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Asteroid-mass primordial black holes (PBH) can explain the observed dark matter abundance
while being consistent with the current indirect detection constraints. These PBH can produce
gamma-ray signals from Hawking radiation that are within the sensitivity of future measurements
by the AMEGO and e-ASTROGAM experiments. PBH which give rise to such observable gamma-
ray signals have a cosmic origin from large primordial curvature fluctuations. There must then
be a companion, stochastic gravitational wave (GW) background produced by the same curvature
fluctuations. We demonstrate that the resulting GW signals will be well within the sensitivity of
future detectors such as LISA, DECIGO, BBO, and the Einstein Telescope. The multi-messenger
signal from the observed gamma-rays and GW will allow a precise measurement of the primordial
curvature perturbation that produces the PBH. Indeed, we argue that the resulting correlation
between the two types of observations can provide a smoking-gun signal of PBH.

I. INTRODUCTION

Black Holes (BH) are simple but fascinating objects
that intertwine gravity and the quantum theory of ele-
mentary particles. From the observational side, BH can
produce gravitational waves (GW) from merger events,
which have been observed by LIGO/VIRGO experi-
ments [1, 2]. Depending on the mass of BH, their Hawk-
ing radiation may also produce Standard Model (SM)
particles, such as photons, that can be probed via as-
trophysical observations [3, 4]. Since the GW and the
electromagnetic (EM) signals are uniquely determined
by the BH spin and mass distribution, the observation
of both types of the signals can provide valuable infor-
mation of the BH properties, and the mechanism of the
BH production.

Unfortunately, it is not easy for the BH to produce
both strong GW signals from merger events and Hawk-
ing radiation that fall in the observable range of the
detectors. For example, the observed merger events
have BH mass ranges from mBH = O(10 � 100) solar
mass [2], which only corresponds to Hawking tempera-
ture TH ⇡ (1010g/mBH) TeV = O(10�13

�10�12) eV and
produce photons with frequencies which are way below
the experimental sensitivity. The evaporation lifetime
⌧ ⇡ 1057(mBH/M�)3 Gyrs is also too long to produce a
sizable signal rate. It is an interesting question to ask
whether there exists a range of BH masses and their as-
sociated production mechanism that can generate both
GW signals (likely from an alternate – to merger – means)
and Hawking radiation signals, both of which are within
the sensitivity of the current or future experiments.

It is easy to determine the range of BH masses that can
produce sizable Hawking radiation today. When requir-

ing the lifetime of BH evaporation to be similar to the
age of universe – so the BH still exist and radiate – we
need mBH ⇠ 1014�15 g. The abundance of BH with these
masses has been stringently constrained by the measure-
ments of CMB anisotropy [5], the extragalactic gamma-
ray background [6], and the galactic gamma-ray back-
ground [7]. Heavier BH can still produce visible signals
today as long as their abundance is large enough to com-
pensate the small Hawking radiation rate. If a fraction
fBH of dark matter (DM) today is composed of BH with
monochromatic mass spectrum, existing observations on
the e± [8], gamma-ray signals [9–12], radio emission [13],
and the heating/cooling of the interstellar medium [14]
have excluded the possible abundance from fBH ⇠

> 10�8

with mBH = 1015g to fBH ⇡ 1 with mBH = 1017g: these
bounds loosely follow a scaling relation f

bound
BH / m

4
BH

(see [15] for a review of the existing bounds). Any possi-
ble observations of BH gamma-ray signals need to come
from a BH abundance that is below the above exclusion
bound, while being above the sensitivity of future exper-
iments.

Next generation detectors, e-ASTROGAM [16] and
AMEGO [17], will explore new territory of gamma-ray
signals between 0.1�100 MeV with more than one order
of magnitude improvement on the signal sensitivity. This
opens up new opportunities for seeing the PBH with fBH

below the constraints mentioned above. The energy win-
dow of the new gamma-ray observation corresponds to
monochromatic BH mass around 1015 � 1016 g and the
experiments can cover fBH ⇠

> 10�6(mBH/1016 g)2 [10].
Such asteroid-mass BH cannot come from stellar collapse
and have to be produced from large density perturba-
tions in the early universe. The idea of such primordial
black holes (PBH) (cf. from stellar collapse) accounting
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for the observed DM density has been extensively stud-
ied (see, e.g., [15, 18–22] for reviews of PBH DM). A
cosmological scenario that produces an order one den-
sity contrast in the early universe, including models with
specific inflaton potentials [23–29], bubble wall collisions
during strong phase transitions [30–37], the dynamics of
scalar condensates [38–41], or the collapse of topological
defects [42–48], provides a means to produce PBH from
the gravitational collapse of the perturbation. It is then
possible to generate the PBH abundance required for the
observable gamma-ray signals.

