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CubeSat technology is an emerging alternative to large-scale space telescopes due to its short
development time and cost effectiveness. MeVCube is a proposed CubeSat mission to study the least
explored MeV gamma-ray sky, also known as the “MeV gap.” Besides being sensitive to a plethora of
astrophysical phenomena, MeVCube can also be important in the hunt for dark matter. If dark matter is
made up of evaporating primordial black holes, then it can produce photons in the sensitivity range of
MeVCube. Besides, particle dark matter can also decay or annihilate to produce final state gamma-ray
photons. We perform the first comprehensive study of dark matter discovery potential of a near-future
MeVCube CubeSat mission. In all cases, we find that MeVCube will have much better discovery reach
compared to existing limits in the parameter space. This may be an important step towards discovering dark
matter through its nongravitational interactions.

DOI: 10.1103/15dd-mw83

I. INTRODUCTION

The nongravitational nature of dark matter (DM) remains
one of the key fundamental questions of modern physics
[1]. Despite having various gravitational evidences from
different astrophysical and cosmological observables, so far
all of the search efforts to determine the nature of DM have
returned null results [2–7]. Given ∼90 orders of magnitude
spread in the possible DM mass range, one has to closely
analyze all possible observables to arrive at any conclusion
about the nature of DM.
One strategy is to look for StandardModel (SM) particles

produced from DM, also known as indirect detection. For
low-mass (1015–1018 g) primordial black hole (PBH) DM,
various Standard Model (SM) final states are produced due
to Hawking evaporation [8–12]. These SM particles can
then be detected by different observatories. Similarly, if
DM has a particle nature, it can decay or annihilate to
various SM final states and that will turn up as an “excess” in
various astrophysical and cosmological observations. Given
the plethora of telescopes across all photon wavelengths,
indirect search has resulted in stringent bounds for low-
mass evaporating PBH DM and decaying/annihilating
particle DM.

One of the least explored photon energy windows
is ∼100 keV to 50 MeV. This is also known as the
“MeV gap” [13–15]. After the decommissioning of the
COMPTEL telescope (on board NASA’s Compton
Gamma-ray Observatory) [16] in 2000, there has not been
a dedicated telescope in this energy range and thus has
remained poorly understood compared to other photon
energies. There are many proposed telescopes like COSI
[17], AMEGO-X [18,19], e-ASTROGAM [20], GECCO
[21], MAST [22], GRAMS [23], PANGU [24] and many
others that can close this gap. Recently, COSI has been
selected for launch in 2027 [25]. This will mark the
beginning of a new era forMeVastronomy and astrophysics.
One of the problems faced by any upcoming telescope

collaboration is the long planning duration and financial
constraints. As a result, only a few satellites actually get
launched in the end to achieve their corresponding science
goals. In recent years, to circumvent these issues, the
CubeSat technology has become a popular alternative.
CubeSats are small-scale satellites where a 1U CubeSat is
10 cm × 10 cm × 11.35 cm and weights around 1 kg (see
“CubeSat Design Specification” in [26]). Many such units
canbe combined tomake a biggerCubeSat.Despite the small
size, theseCubeSats can competewith someof the large scale
telescopes thanks to various technological advancements.
Because of smaller size, development time and cost are also
minimal. Besides, due to the smaller weight, the launching
cost is alsominimal compared to big scale telescopes.1 Thus,
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CubeSats offer a unique opportunity of studying astrophysi-
cal phenomena in a cost-effective way.
Recently, a proposal has been made to fill the MeV gap

using a CubeSat telescope, called MeVCube [27,28]. With
two layers of CdZnTe semiconductor devices, the sensitivity
of the telescope is shown to be comparable or in some cases
better than that achieved by COMPTEL. This opens up the
possibility of building and launching these small MeVCube
telescopes before the big scale proposals. This can pave the
way for the next generation full-scale telescopes.
Given the effectiveness of MeVCube in unraveling the

MeV sky, we ask the question: can MeVCube search for
DM? In this work, for the first time, we investigate the
reach of MeVCube as a DM detector. Previously the new
physics capabilities of various proposed MeV satellites
have been performed [29–52]. In each case, the upcoming
telescopes are shown to be excellent tools for DM search.
This work explores the power of CubeSat technology in the
search for DM.
This paper is structured as follows. Section II gives an

overview of the three different DM models from which
MeV photons can be produced, namely, PBH DM and
decaying, annihilating particle DM. We then discuss the
proposed MeVCube satellite and how it will be able to fill
the MeV gap in Sec. III. In Sec. IV we show our results and
finally discuss future scopes in Sec. V.

II. MEV PHOTONS FROM
DIFFERENT DM MODELS

Many well-motivated models in the literature have
explored the possibility of having MeV scale DM and
production of photons from them [47,53–62]. Here we
explore such possibilities in a model-independent way. We
will consider two classes of DM models that can produce
photons that MeVCube will be sensitive to: PBH DM and
particle DM.
A DM with mass Mχ can decay or annihilate to produce

a photon flux given by

ϕDMðEγÞ ¼
1

2α−1
r⊙
4π

ρ⊙
Mχ

�
d2N
dEγdt

�
J
ΔΩ

; ð1Þ

in units of MeV−1 cm−2 s−1 sr−1, where α ¼ 1ð2Þ for DM
decay (annihilation), ρ⊙ ¼ 0.4 GeVcm−3 is the DM den-
sity in solar neighborhood, r⊙ ¼ 8.3 kpc is the distance to
the Milky Way (MW) center from the Solar position, ð d2N

dEγdt
Þ

is the spectra of photons produced per decay or annihilation
per unit time, ΔΩ is the angular size of the region we are
looking at, and J is the so-called D factor (for DM decay) or
J factor (for DM annihilation). This factor encapsulates the
astrophysical distribution of DM and is given by

J ¼
Z

ds
r⊙

�
ρ

ρ⊙

�
α

dΩ; ð2Þ

where ρ is the DM density profile in the MW halo and s is
the line of sight distance. We note that the above expres-
sions also hold for the PBH DM candidate, as a PBH can be
thought of as a “decaying” DM.
The density profile of DM in our MW halo can be

parametrized as [63]

ρabcχ ðrÞ ¼ ρ⊙

�
r
r⊙

�
−c
�
1þ ðr⊙=rsÞa
1þ ðr=rsÞa

�ðb−cÞ=a
; ð3Þ

where r is the distance from the Galactic Center (GC), and
rs is the scale radius. Here, the distance r is related to the
line of sight distance s via

rðs; b;lÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ r2⊙ − 2sr⊙ cos b cosl

q
; ð4Þ

where l and b are the Galactic longitude and latitude of the
region of interest, respectively. The differential angular size
then becomes, dΩ ¼ dðsin bÞdl. For this work, we use the
widely considered Navarro Frenk White (NFW) profile as
benchmark DM profile, with ða; b; cÞ ¼ ð1; 3; 1Þ, and rs ¼
20 kpc in Eq. (3). The effect of other DM density profiles
on our results is shown in Appendix B. Next, we look at the
spectra of photons from DM models considered here.

