 (1976).

[33] D. N. Page, Particle emission rates from a black hole. II.
Massless particles from a rotating hole, Phys. Rev. D 14,
3260 (1976).

[34] D. N. Page, Particle emission rates from a black hole. III.
Charged leptons from a nonrotating hole, Phys. Rev. D 16,
2402 (1977).

[35] J. H. MacGibbon and B. R. Webber, Quark- and gluon-jet
emission from primordial black holes: The instantaneous
spectra, Phys. Rev. D 41, 3052 (1990).

[36] R. Laha, Primordial black holes as a dark matter candidate
are severely constrained by the galactic center 511 kev γ-ray
line, Phys. Rev. Lett. 123, 251101 (2019).

[37] W. DeRocco and P.W. Graham, Constraining primordial
black hole abundance with the galactic 511 KeV line, Phys.
Rev. Lett. 123, 251102 (2019).

[38] B. Dasgupta, R. Laha, and A. Ray, Neutrino and positron
constraints on spinning primordial black hole dark matter,
Phys. Rev. Lett. 125, 101101 (2020).

[39] S. K. Acharya and R. Khatri, CMB and BBN constraints on
evaporating primordial black holes revisited, J. Cosmol.
Astropart. Phys. 06 (2020) 018.

XIE, LIU, LIU, CAI, and YANG PHYS. REV. D 109, 043020 (2024)

043020-6

https://doi.org/10.1103/PhysRevLett.125.211101
https://doi.org/10.1038/253251a0
https://doi.org/10.1088/1674-4527/10/6/001
https://doi.org/10.1088/1674-4527/10/6/001
https://doi.org/10.1140/epjc/s10052-022-10395-w
https://doi.org/10.1140/epjc/s10052-023-12046-0
https://doi.org/10.1140/epjc/s10052-023-12046-0
https://doi.org/10.1016/j.ppnp.2023.104040
https://doi.org/10.1016/j.ppnp.2023.104040
https://doi.org/10.1038/248030a0
https://doi.org/10.1038/248030a0
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.3389/fspas.2021.681084
https://doi.org/10.3389/fspas.2021.681084
https://doi.org/10.1103/PhysRevD.104.023516
https://doi.org/10.1103/PhysRevLett.126.171101
https://doi.org/10.1093/mnras/258.1.177
https://arXiv.org/abs/2309.03712
https://doi.org/10.1111/j.1365-2966.2005.09497.x
https://doi.org/10.1093/mnras/152.1.75
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://www.researchgate.net/profile/DmitrijNadyozhin/publication/23878666_Hydrodynamics_of_primordial_black_hole_formation/links/546ddbe50cf2a7492c560851/Hydrodynamics-of-primordial-black-hole-formation.pdf
https://doi.org/10.1103/PhysRevD.42.3329
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1086/319636
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1088/0004-637X/786/2/158
https://doi.org/10.1103/PhysRevD.97.023518
https://doi.org/10.1103/PhysRevD.99.083503
https://doi.org/10.1103/PhysRevD.99.083503
https://doi.org/10.1103/PhysRevD.102.083021
https://doi.org/10.1103/PhysRevD.81.104019
https://doi.org/10.1103/PhysRevD.81.104019
https://doi.org/10.1103/PhysRevD.95.083006
https://doi.org/10.1103/PhysRevD.95.083006
https://doi.org/10.3847/2041-8213/ac9668
https://doi.org/10.3847/2041-8213/ac9668
https://doi.org/10.1088/1475-7516/2020/08/039
https://doi.org/10.1088/1475-7516/2020/08/039
https://doi.org/10.1088/1475-7516/2021/03/078
https://doi.org/10.1088/1475-7516/2021/03/078
https://doi.org/10.1103/PhysRevD.101.123514
https://doi.org/10.1103/PhysRevD.101.123514
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.14.3260
https://doi.org/10.1103/PhysRevD.16.2402
https://doi.org/10.1103/PhysRevD.16.2402
https://doi.org/10.1103/PhysRevD.41.3052
https://doi.org/10.1103/PhysRevLett.123.251101
https://doi.org/10.1103/PhysRevLett.123.251102
https://doi.org/10.1103/PhysRevLett.123.251102
https://doi.org/10.1103/PhysRevLett.125.101101
https://doi.org/10.1088/1475-7516/2020/06/018
https://doi.org/10.1088/1475-7516/2020/06/018


[40] A. K. Saha and R. Laha, Sensitivities on nonspinning and
spinning primordial black hole dark matter with global
21-cm troughs, Phys. Rev. D 105, 103026 (2022).

[41] S. Mittal, A. Ray, G. Kulkarni, and B. Dasgupta, Con-
straining primordial black holes as dark matter using the
global 21-cm signal with x-ray heating and excess radio
background, J. Cosmol. Astropart. Phys. 03 (2020) 030.