Remarkably, the large density perturbations in the
early universe also source GW (see, e.g., [49–54]). Once a
perturbation mode enters the horizon with an order one
density contrast, tensor mode perturbations (hence GW
signals) can be produced through the second-order of the
density contrasts. It is interesting to ask whether for a
general assumption of the curvature power spectrum that
corresponds to the production of PBH which are visible
in gamma-ray searches, can future GW detectors (such
as LISA [55, 56], BBO [57, 58], DECIGO [59, 60], and
the Einstein Telescope [61, 62]) probe the associated GW
signals from the same curvature perturbations? Earlier
literature (see, e.g., [63, 64]) has discussed the use of both
the GW measurements and the existing bounds on PBH
to explore the primordial power spectrum associated with
PBH production. However, to the best of our knowledge,
there have not been studies on how well the combination
of the two types of measurements can determine the PBH
properties and confirm that the gamma-ray or GW sig-
nals do come from PBH.

In this work, we show that if we do observe the gamma-
ray signals specifically at e-ASTROGAM from PBH pro-
duced by collapsing the primordial fluctuations, then the
resulting GW signals from the same primordial fluctua-
tions will indeed be visible at future GW detectors. Re-
sults produced from AMEGO should be comparable to
those from e-ASTROGAM considering they have simi-
lar point source sensitivities and angular resolution. We
concentrate our analysis on e-ASTROGAM as simply an
illustrative choice. Moreover, due to the parametric de-
pendence on the curvature perturbations being di↵erent
in the fits to the gamma-ray and GW measurements, by
correlating these results we can obtain a smoking gun sig-
nal of the asteroid-mass PBH and make a precise mea-
surement of the density fluctuations that seed the PBH.

The outline of this paper is as follows. In the next sec-
tion, we review the calculation of PBH mass spectrum
from a given curvature power spectrum. In Sec. III,
we summarize the calculation of GW from the curva-
ture power spectrum and then calculate the gamma-ray
signals from a given PBH mass function in Sec. IV.
In Sec. V, we use curvature power spectra with the
form of delta-function or log-normal distribution to show
that power spectra that produce PBH visible at e-
ASTROGAM will generate large signals at future GW
detectors. Using three benchmark models of the cur-
vature power spectra, we also estimate the precision

of power spectra measurements from e-ASTROGAM,
LISA, and BBO and discuss how the combination of these
measurements can help identify the PBH and their ori-
gin. We conclude in Sec. VI.

II. PBH PRODUCTION FROM CURVATURE
PERTURBATIONS

To give a concrete example of PBH GW and gamma-
ray signals, we consider the large curvature perturbations
either takes the form of a monochromatic distribution

P⇣,�(k) = A� �

✓
log

✓
k

kp,�

◆◆
(1)

or a log-normal distribution

P⇣(k) =
A

p
2⇡�2

exp

✓
�
(log k � log kp)2

2�2

◆
. (2)

The power spectrum with a log-normal distribution can
be produced, e.g., through the ultra slow-roll (USR) in-
flation models [65–67] that have been discussed exten-
sively in the context of PBH formation. We take A, kp,
and � as free parameters when studying the PBH sig-
nals. The single field inflation predicts the increase of
P⇣ in k to be less than k

4 [63], which corresponds to
�

⇠
> 1. When studying gamma-ray and GW signals of

an extended power spectrum, we will use � = 2 � 4 as
examples and pick a range of (A, kp) that is above the
e-ASTROGAM sensitivity while satisfying the existing
observational constraints.
The density fluctuations have a chance to collapse into

PBH. Since the gamma-ray signal of the PBH is deter-
mined by its mass spectrum, the signal estimation is
highly sensitive to the estimate of the PBH production
from the curvature perturbations. To give a concrete ex-
ample, we follow the discussion in [64], which is based
on the Press-Schechter formalism [68] with the parame-
ters given in [69] to estimate the PBH mass spectra from
P⇣(k). Future improvement on the N-body simulation
and the understanding of the PBH formation can further
tighten the relation between P⇣(k) and the mass function.
Consider black holes formed at a particular time cor-

responding to a horizon size R. The probability for the
region within the horizon to carry a smoothed density
contrast � can be described by

p(�) =
1p
2⇡�2

0

e
� �2

2�2
0 . (3)

The variance of density contrasts on the scale R is given
by

�
2
0 =

Z 1

0

dk

k

16

81
(kR)4W 2(k,R)P⇣(k), (4)

where W (k,R) is the window function that smooths the
power spectrum with scale k on the horizon size R. In
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Figure 1: Example plots. Top-left: examples of curvature power spectrum following the log-normal distribution in Eq. (2) with
di↵erent �, A and kp values. Top-right: the resulting PBH mass spectra. The total DM fraction of PBH is 7.1⇥ 10�7 (black),
3.7⇥ 10�11 (blue), 3.5⇥ 10�6 (red) and 3.0⇥ 10�2 (green) respectively. Bottom-left: the galactic center gamma-ray flux from
Hawking radiation in the ROI of 5�. Bottom-right: GW signal spectrum from the curvature power spectrum.

our analysis we take

W (k,R) = exp


�
(kR)2

4

�
. (5)

In Press-Schechter, we assume perturbation modes with
density contrasts larger than a threshold �c collapse into
black holes. Note that di↵erent choices of window func-
tions can lead to quite di↵erent PBH abundance from
the same P⇣ [70], but [69, 71] shows that the deviations
should be within 10% if one uses consistent window func-
tions and threshold density contrasts.