A. PBH DM evaporation

PBHs can be formed in the very early universe due to
various different mechanisms [64–79]. After formation,
PBHs will Hawking evaporate [11] depending on their
mass, electric charge, and angular momentum. For an
uncharged, nonspinning black hole, the temperature is
given by

TPBH ¼ 1

8πGMPBH
¼ 1.06

�
1013 g
MPBH

�
GeV; ð5Þ

where MPBH is the mass of the PBH and G is the
gravitational constant.
The number of emitted particles per unit energy per unit

time from an evaporating, uncharged, nonspinning black
hole is given by [80–83]

d2Ni

dEdt
¼ 1

2π

X
d:o:f:

ΓiðE;MPBH; μÞ
eE=T − ð−1Þ2s ; ð6Þ

where Γi are the graybody factors that encode the prob-
ability of an emitted particle to surpass the gravitational
potential of the black hole, E, μ, and s are the total energy,
rest mass, and spin of the emitted particle, respectively. The
symbol d.o.f. specifies the degrees of freedom associated
with the emitted particle. For only photon final state the
above expression simplifies:

AKASH KUMAR SAHA PHYS. REV. D 111, 123041 (2025)

123041-2



d2N
dEγdt

¼ 1

2π

ΓðEγ;MPBHÞ
eEγ=T − 1

; ð7Þ

where Eγ is the energy of the emitted photons and Γ
contains an additional factor of 2 corresponding to two
degrees of freedom for photon.
We evaluate the spectra of primary and secondary photons

from low-mass evaporating PBH using publicly available
package BlackHawk [83,84]. We have extensively cross-
checked the output of BlackHawk with the semi-analytical
forms of graybody factor provided in Ref. [80]. To evaluate
secondary photon flux at lower energies, BlackHawk utilizes
Hazma [85]. We use the sum of both primary and secondary
photons as the signal flux from PBH DM.

B. Particle DM decay and annihilation

Now we focus on the case of decaying and annihilating
particle DM and the resulting photon spectra.
For a particle DM of mass mχ directly decaying to two

photons, the resulting photon spectra is given by

d2N
dEγdt

¼ 2

τ
δ

�
Eγ −

mχ

2

�
; ð8Þ

where τ is the DM lifetime, and Eγ is the energy of the
emitted photon.
In case of annihilating DM, the photon spectra becomes

d2N
dEγdt

¼ 2hσvi
�
ρ⊙
mχ

�
δðEγ −mχÞ; ð9Þ

where hσvi is the velocity averaged DM annihilation cross
section. The factor of 2 in Eqs. (8) and (9) arises because
per DM decay and annihilation we have production of two
photons.
Besides direct decay and annihilation to photons, DM

particles can also decay or annihilate to electron-positron
pairs, which in turn can produce photons via final state
radiation (FSR). The flux of the resulting photons is given
by [86,138]

d2N
dEγdt

¼ 2Cααe
πβð3 − β2Þαmχ

�
A ln

�
1þ RðνÞ
1 − RðνÞ

�
− 2BRðνÞ

�

with

A ¼ ð1þ β2Þð3 − β2Þ
ν

− 2ð3 − β2Þ þ 2ν; ð10Þ

B ¼ ð1 − νÞð3 − β2Þ
ν

þ ν; ð11Þ

where

μ¼ me

αmχ
; β¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4μ2

q
; ν¼ 2Eγ

αmχ
; ð12Þ

and

RðνÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

�
μ2

1 − ν

�s
; ð13Þ

where αe is the fine structure constant and again α ¼ 1ð2Þ
for DM decay (annihilation). Accordingly, the factors C1 ¼
1
τ (for DM decay) and C2 ¼ hσviðρ⊙mχ

Þ (for DM annihilation).

For DM annihilation, we assume that DM is made up of
self-conjugated particles. If DM is not its own antiparticle
then an additional factor of 1=2 has to be included
in Eq. (1).
For all particle DM decay and annihilation channels, we

assume 100% branching ratio for simplicity.
We note that, for the cases of low-mass evaporating PBH

DM and particle DM decaying or annihilating to photons
via FSR, the resulting signal is a continuum spectra of
photons. For particle DM directly decaying or annihilating
to photons, the signal is a line feature. Besides, for some
particular DM models we can have χ → ϕγ, χχ → ϕγ,
χχ → ϕϕ → 4γ for some state ϕ [87–90]. The distinct
photon spectral features for different DM models result in
different sensitivities for DM search with existing and
upcoming telescopes.

III. CUBESAT FOR MEV GAP: MEVCUBE

MeVCube [27,28] is a proposed “CubeSat” standard
MeV telescope for exploring the MeV gap. The detector
will consist of two layers of pixelated cadmium-zinc-
telluride (CdZnTe) detector with low-power readout elec-
tronics. The distance between the two layers is 6 cm. Here
the first layer acts as a scattering layer, whereas the second
layer acts as an absorption layer. Gamma rays in ∼MeV
energies primarily interact with matter via Compton scatter-
ing. Photons incident on the first layer of the MeVCube
scatter, lose energy, and are absorbed in the second layer. By
measuring the energies of the scattered electron in the first
layer and the energy of the absorbed photon in the second
layer, along with the interaction site, one can reconstruct the
direction and energy of the initial photon [15]. COMPTEL
also used a “double scatter” schemewhere the first layer was
a low-Z scintillator (NE 213A) and the second layer was a
high-Z scintillator [NaI(Tl)] [16]. We note that COSI will
use six double-sided strip germanium detectors with inde-
pendent readouts [17].
The final size of the MeVCube is yet to be decided.