[42] D. Malyshev, E. Moulin, and A. Santangelo, Search for
primordial black hole dark matter with x-ray spectroscopic
and imaging satellite experiments and prospects for future
satellite missions, Phys. Rev. D 106, 123020 (2022).

[43] 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, 1 (2019).

[44] A. Arbey and J. Auffinger, Physics beyond the standard
model with BLACKHAWK v2.0, Eur. Phys. J. C 81, 1 (2021).

[45] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[46] J. Bellm, G. Bewick, S. Ferrario Ravasio, S. Gieseke et al.,
HERWIG7.2 release note, Eur. Phys. J. C 80, 452 (2020).

[47] J. I. Read, M. Walker, and P. Steger, Dark matter heats up in
dwarf galaxies, Mon. Not. R. Astron. Soc. 484, 1401 (2019).

[48] A. De Angelis, V. Tatischeff, I. A. Grenier et al., Science
with e-astrogam: A space mission for MeV–GeV gamma-
ray astrophysics, J. High Energy Astrophys. 19, 1 (2018).

[49] J. McEnery, A. van der Horst, A. Dominguez, A. Moiseev
et al., All-sky medium energy gamma-ray observatory:
Exploring the extreme multimessenger universe, Bull.
Am. Astron. Soc. 51, 245 (2019), arXiv:1907.07558.

[50] J. A. Tomsick, A. Zoglauer, C. Sleator, H. Lazar et al., The
compton spectrometer and imager, arXiv:1908.04334.

[51] Zhang et al., MEGAT: A high resolution MeV gamma
telescope using TPC and CZT detectors (private commu-
nication).

[52] T. Siegert, J. Berteaud, F. Calore, P. D. Serpico, and C.
Weinberger, Diffuse galactic emission spectrum between
0.5 and 8.0 MeV, Astron. Astrophys. 660, A130 (2022).

[53] T. F.-L. collaboration, Galactic interstellar emission model
for the 4fgl catalog analysis, open document (2019).

[54] A. E. Vladimirov, S. W. Digel, G. Jóhannesson, P. F.
Michelson, I. V. Moskalenko, P. L. Nolan, E. Orlando,
T. A. Porter, and A.W. Strong, GALPROP WebRun: An
internet-based service for calculating galactic cosmic ray
propagation and associated photon emissions, Comput.
Phys. Commun. 182, 1156 (2011).

[55] A. Dolgov and J. Silk, Baryon isocurvature fluctuations at
small scales and baryonic dark matter, Phys. Rev. D 47,
4244 (1993).

[56] B. Carr, M. Raidal, T. Tenkanen, V. Vaskonen, and H.
Veermäe, Primordial black hole constraints for extended
mass functions, Phys. Rev. D 96, 023514 (2017).

[57] A. K. Saha and R. Laha, Sensitivities on nonspinning
and spinning primordial black hole dark matter with global
21-cm troughs, Phys. Rev. D 105, 103026 (2022).

[58] S. Mittal, A. Ray, G. Kulkarni, and B. Dasgupta, Con-
straining primordial black holes as dark matter using the
global 21-cm signal with x-ray heating and excess radio
background, J. Cosmol. Astropart. Phys. 03 (2022) 030.

[59] J. Auffinger, Primordial black hole constraints with
Hawking radiation–a review, Prog. Part. Nucl. Phys. 131,
104040 (2023).

[60] D. Malyshev, E. Moulin, and A. Santangelo, Limits on the
primordial black holes dark matter with current and future
missions, arXiv:2311.05942.

LIMITS ON THE PRIMORDIAL BLACK HOLES DARK MATTER … PHYS. REV. D 109, 043020 (2024)

043020-7

https://doi.org/10.1103/PhysRevD.105.103026
https://doi.org/10.1088/1475-7516/2020/03/030
https://doi.org/10.1103/PhysRevD.106.123020
https://doi.org/10.1140/epjc/s10052-018-6506-5
https://doi.org/10.1140/epjc/s10052-020-08759-1
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1140/epjc/s10052-020-8011-x
https://doi.org/10.1093/mnras/sty3404
https://doi.org/10.1016/j.jheap.2018.07.001
https://arXiv.org/abs/1907.07558
https://arXiv.org/abs/1908.04334
https://doi.org/10.1051/0004-6361/202142639
https://doi.org/10.1016/j.cpc.2011.01.017
https://doi.org/10.1016/j.cpc.2011.01.017
https://doi.org/10.1103/PhysRevD.47.4244
https://doi.org/10.1103/PhysRevD.47.4244
https://doi.org/10.1103/PhysRevD.96.023514
https://doi.org/10.1103/PhysRevD.105.103026
https://doi.org/10.1088/1475-7516/2022/03/030
https://doi.org/10.1016/j.ppnp.2023.104040
https://doi.org/10.1016/j.ppnp.2023.104040
https://arXiv.org/abs/2311.05942