If defining �R as the fraction of energy density in the
BH that formed at the time with horizon size R

�R ⌘
⇢BH,R

⇢r,R
, (6)

where ⇢r is the radiation energy density, we can calculate

�R contributed by � of a given horizon as

d�R

d�
=

2m(R, �)

MH(R)
p(�) , � � �c . (7)

Here MH is the average horizon mass with size R, and
the BH mass produced by a given density contrast follows
the relation [72–74]

m(R, �) = MH(R)K(� � �c)
�
. (8)

The expression is valid with (� � �c) ⇠
< 10�2 [75] and

holds down to (� � �c) ⇠ 10�10 [76, 77]. The dimension-
less K, �c, and � are constants determined via numerical
simulations. In this work we use K = 10, �c = 0.25, and
� = 0.36 given in [78], which come from translating the
results in [73, 76, 77, 79] with a top-hat smooth function
to the result with a Gaussian smooth function Eq. (5).
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The total energy density fraction in PBH is obtained
by integrating Eq. (7) from all possible horizon sizes.
Changing the variable from � to m using Eq. (8) and in-
cluding the redshift factor of the PBH density from the
production time, we can obtain the energy fraction of
PBH at matter-radiation equality as a function of PBH
mass

d�eq

dm
=

Z 1

0

dR

R

Req

R

 
2
g
4/3
?s,eq

g
4/3
?s,R

g?,R

g?,eq

!1/2

�R . (9)

Here g? and g?s are the number of relativistic degrees of
freedom for energy density and entropy, and subscript eq
is for the time at matter-radiation equality. The relevant
PBH mass for the indirect detection searches comes from
the collapse of fluctuations with kp ⇠ 1014�15 Mpc�1.
These perturbation modes enter the horizon at z ⇠

1020�21, and the PBH formation happens deep inside the
radiation dominated era. Thus, we use g?,R = g?s,R =
106.75 in this calculation. For matter-radiation equality,
we take the value g?,eq = 3.36 and g?s,eq = 3.91 [80].

Now we define the mass function at matter-radiation
equality as

dfBH,eq

dm
=

d

dm

✓
⇢BH,eq

⇢CDM,eq

◆
=

⌦m

⌦CDM

d�eq

dm
, (10)

where ⌦m and ⌦CDM are the energy fraction of matter
and cold dark matter today. The location of the mass
function peak can be expressed with the horizon mass
corresponding to the power spectra peak as

m
peak = �e↵MH(R = k

�1
p

) (11)

' 2⇥ 1016 g ⇥ �e↵

✓
kp

1015 Mpc�1

◆�2

,

where the �e↵ ⇠ O(1) factor is studied in detail in [64].
Finally, we consider the mass loss from Hawking radi-

ations to get the actual PBH mass function today, fBH.
Using an approximation of a constant degree of freedom
of Hawking radiation, we get

dfBH

dm
=

m
3

m3 + 3f0m4
Plt0

dfBH,eq

dm0

����
m0=(m3+3f0m4

Pl
t0)1/3

.

(12)

Here t0 is the age of the universe, and f0 ⇡ 1.895⇥10�3.
Again, we assume PBH formation happens at deep inside
the radiation domination, so the age of PBH is t0. Please
see Appendix. A for details.

In Fig. 1, we show some examples of the log-normal
curvature power spectra (upper-left) and the resulting
PBH mass function (upper-right). The mass distribution
is very sensitive to the value of (A,�). Since the gamma-
ray signal is determined by the mass function, an obser-
vation of the signal can provide a precise measurement of
the power spectrum. Curvature fluctuations with higher
k-modes produce PBH formation with a smaller horizon

size. This leads to a mass function peaked at a smaller
m (red vs. black). The PBH formation rate is sensitive
to three parameters in Eq. (8), especially �c. The precise
value of �c should depend on the shape of the curvature
power spectrum, such as the width and non-Gaussianity
[75, 81]. In Appendix C, we calculate the expected sig-
nal using di↵erent values of �c to illustrate the validity
of our results, even if the precise value of �c is a factor
of a few di↵erent from 0.25. Because the gamma-ray sig-
nal is much more sensitive to A than the GW signal, as
long as e-ASTROGAM sees the gamma-ray signal, the
corresponding P⇣(k) (with a slightly di↵erent A in the
new estimate) will produce GW energies within an or-
der of magnitude of our estimate. The uncertainty in �c

therefore does not change our statement on the visibility
of both the gamma-ray and GW signals from the PBH
model.
The large curvature perturbations can produce cosmo-

logical signals other than the PBHs, for example, spec-
tral distortions that can be used to constrain P⇣ with
a much lower k

⇠
< 105 Mpc�1 [82, 83]. Another signal

produced by the perturbation is a stochastic GW back-
ground which we will discuss in the next section.