Following Ref. [27], we look at three different units of
MeVCube, 2U, 6U, and 12U. The 2U and 6U versions of
MeVCube will be sensitive to photons in the energy range
∼200 keV to 4 MeV (for a 12U CubeSat it extends up to
∼10 MeV). MeVCube will have a wide field of view
(∼2 sr), and can achieve an angular resolution of 1.5°
at 1 MeV.
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Despite having smaller size compared to COMPTEL,
MeVCube will achieve comparable effective area, mainly
due to better event reconstruction capability of initial
photon direction and energy. CdZnTe has a high atomic
number and a wide energy gap (∼1.52 eV) with low
leakage current [91]. As a result, CdZnTe has high
spectral and imaging capabilities at room temperature
[92]. Besides MeVCube utilizes VATA450.3 ASICs
readouts that can work with much less power and is
ideal for CubeSat missions [27]. Pixelated CdZnTe and
individual readouts are also ideal for reconstruction of
incident photon directions as opposed to having one
single target [93]. These are some of the technological
advancements that have been crucial for MeVCube
sensitivity. The effective area and energy resolution for
MeVCube are obtained via detailed simulations cali-
brated to the in-lab measurements of the CdZnTe proto-
type, and are provided in Ref. [27].
MeVCube stands unique in the fleet of all of the

proposed MeV satellites. Because of the small size, the
development cost and time are much less compared to any
of the big scale telescopes. Given the smaller weight, the
launch cost of MeVCube is also expected to be less than
any other proposedMeV satellites. We discuss the expected
launch cost and frequency for MeVCube in Appendix D. In
Appendix E, we discuss the choice of orbits for a satellite
like MeVCube.
The primary science goals of MeVCube will be to search

for gamma-ray bursts (GRBs), spectral lines from Galactic
nucleosynthesis, electromagnetic counterparts of gravita-
tional wave, and many other astrophysical phenomena that
can produce MeV photons. Here we use, for the first time,
the preliminary specifications provided in Ref. [27], to
check MeVCube’s sensitivities for low-mass evaporating
PBH DM and decaying, annihilating particle DM. Given
the rise of CubeSat technology in traditional space science,
the understanding of DM physics capabilities of CubeSats
will be of great importance in the near future.

IV. RESULTS

For this work we focus on the MWGC region defined by
jlj ≤ 5°, jbj ≤ 5°. We parametrize the Galactic and extra-
Galactic photon backgrounds following Refs. [30,94,95],
where the Galactic background is given by

ϕbkg
g ðEγÞ ¼ Abkg

g

�
Eγ

1 MeV

�
−αg

exp

�
−
�
Eγ

Ec

�
γ̄
�

ð14Þ

and the extragalactic background component is

ϕbkg
eg ðEγÞ ¼ Abkg

eg

�
Eγ

1 MeV

�
−αeg

; ð15Þ

both of which are in units of MeV−1 cm−2 s−1 sr−1,
and where the fiducial background parameter values
are Abkg

g ¼ 0.013 MeV−1 cm−2 s−1 sr−1, αg¼ 1.8, γ̄¼ 2,

Ec ¼ 20MeV,2 Abkg
eg ¼ 0.004135MeV−1 cm−2 s−1 sr−1, and

αeg ¼ 2.8956. For the Galactic background, best-fit param-
eter values are obtained by comparing with the COMPTEL
data in the region jlj < 30°; jbj < 5° [94–97]. For the
extragalactic background, the fiducial values are obtained
by fitting the measured cosmic x-ray background spectrum
in the energy range 150 keV to 5MeV [30,98]. We note that
Refs. [30,43] have used the correct value ofEc (i.e., 20MeV)
in their works. We elaborate on this in Appendix C.
The DM flux can be calculated using the spectra

evaluated in Sec. II for each of the DM models. The
spectrum of photons measured by MeVCube will be
modified due to the finite energy resolution of the instru-
ment [99],

�
d2N
dEγdt

�0
ðEγÞ ¼

Z
dE0

γRϵðEγ − E0
γÞ
�

d2N
dEγdt

�
ðE0

γÞ;

where

RϵðEγ − E0
γÞ ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πðϵEγÞ2

q exp

�
−ðEγ − E0

γÞ2
2ðϵEγÞ2

�
: ð16Þ

In the above equation,RϵðEγ − E0
γÞ is the energy resolution

of the telescope, specifying the probability that a photon of
true energy E0

γ will be detected as a photon of energy Eγ.
We use the full width at half maximum (FWHM) energy
resolution provided for MeVCube in Ref. [27] (Fig. 4). We
note that the ϵ parameter defined above relates to the
FWHM (%) resolution given in Ref. [27] by

ϵ ¼ FWHM
100

×
1

2.355
: ð17Þ

The telescope energy resolution response is important
for line searches and the effect is small for continuum
signals. With the resolution taken into account, we then use
Eq. (1) to calculate the total flux of photons emitted for a
particular DM model.
The total flux is the sum of DM origin photon flux and

the background photon flux,

ΦðθÞ ¼ ϕDMðθχÞ þ ϕbkgðθbkgÞ; ð18Þ

where θχ and θbkg are the DM model and astrophysical
background parameters, respectively. For PBH DM,
decaying DM, and annihilating DM, the model parameters
are, θχ ¼ ðfPBH; 1=τ; hσviÞ, respectively, for a particular
DM mass and decay/annihilation channel. The background
flux includes both Galactic and extra-Galactic components,

2We note there is a typo in Eq. (4.1) of Ref. [94], where the
cutoff energy is given as Ec ¼ 2 MeV. We briefly discuss this in
Appendix C.
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ϕbkgðθbkgÞ ¼ ϕbkg
g ðθbkgÞ þ ϕbkg

eg ðθbkgÞ; ð19Þ

where θbkg ¼ ðAbkg
g ; αg; γ̄; Ec; A

bkg
eg ; αegÞ denotes the back-

ground model parameters.
For the DM signal, here we only consider Galactic DM

contributions. In principle, extragalactic DM signal will
also be present in the total photon flux detected. For our
region of interest (jlj ≤ 5°, jbj ≤ 5°), the latter contribution
is subdominant.
We apply the Fisher forecasting method [100] and

marginalize over all the background parameters to obtain
limits on DM model parameters. The Fisher matrix
elements are given by

F ij ¼
Z

dEγdΩtobsAeffðEγÞ
�
1

Φ

�
∂Φ
∂θi

��
∂Φ
∂θj

��
θ¼θfid

; ð20Þ

where tobs is observation time, AeffðEγÞ is the effective area
of the telescope, and θfid is the fiducial value for a particular
parameter θ. For DM signal, we set ðθχÞfid ¼ 0. We choose
tobs ¼ 107 s as our benchmark observation time. The
variation in our limits due to different values of tobs is
shown in Appendix B. The effective area, AeffðEγÞ, is taken
from Fig. 5 of Ref. [27]. We provide details of Fisher
forecasting analysis in Appendix A.
In our case, F is a 7 × 7 symmetric matrix with one

model parameter ½fPBH or (1=τ) or hσvi� and six back-
ground parameters (Abkg

g , αg, γ̄, Ec, Abkg
eg , and αeg).