III. GW SIGNALS FROM THE CURVATURE
PERTURBATION

As mentioned before, large curvature perturbations
produce a stochastic GW background. Here we briefly
review the formalism to calculate GW induced at sec-
ond order in curvature perturbations. We consider the
GW production during the radiation-dominated era and
follow the calculation in [53], taking the conformal New-
tonian gauge when expressing the primordial scalar per-
turbation �. The scalar perturbation in the quadratic
order provides a source of the tensor mode perturbations
h. The tensor and the curvature power spectra are re-
lated to the tensor and scalar perturbations by

Ph(⌘, k)�
3(k+ k0) =

k
3

2⇡2
hhk(⌘)hk0(⌘)i , (13)

P⇣(⌘, k)�
3(k+ k0) =

k
3

2⇡2
h�k(⌘)�k0(⌘)i . (14)

The energy density of the GW for a given mode k at a
conformal time ⌘ is

⌦GW(⌘, k) =
1

24

✓
k

a(⌘)H(⌘)

◆2

Ph(⌘, k) . (15)

In the radiation-dominated era, the dimension-less GW
power spectrum is given by

Ph(⌘, k) ' 2

Z 1

0
dt

Z 1

�1
ds

✓
t(t+ 2)(s2 � 1)

(t+ s+ 1)(t� s+ 1)

◆2

⇥I
2(s, t, k⌘)P⇣(uk)P⇣(vk) , (16)

where P⇣ is the primordial curvature perturbation, u =
t+s+1

2 and v = t�s+1
2 . The I

2 term contains an integral
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over some combination of the Green’s function for the
tensor modes and the transfer functions for the scalar
modes. Since curvature perturbations decay quickly af-
ter horizon re-entry in the radiation-dominated era, GW

signals are mainly produced right after re-entry. When
calculating the GW energy, we include GW with k � ⌘

�1

so that the wave is subhorizon and has a well-defined en-
ergy density. In this case, I2 can be approximated as

I
2(s, t, k⌘) =

288(s2 + t(t+ 2)� 5)2

k2⌘2(t+ s+ 1)6(t� s+ 1)6

✓
⇡
2

4

⇣
s
2 + t(t+ 2)� 5)2⇥(t� (

p
3� 1)

⌘

+
⇣
� (t+ s+ 1)(t� s+ 1) +

1

2
(s2 + t(t+ 2)� 5) log

���
t(t+ 2)� 2

3� s2

���
⌘2◆

(17)

After the GW energy density is calculated at the re-entry
time ⌘c, we evolve it to the current time as GW evolves
as radiation

⌦GW(⌘0, k) = 0.83
⇣

g?,c

10.75

⌘� 1

3

⌦r,0⌦GW(⌘c, k). (18)

The energy density of radiation today is ⌦r,0 = 8.5 ⇥

10�5. The e↵ective massless degree of freedom at reentry
time g?,c is calculated through solving

k

keq
= 2(

p
2� 1)

✓
g?s,eq

g?s(T )

◆ 1

3

✓
g?(T )

g?,eq

◆ 1

2 T

Teq
(19)

We used the measured value Teq = 0.8 eV.

IV. GAMMA-RAY SIGNALS FROM THE
ASTEROID-MASS PBH

After being produced from the collapse of density fluc-
tuations, PBH lose their mass through Hawking radia-
tion. Especially, PBH with mass

⇠
> 1015 g have lifetimes

longer than the age of universe and are still emitting
gamma-rays today, which can be detected in future ob-
servations. We assume only Schwarzschild PBH in this
work with negligible spin for correcting the radiation
signals. This is a reasonable assumption for the PBH
formed from the spherical collapse of large primordial
density fluctuations that reenter the horizon during the
radiation-dominated era [84–86]. In this case, the Hawk-
ing temperature of PBH of mass m is

TBH =
1

8⇡GNm
= 1.05

✓
1016 g

m

◆
MeV , (20)

where GN = m
�2
Pl is the Newton’s constant. For a PBH

with mass m, each particle species i with mass mi and
degree of freedom gi is emitted with energy Ei at a rate

@Ni,primary

@Ei@t
=

gi

2⇡

�i(Ei,m,mi)

eEi/TBH ± 1
. (21)

where +/� is for fermion/boson. The greybody factor
�i =

�i
⇡
(E2

i
�m

2
i
) accounts for the absorption probability

at the horizon. When Ei � TBH, �i = 27⇡G2
N
m

2 is the
geometrical optics limit. � decreases when Ei is small,
and it also depends on the spin of the emitted particle.
In this study, we take the greybody factor calculated in
BlackHawk [87, 88].
The contribution to gamma-ray flux consists of both

primary photons and secondary photons from PBH
Hawking radiation. The primary photon flux is directly
calculated with Eq. (21). The secondary photon flux is
from the final state radiation (FSR) of primary charged
particles and the decay of primary neutral pions into pho-
tons. The total photon flux from a PBH is expressed as

@N�,tot

@E�@t
=

@N�,primary

@E�@t

+
X

i=e±,µ±,⇡±

Z
dEi

@Ni,primary

@Ei@t

dNi,FSR

dE�

+
X

i=⇡0

Z
dEi2

@Ni,primary

@Ei@t

dNi,decay

dE�

, (22)