Assuming that MeVCube during its observation time does
not observe any DM signal, we can put the 95% confidence
level upper limit on the DM model parameter θχ as [100]

θULχ ¼ 1.645
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðF−1Þ11

q
; ð21Þ

where θχ ¼ ðfPBH; 1=τ; hσviÞ for PBH evaporation,
decaying DM, and annihilating DM, respectively. For
low-mass evaporating PBH DM, decaying, and annihilat-
ing particle DM, we perform the above analysis and obtain
the corresponding sensitivities.
In Fig. 1, we show the sensitivities on evaporating PBH

DM with MeVCube of different sizes. Here the PBHs are
assumed to be nonspinning and of monochromatic mass
distribution. Other existing limits in the parameter space are
taken from Refs. [101–103,129–132,134–136] (see figure
caption for more details). Besides these, some other relevant
limits and sensitivities in the parameter space are: Super-
Kamiokande limit on diffuse supernovae neutrino back-
ground (DSNB) [101,104], sensitivities from upcoming
telescopes like JUNO [105,106], DUNE [107], global
21 cm measurement [108–111], Lyman-α forest measure-
ments [112], LeoT dwarf gas heating [102,103], cosmic ray
measurements from Voyager 1 [113,130], and radio mea-
surements from the inner GC region [114]. The sensitivities

fromMeVCube go beyond the current limits in the PBHDM
parameter space. In addition, with increasing size of
MeVCube, the effective area increases and, as a result,
the reach of the telescopes also improves as can be seen in
Fig. 1. Note that the limits on PBH DM extend below
5 × 1016 g. We do not show them here because at those
lower masses the 511 keV limits are much stronger [130].
We note that PBHs in the mass range 1018 to 1022 g can
make up a large fraction of the total DM density. Some ideas
for probing this mass window can be found in [115–128].
The results for particle DM decaying and annihilating to

two photons are shown in Fig. 2 (top row). The previous
limits are taken from Refs. [132,137–139] (see figure
caption for more details). We see that MeVCube has the
potential to probe longer lifetimes (for DM decay) and
smaller cross sections (for DM annihilation), compared to
all the existing limits for both decaying and annihilating
DM. In Ref. [27], the effective area of a 12U MeVCube is
shown to extend to higher energy photons, beyond 2U and
6U. As a result, we see in Fig. 2, with a 12U MeVCube we
are able to probe heavier masses of particle DM. The same
effect is also present for PBH DM in Fig. 1, where a 12U
MeVCube will be sensitive to lower masses of PBH DM
(the peak energy of emitted photons increases with
decreasing PBH mass). In Fig. 1 we do not show this

FIG. 1. Sensitivities on the fraction of DM made up of PBH
DM (fPBH) as a function of PBH mass (MPBH) with observations
by MeVCube of sizes 2U (brown solid line), 6U (blue solid line),
and 12U (green solid line). Previous limits are shown by dashed
curves. These include Galactic 511 keV photon measurement by
INTEGRAL (navy [129] and blue [130]), measurements of the
diffuse Galactic gamma-ray flux by COMPTEL (teal) [131] and
INTEGRAL (orange [132] and red [133]), extragalactic gamma-
ray measurement (black) [134,135], Cosmic Microwave Back-
ground (CMB) measurements by PLANCK (lime) [136], and
Galactic diffuse x-ray emission measurement by XMM-Newton
(green) [130].
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advantage of the 12UMeVCube, as the parameter space for
low-mass PBH DM is already strongly ruled out.
In Fig. 2 (bottom row) we show the limits for particle

DM decaying and annihilating to electron positrons which
in turn produce photons due to FSR. The previous limits are

obtained from Refs. [138–146] (see figure caption for more
details). Given the DM is not directly decaying or anni-
hilating to photons, the flux of photons expected in this
case is much lower compared to direct DM decay or
annihilation to photon final states. As a result, sensitivities

FIG. 2. Top row: sensitivities on the lifetime (left) and velocity averaged cross section (right) for particle DM with observations by
MeVCube of sizes 2U (brown solid line), 6U (blue solid line), and 12U (green solid line). The existing limits include observations of
diffuse Galactic emission from INTEGRAL [132,137] (purple dashed line) and COMPTEL [138] (orange dashed line), CMB anisotropy
measurements [139] (red dashed line), and INTEGRAL observation of the Reticulum II dwarf galaxy [137] (black dashed line). Bottom
row: sensitivities on the lifetime (left) and velocity averaged cross section (right) for particle DM (photon production via FSR) with
observations by MeVCube of sizes 2U (brown solid line), 6U (blue solid line), and 12U (green solid line). For DM decay, previous limits
include limits from CMB anisotropy measurement [140] (blue dashed line), INTEGRAL/SPI diffuse gamma ray limits [141] (blue
dashed line), combined limits from soft gamma-ray and x-ray data from [138] (brown dashed line), gas heating limits from LeoT [142]
(red dashed line), limits utilizing Voyager 1 data [143] (violet dashed line), and limits from diffuse x-ray emission seen by XMM-
Newton [144] (orange dashed line). For DM annihilation, the CMB limit is taken from Ref. [139] (blue dashed line).
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from MeVCube are weaker compared to the existing limits
and in the future can be used as a complementary probe for
the electron-positron channel of DM decay and annihila-
tion. We note that FSR limits in Fig. 2 can be extended to
higher DMmasses. Given the stronger existing limits in the
parameter space, we choose not to extend the plot.
To cross-check our results, we have tried to reproduce the

results in Ref. [30]. We were able to reproduce their PBH
DM sensitivities for AMEGO-X. We note that the limits
presented in this work are competitive with the sensitivity
studies for other proposed MeV telescopes [31–33,43].
Many of the previous sensitivity studies use different
forecast analysis, sky region, and observation time across
all different telescopes. We leave a more robust comparison
between all different telescopes for future analysis.

V. DISCUSSION AND SCOPE

In this work we have shown the capability of the
proposed MeVCube satellite, in the search for DM. We
consider low-mass evaporating PBH DM and decaying,
annihilating particle DM as possible DM candidates and
calculate the resulting photon flux from them. Using the
effective area and energy resolution of MeVCube, we
evaluate the sensitivities of MeVCube for these DM
models. In almost all cases, we find that MeVCube will
be able to probe new regions of parameter space that are
beyond the reach of current telescopes.
For PBH DM, we have considered nonspinning PBHs

with monochromatic mass distribution. We leave the
exploration of spinning PBH with other mass distributions
for future work. For particle DM decaying or annihilating
to electron positrons, Galactic propagation effects on the
charged particles are important for evaluating the resulting
secondary photon flux; besides, heavier particle DM
particles can directly decay or annihilation to electron
positrons which then can upscatter low-energy background
photons and produce photons in the energy window of
MeVCube. Positrons produced from DM decay, annihila-
tion, and PBH DM evaporation can also contribute to the
Galactic 511 keVexcess [147]. Given the uncertainty in the
various propagation models in the literature, a detailed
future study will be interesting.
In our work, we have obtained the sensitivities assuming

the Galactic and extra-Galactic diffuse background. For
MeVCube, which is planned to be launched at the low
Earth orbit (LEO), there are other backgrounds like cosmic
ray charged particles, albedo photons, and instrumental
backgrounds [148] that one must take into account. Thus,
with a detailed background modeling of MeVCube, one
can evaluate a more robust limit for different DM models.
Besides GC, some other interesting targets for DM search

include dwarf galaxies, M31 galaxy, and galaxy clusters.
Several works [31,33,34,43] have shown that, for the
proposed MeV telescopes, GC limits are stronger than the
limits from other sources, given the larger signal-to-noise

ratio for GC. The study of MeVCube’s DM sensitivities
for other DM-rich sources can provide important
complementarity.
MeVCube can also be sensitive to strongly interacting

DM. Space-based missions have been previously used to
search for such DM candidates [51,149–152]. A detailed
analysis for strongly interacting DM will be interesting for
MeVCube and other upcoming MeV telescopes.
The MeVCube collaboration has not given any timeline

yet, though, according to Ref. [27], a prototype has already
been tested at DESY. One can still compare the develop-
ment timeline of other CubeSat telescopes with big scale
satellites. For example, NinjaSat is a 6U CubeSat x-ray
telescope launched in 2023. The timeline of this launch can
be seen in Fig. 12 of Ref. [153]. The whole project, from
development to launch, was completed within three years.
In comparison, Ref. [154] notes that starting from 2021,
COSI is still under development. COSI is scheduled to be
launched in 2027. MeVCube has size comparable to
NinjaSat, and thus it is also expected to be launched faster
than big-scale missions.
Already there are many existing and proposed CubeSat

missions [153,155–184] for photon, neutrino, and gravi-
tational wave astronomy. Investigation of new physics
capabilities of these missions can be an important avenue.
With the advent of new detector technologies and under-
standing of the various astrophysical backgrounds, we hope
to uncover the nongravitational nature of DM soon.
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APPENDIX A: FISHER
FORECASTING ANALYSIS

One of the most popular ways of estimating DM
sensitivities for an upcoming telescope is to simply look
at the signal-to-background ratio. If NDM

γ is the number of
photon events detected in some time interval and the
corresponding background event number is Nbkg

γ , then
for potential discovery one requires
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NDM
γffiffiffiffiffiffiffiffiffi
Nbkg

γ

q ≥ ns; ðA1Þ

where ns is the significance with which one wants to make
the discovery. For example, in case of 5σ discovery, ns ¼ 5.
One important limitation of this sort of approach is that it

assumes a constant uncertainty value for the fiducial

background parameters and just searches for a DM signal
over background. For example, if we look at the back-
ground model in Eq. (14), the fiducial value and the error
bars are obtained by fitting with COMPTEL telescope
results. After the launch of MeVCube, the uncertainties in
the background parameter values may change because
MeVCube will make an independent measurement of the
Galactic background flux. Thus, for estimation of new

FIG. 3. Fisher forecast constraints on the model and the background parameters. This plot assumes a nonspinning PBH DM of mass
1017 g and an observation time of 107 s with a 12UMeVCube. The central point of each plot represents the mean (fiducial) values of the
parameters involved and the vertical violet dashed lines show the 95% uncertainty bound. The corresponding 95% (68.3%) CL confidence
ellipses are shown by the light (deep) blue curves. Thevertical gray dashed line in the bottom row shows the zero correlation coefficient line.
For theminimum variance on fPBH (bottom row, last panel), we only show the one sided distribution as negative fPBH values are unrealistic.
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physics capabilities of upcoming telescopes, one also has to
take into account the changes in both the model and
background parameters. For these reasons, Ref. [100]
introduced Fisher forecast analysis for DM search analysis
with upcoming telescopes.
Fisher forecasting is one of the most popular tools used

for sensitivity estimates in cosmology and astrophysics
[185–190]. The method relies on the estimation of the
Fisher information matrix. Given the exposure of a tele-
scope, one can then determine how constraining a future
observation will be for all the model and background
parameters involved in the problem.

The Fisher matrix provides error estimates of the
parameters as well as the covariances between them.
These quantities can be calculated from the Fisher matrix
itself. The correlation coefficient is given by

ρij ¼
Cijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Cii × Cjj
p ; ðA2Þ

where Cij is the covariance matrix element related to the
Fisher matrix element via

FIG. 4. Same as the previous figure, but now for particle DM of mass 1 MeV annihilating directly to two photons.
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Cij ¼ F−1
ij : ðA3Þ

The correlation coefficient lies within ½−1; 1�, where
ρij > 0 means positive correlation, ρij < 0 means negative
correlation, and ρij ¼ 0 is zero correlation. The correlation
coefficient helps in understanding the degeneracies in the
parameters involved. For example, if two parametersA and
B are negatively correlated, then that implies that a decrease
in parameter A can be compensated by an increase in
parameter B to get the same fit to the observation. This
makes the independent determination of parameters A and
B difficult.
In Fig. 3 we show the corner plots with individual

uncertainties and covariances for the signal and background
model parameters. For this plot we have chosen a 12U
MeVCube and tobs ¼ 107 s. Here the signal is the photon
flux from evaporating PBH DM of mass 1017 g and the
background model parameters are those described in
Eqs. (14) and (15). For example, the first column in
Fig. 3 shows (from top to bottom) the parameter uncertainty
in Abkg

g and the covariances of Abkg
g with αg, γ̄, Ec, A

bkg
eg , αeg,

and fPBH, respectively. The correlation coefficients for DM
parameter fPBH with the background parameters are calcu-
lated using Eq. (A2). The correlation coefficient values
are −0.146 (fPBH − Abkg

g ), −0.269 (fPBH − αg), −0.347
(fPBH − γ̄), 0.306 (fPBH − Ec), 0.137 (fPBH − Abkg

eg ), and
−0.055 (fPBH − αeg). For a representative of a line photon
signal, we also show in Fig. 4 the corner plots for 1 MeV
particle DM annihilating to two photons.