The second term is the FSR rate. Primary charged
particles with energy Ei can radiate photons during their
production. The universal FSR energy spectrum at lead-
ing order in ↵ can be calculated as

dNi,FSR

dE�

=
↵

⇡Qi

Pi!i�(x)


log

✓
1� x

µ
2
i

◆
� 1

�
(23)

Pi!i�(x) =

8
>><

>>:

2(1� x)

x
, i = ⇡

±

1 + (1� x)2

x
, i = µ

±
, e

±
(24)

where x = 2E�/Qi, µi = mi/Qi and we choose the FSR
energy scale Qi = 2Ei. The splitting function Pi!i�(x)
distinguishes between bosons and fermions. The FSR
rate is large for small E� , so it determines the shape of
low energy gamma-ray spectrum below the primary pho-
ton peak. In fact, the above equation for the FSR only
works when the radiating particle is highly relativistic,
µi ⌧ 1 [89]. Since in our case the FSR from e

± dominates
over µ

± and ⇡
± due to electron’s small mass, Eq. (23)

does provide a good description of the low energy spec-
trum.
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Figure 2: Range of gamma-ray and GW signals from �-function power spectrum (top row) and log-normal power spectrum of
� = 4 (bottom row). We choose three kp,�/kp values that cover the e-ASTROGAM sensitivity region. In the gamma-ray plots,
the upper edges of the bands are determined when the gamma-ray flux just touch the Fermi-LAT(rescaled) bound, COMPTEL
(rescaled) bound or when fBH,total = 1, which sets the upper boundaries of the green (�-function) and orange bands. The
lower edge of the bands are determined when the gamma-ray flux is just above the future e-Astrogam sensitivity curve. The
e-ASTROGAM sensitivities for each bin are at the 3� level over the background and LISA and BBO are at the 1� level. The
DECIGO and ET sensitivity curves are taken from [60, 62].

The third term is the decay rate. The photon energy
spectrum from decay is

dNi,decay

dE�

=
⇥(E� � E

�
i
)⇥(E+

i
� E�)

E
+
i
� E

�
i

, (25)

E
±
i

=
1

2

✓
Ei ±

q
E

2
i
�m

2
i

◆
. (26)

⇥(x) is the Heaviside step function. The possible pho-
ton energy is determined by the mass and energy of the
decaying particle. In this study, we only consider the
two-body decay of neutral pions. The photon spectrum
from pion decay is peaked at around half the pion mass.

We do not include the FSR from µ
± and ⇡

± decays since
compared to the FSR directly produced by the charged
particles from the primary production, FSR from the
three body decays only produce lower energy photons
with more suppressed signal rates. The Hawking temper-
ature of the PBH mass relevant for the e-ASTROGAM
signal is ⇠MeV, and the gamma-ray spectrum mainly
comes from the primary photon and the electron’s FSR.

Since PBH has an extended mass distribution as in
Eq. (12), we need to integrate the flux from a single PBH
with the PBH mass function to get the total flux. The
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observed gamma-ray flux from all PBHs is thus

@��

@E�

= J̄D
�⌦

4⇡

Z
d logm

dfBH

d logm

@N�,tot

@E�@t
. (27)

J̄D is the so called angular averaged J-factor. For Hawk-
ing radiation, J̄D is the same as the decaying DM case.
The J-factor depends on the DM halo we observe and
can be calculated by integrating the DM density along
the line-of-sight ` within the observation angle �⌦

J̄D =
1

�⌦

Z

�⌦
d⌦

Z

LOS
d` ⇢DM . (28)

In the lower left panel of Fig. 1, we show the resulting
gamma-ray signal from the curvature power spectra in
the upper left plot. We consider signals from the galactic
center with |R|  5�. Since the PBH abundance is highly
sensitive to the curvature perturbation, a slight change of
the P⇣(k) amplitude leads to an order of magnitude dif-
ference in the gamma-ray flux. Compared to the gamma-
ray signal, the peak value of ⌦GW of the PBH GW signal
only has a quadratic dependence on the P⇣(k) amplitude.
As a result, a significant change of the gamma-ray flux
from varying A can correspond to only a mild di↵erence
in the GW signal.

A P⇣(k) that peaks at a higher kp (red) produces
lighter PBH from collapsing smaller horizons that enter
horizon at earlier times (Eq. (11)). As is shown in Fig. 1
(upper right), the red curve with larger kp peaks at a
lower mass than the black curve. The production from
earlier horizon re-entry also means that the PBH were
formed under a higher radiation energy density. This
increases the peak value of fBH as is shown between the
same red and black curves. The larger fBH and smallerm
corresponds to a higher PBH number density and gen-
erates a larger gamma-ray flux with higher kp. If the
P⇣(k) is highly peaked at kp and can be approximated
as a �-function, the corresponding PBH mass function
will also have a narrow width. In this case , the peak of
the E

2
�
d��/dE� spectrum is mainly determined by the

Hawking temperature of the peak mass

E
peak
�

⇡ 10TBH(m
peak) (29)

⇡ 1MeV

✓
5

�e↵

◆ ✓
kp

1015 Mpc�1

◆2

.