APPENDIX B: DEPENDENCE ON DM
DENSITY PROFILE AND DETECTION TIME

Besides the widely used NFW profile, there are various
other DM density profiles in the literature. Here we
consider the isothermal and the Einasto profile. For the
isothermal profile Eq. (3) admits the following values:
ða; b; cÞ ¼ ð2; 2; 0Þ and rs ¼ 3.5 kpc.
The Einasto profile is given by

ρEinχ ðrÞ ¼ ρ⊙ exp

�
−

2

0.17
r0.17 − ð8.3 kpcÞ0.17

ð20 kpcÞ0.17
�
: ðB1Þ

We evaluate the sensitivities on low-mass evaporating PBH
DM from a 12U MeVCube for isothermal and Einasto
profiles in Fig. 5. For comparison we also show the
benchmark NFW density profile used in this work. The
isothermal profile predits a “cored” profile towards the GC
as opposed to the “cuspy” profiles like NFW or Einasto.
These relative density profiles explain the strengths of
the limits in Fig. 5, where the Einasto profile provides the
strongest limits, whereas the isothermal provides the
weakest limit.
Another important consideration for obtaining limits on

DM is the time of observation. As a fiducial value we have

chosen tobs ¼ 107 s, which corresponds to around three
months and 26 days of observation. We choose this value in
accordance with Ref. [27], which estimates ∼2 months
observation time at a given source, for MeVCube. Given

FIG. 5. Dependence of PBH DM sensitivities with a 12U
MeVCube (observation time 107 s) onvariousDMdensity profiles.
Limits for the isothermal, NFW (benchmark), and Einasto profiles
are shown by red, green, and blue solid curves, respectively. The
combined previous limit is shown by the gray shaded region.

FIG. 6. Dependence of PBH DM sensitivities on various
observation times with a 12U MeVCube (NFW density profile).
Limits for observation times of 1 day, 106 s, 107 s (benchmark),
1 year are shown by red, blue, green, and brown solid lines,
respectively. The combined previous limit is shown by the gray
shaded region.
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the short lifetimes of many of the CubeSat missions, one
can ask the question: can we learn anything important about
DM with a shorter telescope observation time? In Fig. 6 we
show the dependence of our results on observation time of a
12U MeVCube for the case of evaporating PBH DM. The
limits here scale as

ffiffiffiffiffiffiffi
tobs

p
. We see that even if MeVCube

observes the GC region of interest considered here
(jlj < 5°; jbj < 5°) for one day, one will be able to explore
new regions of the PBH DM parameter. Similarly, for
longer observation times, the limits will improve accord-
ingly. The same conclusions should be true for both particle
DM decay and annihilation.

APPENDIX C: REGARDING THE CUTOFF
ENERGY IN THE GALACTIC

BACKGROUND MODEL

For the Galactic photon background model, we used the
analytical form provided in Ref. [94],

ϕbkg
g ðEγÞ ¼ Abkg

g

�
Eγ

1 MeV

�
−αg

exp

�
−
�
Eγ

Ec

�
γ̄
�
; ðC1Þ

where the fiducial values of all of the parameters above are
given below Eq. (14). The exponential cutoff energy in the
above equation is Ec ¼ 20 MeV.
During this work we found a typo in Ref. [94], more

specifically in Eq. (4.1) of the paper. From that equation it
seems that the cutoff energy for the Galactic background is
2 MeV. This is not compatible with Fig. 2 of their paper

(“ICSlo” component). In Fig. 7 we compare the Galactic
background model with the COMPTEL measurements
from the inner part of the galaxy, jlj < 30°; jbj < 5°
(Fig. 8 of [96]) for Ec ¼ 20 MeV and Ec ¼ 2 MeV.
Clearly, the data is in agreement with the model having
Ec ¼ 20 MeV cutoff and not with Ec ¼ 2 MeV.
We note that this typo is also present in the analysis of

Ref. [34]. The limits on PBH DM, for the parameter space
of interest, is not very sensitive to this typo of Ec. For
particle DM decay and annihilation, the assumption of
Ec ¼ 2 MeV overestimates the resulting limits at heavier
masses of particle DM. We emphasize this typo here so that
there is no confusion in any future analysis.

APPENDIX D: LAUNCH COST AND
FREQUENCY FOR MEVCUBE

The timeline for MeVCube is yet to be public. So the
launch vehicle and launch dates are uncertain. Given the
rise of many independent organizations for CubeSat
launch, one can do a rough estimate of how cost-effective
MeVCube will be compared to other large-scale telescopes.
Here we use the launch cost estimates provided for the
SpaceX “rideshare program” [194]. For a launch at low-
earth orbit, the approximate cost is 0.33 million dollars for
CubeSat payload below 50 kg. Given a 1U MeVCube
weight around 1.33 kg [27], we show the weights and
corresponding launch costs for 2U, 6U, and 12UMeVCube
in Table I. For all of the three CubeSat sizes, the launch cost
is 0.33 million dollars (given this is the minimum cost for
launch with SpaceX). In contrast, for COSI the launch cost
is around 69 million dollars as stated in Ref. [191].
MeVCube suffers from small effective area as compared

to big-scale telescope proposals like AMEGO-X. Besides,
many of the launched CubeSat satellites have smaller
lifetimes. Given these limitations, one can estimate how
many CubeSats like MeVCube are required to achieve the
same sensitivities as AMEGO-X. The effective area for a
12UMeVCube at 1 MeV photon energy is ∼22 cm2. At the
same energy the effective area for the proposed AMEGO-X
is ∼3325 cm2. Thus, to achieve the same effective area as
AMEGO-X at 1 MeV ∼ 151 such CubeSats are required.
Given the above cost estimates, launching 151 such 12U
CubeSats will cost a total of 50 million dollars. According
to Ref. [18] (Table 2), the launch cost for AMEGO-X is
estimated to be around 100 million dollars. Just from the

FIG. 7. Comparison of the analytical Galactic background
model used in this work with the COMPTEL data from the
inner galaxy (jlj < 30°; jbj < 5°). The background models are
shown for Ec ¼ 20 and Ec ¼ 2 MeV by solid red and solid green
lines, respectively. The background model is in agreement with
the COMPTEL data for Ec ¼ 20 MeV.