The numerical factor 10 is a result of the greybody fac-
tor modification on the primary photon spectrum times
a small shift of the peak location from d��/dE� to
E

2
�
d��/dE� . The approximation explains the peak lo-

cations of the gamma-ray spectra in Fig. 2 (upper-left),
where �e↵ ⇡ 5 for the range of A� we consider.

V. CORRELATING GAMMA-RAY AND GW
SIGNALS OF THE PBH

Given the relations between the primordial curvature
perturbation Eq. (2), the PBH mass function Eq. (12),

the GW Eq. (15), and gamma-ray signals Eq. (27), we
are in a position to correlate these two signals. We first
calculate the energy of stochastic GW background from
PBH that produce visible signals at e-ASTROGAM and
show that the resulting GW is visible in the future GW
experiments. Using three benchmark models of P⇣(k),
we further estimate the uncertainties in the fit of curva-
ture power spectrum from the e-ASTROGRAM and GW
measurements. If we do see the gamma-ray and GW sig-
nals in the future, these uncertainties indicate how much
coincidence there is for observing the same P⇣(k) from
di↵erent experiments, unless the GW and gamma-ray
signals do come from PBH produced by the primordial
fluctuations.

In Fig. 2, we show the size of GW signals from the
P⇣(k) that produce PBH emitting visible gamma-ray sig-
nals in the e-ASTROGAM. To illustrate how robust the
resulting GW signal can be within the DECIGO and
BBO sensitivity for di↵erent shapes of P⇣(k), we consider
both the delta-function profile (upper panel) in Eq. (1)
and the extended profile (lower panel) in Eq. (2) with
� = 4. Each colored band corresponds to a range of the
amplitude of P⇣(k) with a fixed kp. The amplitude is de-
termined by having at least some part of the gamma-ray
spectrum above the e-ASTROGAM sensitivity curve for
a 3� signal excess (dashed black) and having the whole
spectrum below the existing COMPTEL and Fermi-LAT
bound (solid black) and with fBH, total  1. We will
explain the derivation of the e-ASTROGAM sensitivity
and the existing bounds below. As we can see, if the
PBH signals show up in e-ASTROGAM, the correspond-
ing GW signals will be well within the BBO or even ET
sensitivities1. For the extended power spectrum with
� = 4, LISA can already observe the GW signal before
DECIGO, BBO and ET come online. As discussed in the
previous section, when rescaling the amplitude A, a large
variation of the gamma-ray flux corresponds to a mild
change to the GW signal. This means that even if the
actual e-ASTROGAM performance and the background
are an order of magnitude di↵erent from the estimate,
there will only be a mild change to the GW signal that
corresponds to the same significance in the gamma-ray
excess.

In the gamma-ray plots, we obtain the Fermi-LAT
bound by re-scaling the upper-limit of gamma-ray sig-
nal in Fig. 15 of [92] according to the region of interest
(ROI) of Fermi observation to the ROI of our study2.
We take the COMPTEL bound from Fig. 1 of [93] with

1 The scaling behaviors of GW spectrum shape in the low fre-
quency region are di↵erent between that from a �-function power
spectrum and a narrow log-normal power spectrum. The GW
from a narrow but non-zero width power spectrum scales as f3

in low frequency, while the �-function power spectrum does not
give this scaling [64].

2 In [92], the ROI we use has an angular distance of 10� from
galactic center (GC) and blocking point sources.
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Model � kp [Mpc�1] log
10

A A(2⇡�2)�
1

2 fBH,total

I 2 2⇥ 1014 �1.933 2.327⇥ 10�3 1.0

II 3 3⇥ 1014 �1.820 2.013⇥ 10�3 1.4⇥ 10�2

III 4 3⇥ 1014 �1.737 1.827⇥ 10�3 3.7⇥ 10�4

Table I: The benchmark parameters for the log-normal P⇣(k) used in Fig. 4. Values of (A,kp) were chosen to produce a
minimum significance of 2� in all experiments (although it is sometimes larger) to highlight di↵erent properties. The first three
parameters are the chosen model parameters (�, kp, log10 A). The other two are derived. Note that due to the high sensitivity of
the PBH and gamma-ray spectrum on A, we present our benchmark models to the fourth digit in log

10
A. We have also verified

that these models are beneath some current constraints not discussed here like the isotropic extragalactic background [15] and
the NuSTAR observation of the blazar TXS 0506+056 [90].

an ROI of |b|  20�, |`|  60� in galactic coordinate to
the ROI of our study3. We assume the DM halo fol-
lows an NFW profile [95] with ⇢DM,� = 0.376 GeV/cm3,
R� = 8.122 kpc, r200 = 193 kpc and rs = 11 kpc [96].
We derive the e-ASTROGAM sensitivity using the detec-
tor and background information given in Table. III and
IV of [16]. We postpone the explanation of the sensitivity
curve to the paragraph below Eq. (33) when discussing
the likelihood analysis for the e-ASTROGAM, LISA, and
BBO.

Suppose we do observe both the gamma-ray and GW
signals, we can reconstruct P⇣(k) from each of the mea-
surements and check if results of the two completely dif-
ferent types of signals can reconcile with each other un-
der the prior of the PBH formation we consider. For
example, if the observed gamma-ray signal comes from
DM decay or annihilation that produces a PBH-like spec-
trum, the GW signal will be absent. If the PBH pro-
duction comes from a first order phase transition [30–
32, 35, 97, 98], the peak frequency of GW signals relat-
ing to the e-ASTROGAM excess will be around 10�6 Hz
and is below the LISA sensitivity region [99]. The ability
of identifying the PBH and their origin, however, highly
relies on the precision of P⇣(k) determination from the
gamma-ray and GW data. If future experiments leave
orders of magnitude uncertainties in the P⇣(k) measure-
ment, it is di�cult to argue that the observed gamma-ray
and GW signals have the same origin.

To estimate the sensitivity of these measurements to
the primordial perturbations, we pick three benchmark
models in Table. I as the true power spectra. The power
spectrum and the resulting mass function, gamma-ray
flux, and GW signals are shown in Fig. 3. Note that
while PBH are not required to constitute all of the DM
in the models we are looking at, there are still regions
of parameter space where 100% PBH DM is allowed and
measurable by this approach (see Model I). We conduct a
likelihood study to find the 2� uncertainties of the power
spectrum parameters based on the projected sensitivity

3 We assume the bound from [93] is from COMPTEL observation
pointing at the GC. However, we cannot confirm the data is from
GC in the original COMPTEL paper [94].

and background of the e-ASTROGAM and GW exper-
iments. Although the PBH formation further depends
on the mass parameters in Eq. (8), we assume the pa-
rameters will be more precisely determined with better
simulations of gravitational collapse.
In Fig. 4, we show the estimated precision of the

P⇣(k) measurements from e-ASTROGAM (green), LISA
(blue), and BBO (red). We label the parameters of the
benchmark model as a black star. From the likelihood
analysis that we will describe below, we draw contours
either on the (A(2⇡�2)�

1

2 , kp) or (A(2⇡�2)�
1

2 ,�) plane
that have 2� deviation from the signals of the bench-
mark model. In order to compare the di↵erent contours
on a 2D plot, we fix either � (left) or kp (right) to the
assumed numbers in Table. I and explore the sensitiv-
ity of measuring the other two parameters. In the plots,
we also show the fBH,total curves (black) given by each
set of power spectrum parameters. We do not include
the mass loss as described in the end of Sec. II in the
fBH,total calculation since the total DM density is mainly
determined by the early universe measurements when the
PBH evaporation we consider remains negligible. The al-
lowed parameter space should be below the solid black
curve for fBH,total  1.
We use the detector sensitivity and astrophysical fore-

ground studied in [16] for the e-ASTROGAM calculation.
Using their Table 3 and 4, we calculate the likelihood for
the gamma-ray signal assuming that each bin is indepen-
dent and follows a Poisson distribution

L� = exp

 
X

i

ni ln�i � �i � lnni!

!
(30)

where ni is the photon count (background + model) from
the assumed true source and �i is the expected number
of photons (once again background + model) in the bin
from the test model. For the gamma-ray background,
we use the estimated response values for e-ASTROGAM
[16]4 utilizing the photon flux, e↵ective area, and the
stated angular resolution (the angular resolution is used

4 We use the same bins used in [16] with the minor adjustment of
excluding the 10 MeV bin in the pair-production domain, as well
as slightly di↵erent bin ranges in the Compton domain. These
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Figure 3: Power spectra and the resulting PBH and GW signals of the benchmark models in Table. I. The grey shaded region
in the top-left panel is excluded by the COBE/FIRAS measurement of CMB µ-distortion [91]. The color bands correspond to
the 2� uncertainty of the A/(2⇡�2)1/2 measurements from the e-ASTROGAM contours (green) in Fig. 4 with constant (kp,�)
for each model. The e-ASTROGAM sensitivities for each bin are at the 3� level over the background and LISA and BBO are
at the 1� level. The DECIGO and ET sensitivity curves are taken from [60, 62].

to acquire the background over the entire search region).
We search in a 5� circle around the galactic center and
assume a uniform background. The count rates for the
background (nbk) and predicted source (nsig) can be writ-

bin range changes were performed to eliminate correlation be-
tween the bins and in all cases will result in an overestimation
of the background and produce conservative limits. Also note
that this approach produces a di↵erent sensitivity in the pair-
production domain, consistently stronger by a factor of 3 from
those quoted by [16] with large backgrounds. While this does
e↵ect the sensitivity to a particular parameter set, it does not
e↵ect the results of this work and may easily be compensated by
a slightly larger A.

ten as

nbk =
⌦region

⌦resol
nbk,resol , nsig = �sigAe↵ , (31)

where nbk,resol is the counts per unit time of the back-
ground within the angular resolution patch. ⌦region/resol

is the angular area of the search region and the angular
resolution which was used to determine the background
rate respectively. Ae↵ is the detector’s e↵ective area, and
�sig is the predicted signal’s flux.