TABLE I. Estimate of weight and corresponding launch cost
for different sizes of CubeSat, obtained from [194].

CubeSat units Weight (in kg) Launch cost (in U.S. dollars)

2U 2.66 0.33 million dollars
6U 7.98 0.33 million dollars
12U 15.96 0.33 million dollars
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launch cost perspective, the CubeSat option seems more
cost effective. A more realistic comparison would be very
interesting for the science case of MeVCube.
Different CubeSats are launched multiple times in a year.

According to Ref. [192], around 4400 CubeSats have been
launched until now. The frequency of these launches can be
seen inRef. [193]. There aremany independent organizations
like SpaceX [194] and RocketLab [195] that do CubeSat
launches frequently. Therefore MeVCube, if approved, can
be launched much quicker than large-scale telescopes.

APPENDIX E: CHOICE OF ORBIT
FOR MEVCUBE

Historically, low-earth orbit (LEO) (altitudes ∼550 km)
has been chosen for most of the gamma-ray satellites. One
reason for that is the lower power required to put satellites
in LEO compared to farther orbits (like high-earth orbit).
Cosmic ray charged particles can increase the background
count of any gamma-ray telescope and even damage
the instruments. For LEO, the earth’s magnetic field can
shield the satellites from cosmic rays. An estimate of the

background flux of proton, alphaparticles, and electron-
positrons at LEO compared to the interplanetary medium is
shown in Fig. 9 of Ref. [196]. In the presence of the
geomagnetic field, we see that below 1 GeV=nucleon
energy the cosmic ray flux is highly suppressed in LEO
compared to near-Earth interplanetary medium. All future
MeV telescopes including MeVCube will operate below
this energy. Even for LEO, the cosmic ray flux increases
with altitude, as can be seen in Figs. 3 and 4 of Ref. [197].
Thus, putting a satellite in farther orbits than LEO can
affect its sensitivity by increasing the background.
However, we note that LEO passes through Van Allen
radiation belts and the South Atlantic Anomaly, where the
background radiation count can significantly increase. For
long, uninterrupted observations, some telescopes thus
choose father orbits even though the overall background
flux there is greater than LEO. One such example is the
INTEGRAL satellite which was placed at the highly
elliptical orbit [198]. Thus, the choice of orbits for MeV
satellites depends on the planned duration of the mission
and background mitigation strategies.
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[40] M. Calzà, J. G. Rosa, and F. Serrano, Primordial black hole
superradiance and evaporation in the string axiverse, J.
High Energy Phys. 05 (2024) 140.

[41] S. Kasuya, M. Kawasaki, and N. Tsuji, MeV gamma rays
from Q-ball decay, Phys. Rev. D 109, 083039 (2024).

[42] H.-R. Cui, Y. Tsai, and T. Xu, Hawking radiation of
nonrelativistic scalars: Applications to pion and axion
production, J. High Energy Phys. 11 (2024) 071.

[43] K. E. O’Donnell and T. R. Slatyer, Constraints on dark
matter with future MeV gamma-ray telescopes, Phys. Rev.
D 111, 083037 (2025).

[44] J. B. Dent, B. Dutta, and T. Xu, Multi-messenger probes of
asteroid mass primordial black holes: Superradiance spec-
troscopy, Hawking radiation, and microlensing, Phys. Lett.
B 861, 139254 (2025).

[45] Z. Xie, B. Liu, J. Liu, Y.-F. Cai, and R. Yang, Limits on the
primordial black holes dark matter with future MeV
detectors, Phys. Rev. D 109, 043020 (2024).

[46] K. Agashe, M. Buen-Abad, J. H. Chang, S. J. Clark, B.
Dutta, Y. Tsai et al., Light in the shadows: Primordial black
holes making dark matter shine, J. High Energy Phys. 02
(2025) 051.

[47] F. Compagnin, S. Profumo, and N. Fornengo, MeV dark
matter with MeV dark photons in Abelian kinetic mixing
theories, J. Cosmol. Astropart. Phys. 03 (2023) 061.

[48] A. Abusleme et al. (JUNO Collaboration), JUNO sensi-
tivity to the annihilation of MeV dark matter in the galactic
halo, J. Cosmol. Astropart. Phys. 09 (2023) 001.

[49] K. K. Boddy, B. Dutta, A. J. Evans, W.-C. Huang, S.
Moltner, and L. E. Strigari, Indirect detection of dark
matter absorption in the Galactic Center, J. Cosmol.
Astropart. Phys. 02 (2025) 017.

[50] C. A. Manzari, Y. Park, B. R. Safdi, and I. Savoray,
Supernova axions convert to gamma rays in magnetic
fields of progenitor stars, Phys. Rev. Lett. 133, 211002
(2024).

[51] P. Alpine et al., DarkNESS: Developing a Skipper-CCD
instrument to search for dark matter from low earth orbit,
arXiv:2412.12084.

[52] J. H. Buckley, P. S. B. Dev, F. Ferrer, and T. Okawa,
Probing heavy axion-like particles from massive stars with
x-rays and gamma rays, arXiv:2412.21163.

[53] C. Boehm and P. Fayet, Scalar dark matter candidates,
Nucl. Phys. B683, 219 (2004).

[54] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded
WIMP dark matter, Phys. Lett. B 662, 53 (2008).

[55] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker,
Mechanism for thermal relic dark matter of strongly
interacting massive particles, Phys. Rev. Lett. 113,
171301 (2014).

[56] A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens, and O.
Ruchayskiy, Sterile neutrino dark matter, Prog. Part. Nucl.
Phys. 104, 1 (2019).

[57] J. A. Evans, A. Ghalsasi, S. Gori, M. Tammaro, and J.
Zupan, Light dark matter from entropy dilution, J. High
Energy Phys. 02 (2020) 151.

[58] B. Dasgupta and J. Kopp, Sterile neutrinos, Phys. Rep.
928, 1 (2021).

[59] X. Chu, J.-L. Kuo, and J. Pradler, Toward a full description
of MeV dark matter decoupling: A self-consistent deter-
mination of relic abundance and Neff , Phys. Rev. D 106,
055022 (2022).

[60] T. Linden, T. T. Q. Nguyen, and T. M. P. Tait, X-ray
constraints on dark photon tridents, arXiv:2406.19445.

[61] T. T. Q. Nguyen, I. John, T. Linden, and T. M. P. Tait,
Strong constraints on dark photon and scalar dark matter
decay from INTEGRAL and AMS-02, arXiv:2412
.00180.

[62] S. Balan et al., Resonant or asymmetric: The status of
sub-GeV dark matter, J. Cosmol. Astropart. Phys. 01
(2025) 053.

SEARCHING FOR DARK MATTER WITH MEVCUBE PHYS. REV. D 111, 123041 (2025)

123041-13

https://doi.org/10.1016/j.astropartphys.2019.04.004
https://doi.org/10.1016/j.astropartphys.2019.07.002
https://doi.org/10.1117/12.2057251
https://science.nasa.gov/mission/cosi/
https://science.nasa.gov/mission/cosi/
https://science.nasa.gov/mission/cosi/
https://www.cubesat.org/cubesatinfo
https://www.cubesat.org/cubesatinfo
https://www.cubesat.org/cubesatinfo
https://doi.org/10.1088/1475-7516/2022/08/013
https://doi.org/10.1088/1748-0221/17/08/P08004
https://doi.org/10.1088/1748-0221/17/08/P08004
https://doi.org/10.1103/PhysRevD.92.023533
https://doi.org/10.1103/PhysRevD.92.023533
https://doi.org/10.1103/PhysRevD.104.023516
https://doi.org/10.1103/PhysRevLett.126.171101
https://doi.org/10.1088/1475-7516/2021/08/044
https://doi.org/10.1088/1475-7516/2023/02/006
https://doi.org/10.1103/PhysRevD.107.023022
https://doi.org/10.1103/PhysRevD.106.023022
https://doi.org/10.1103/PhysRevD.106.023022
https://doi.org/10.1088/1475-7516/2023/08/035
https://doi.org/10.1088/1475-7516/2023/08/035
https://doi.org/10.1140/epjc/s10052-023-11248-w
https://doi.org/10.1140/epjc/s10052-023-11248-w
https://doi.org/10.1088/1475-7516/2023/06/008
https://doi.org/10.1103/PhysRevD.110.035015
https://doi.org/10.1103/PhysRevD.110.035015
https://doi.org/10.1007/JHEP05(2024)140
https://doi.org/10.1007/JHEP05(2024)140
https://doi.org/10.1103/PhysRevD.109.083039
https://doi.org/10.1007/JHEP11(2024)071
https://doi.org/10.1103/PhysRevD.111.083037
https://doi.org/10.1103/PhysRevD.111.083037
https://doi.org/10.1016/j.physletb.2025.139254
https://doi.org/10.1016/j.physletb.2025.139254
https://doi.org/10.1103/PhysRevD.109.043020
https://doi.org/10.1007/JHEP02(2025)051
https://doi.org/10.1007/JHEP02(2025)051
https://doi.org/10.1088/1475-7516/2023/03/061
https://doi.org/10.1088/1475-7516/2023/09/001
https://doi.org/10.1088/1475-7516/2025/02/017
https://doi.org/10.1088/1475-7516/2025/02/017
https://doi.org/10.1103/PhysRevLett.133.211002
https://doi.org/10.1103/PhysRevLett.133.211002
https://arXiv.org/abs/2412.12084
https://arXiv.org/abs/2412.21163
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1016/j.ppnp.2018.07.004
https://doi.org/10.1016/j.ppnp.2018.07.004
https://doi.org/10.1007/JHEP02(2020)151
https://doi.org/10.1007/JHEP02(2020)151
https://doi.org/10.1016/j.physrep.2021.06.002
https://doi.org/10.1016/j.physrep.2021.06.002
https://doi.org/10.1103/PhysRevD.106.055022
https://doi.org/10.1103/PhysRevD.106.055022
https://arXiv.org/abs/2406.19445
https://arXiv.org/abs/2412.00180
https://arXiv.org/abs/2412.00180
https://doi.org/10.1088/1475-7516/2025/01/053
https://doi.org/10.1088/1475-7516/2025/01/053


[63] T. Bringmann and C. Weniger, Gamma ray signals from
dark matter: Concepts, status and prospects, Phys. Dark
Universe 1, 194 (2012).

[64] M. Shibata and M. Sasaki, Black hole formation in the
Friedmann universe: Formulation and computation in
numerical relativity, Phys. Rev. D 60, 084002 (1999).

[65] T. Harada, C.-M. Yoo, and K. Kohri, Threshold of
primordial black hole formation, Phys. Rev. D 88,
084051 (2013).

[66] I. Musco, K. Jedamzik, and S. Young, Primordial black
hole formation during the QCD phase transition: Thresh-
old, mass distribution, and abundance, Phys. Rev. D 109,
083506 (2024).

[67] T. Harada, C.-M. Yoo, K. Kohri, K.-i. Nakao, and S.
Jhingan, Primordial black hole formation in the matter-
dominated phase of the Universe, Astrophys. J. 833, 61
(2016).

[68] J. C. Niemeyer and K. Jedamzik, Dynamics of primordial
black hole formation, Phys. Rev. D 59, 124013 (1999).

[69] I. Musco, Threshold for primordial black holes: Depend-
ence on the shape of the cosmological perturbations, Phys.
Rev. D 100, 123524 (2019).

[70] B. J. Carr and S. W. Hawking, Black holes in the early
Universe, Mon. Not. R. Astron. Soc. 168, 399 (1974).

[71] C.-M. Yoo, T. Harada, and H. Okawa, Threshold of
primordial black hole formation in nonspherical collapse,
Phys. Rev. D 102, 043526 (2020).

[72] S. Clesse and J. García-Bellido, Massive primordial black
holes from hybrid inflation as dark matter and the seeds of
galaxies, Phys. Rev. D 92, 023524 (2015).

[73] K. Jedamzik, Primordial black hole formation during the
QCD epoch, Phys. Rev. D 55, R5871 (1997).

[74] S. Bhattacharya, S. Mohanty, and P. Parashari, Primordial
black holes and gravitational waves in nonstandard cos-
mologies, Phys. Rev. D 102, 043522 (2020).

[75] N. Bhaumik and R. K. Jain, Primordial black holes dark
matter from inflection point models of inflation and the
effects of reheating, J. Cosmol. Astropart. Phys. 01
(2020) 037.

[76] N. Bhaumik and R. K. Jain, Small scale induced gravita-
tional waves from primordial black holes, a stringent lower
mass bound, and the imprints of an early matter to
radiation transition, Phys. Rev. D 104, 023531 (2021).
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