For the GW calculation, the likelihood function is writ-
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Figure 4: Di↵erentiation of P (k) spectrum models by examining GW by BBO (red), LISA (blue), and MeV photon (green) by
e-ASTROGAM signals. The “?” is the true test model. The rows are arranged from top to bottom Models I/II/III. Scans were

performed in the (A(2⇡�2)�
1

2 , kp) (left) and (A(2⇡�2)�
1

2 ,�) (right) parameter space. The plot contours are at 2� confidence
level. The black lines (solid/dashed/dot-dashed/dotted) indicates the parameter space where fBH = 1/10�1/10�2/10�3. All
above the solid line is ruled out for the PBH production method used for the photon signature (green). The inset provides a
zoomed in view around the true model.
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ten as [100]

LGW / exp

0

B@�Nim

X

i

1

2

2

4⌦GWtrue,i � ⌦GW,iq
⌦2

GWtrue,i + ⌦2
s,i

3

5
2
1

CA

(32)
where ⌦GWtrue,i (⌦s,i) is the gravitational wave energy
density in the signal (noise) for the assumed benchmark
model in the ith frequency bin, and ⌦GW,i is the grav-
itational wave energy density in the test model. Nim

is the number of independent measurements taken for
each bin and is related to observation time. This likeli-
hood function is taken from [100] where we have assumed
the statistical averages for D̄i and �

2
i
, the gravitational

wave energy density and its variance respectively. We
also assume that we are able to remove any foreground
contamination and have an energy bin resolution of 10
equally-space logarithmic bins per decade. For the GW
noise, ⌦s, we use the analytical approximation from [100]
for LISA. For BBO, we estimate ⌦s by scaling the sen-
sitivity curve found in [101] using Eq. (32). However,
the exact estimate of ⌦s for BBO is unimportant due to
⌦GW � ⌦s for most significant bins in our analysis, and
the estimate is used solely for a consistent approach and
to obtain an approximate shape for the noise.5 For both
LISA and BBO, we assume the number of independent
measurements are comparable and use Nim = 94 [100].

When placing estimated bounds on the model, we
calculate the predicted source signal for either ⌦GW

(Eq. (15)) or gamma-rays (Eq. (27)). From the assumed
signals, we calculate Lbest, the best-fit likelihood. We
then perform a scan6 over the parameter space where we
calculate the likelihood for the model and compare with
the known value, Lbest from the benchmark models, by
calculating

TS = �2 ln

✓
L

Lbest

◆
= ⌃2

, (33)

where ⌃ is the significance of the detection [102–105].
Here we assume the joint analysis follows a �

2 distri-
bution. Unless stated otherwise, we use ⌃ = 2 for all
estimated constraints. The sensitivities shown in Fig. 2
and 3 for LISA, BBO, and e-ASTROGAM are estimated
from Eq. (33) by setting ⌃ to the desired sensitivity level,
fixing L to the background model, and solving for the
amount of signal from the true model (Lbest) to satisfy

5 The exact scaling used was ⌦s = ⌦GW

q
Nim

⌃2
� 1, where ⌦GW is

the sensitivity to gravitational waves taken from [101], ⌃ is the
confidence level of the sensitivity (we use ⌃ = 1 as a conserva-
tive limit), and Nim is the number of independent measurements
which we used to scale the background (Nim = 94). This equa-
tion is derived through combining Eq. (32) and Eq. (33) and
comparing with the null result.

6 During the scan, we assume that the total likelihood has a single
peak at the best-fit point.

the relationship. This was performed for each bin indi-
vidually.

As is shown in Fig. 4, the fits of the gamma-ray
and GW data exhibit di↵erent degeneracy between
(A(2⇡�2)�

1

2 , kp) or (A(2⇡�2)�
1

2 ,�). As discussed in the
end of Sec. IV, for a fixed �, P⇣(k) with higher kp pro-
duces larger gamma-ray flux. Since the gamma-ray sig-
nal also grows with A, a similar size of the signal flux
can come from models with a larger kp and a smaller
A. This is why the green contours in the left panel of
Fig. 4 have an anti-correlation between A(2⇡�2)�

1

2 and
kp. On the other hand, the peak ⌦GW value of the GW
signal is independent to kp, and the precision of P⇣(k)
measurements from the GW are determined by the fre-
quencies of the peak PBH signals versus the frequencies
of best detection sensitivities. Since PBH that are visible
in e-ASTROGAM produce GW peaks at higher frequen-
cies than the frequencies of best sensitivities in LISA and
BBO (Fig. 3), most of the signal excess occurs on the
left side of the peak. Increasing kp further enhances the
peak GW frequencies (see the red vs. black curve in
Fig. 1) thus decreasing the signal excess on the left side
of the peak while increasing the excess on the right side.
Because the majority of the signal within the detectors’
sensitivity lies to the left of the peak, this results in an
overall decrease to the excess. This explains why the red
and blue contours in Fig. 4 point to a larger A(2⇡�2)�

1

2

at higher kp. When fixing kp in the right panel of the
plots, increasing � increases both the gamma-ray and
GW signals. This is why the contours point to a smaller
A(2⇡�2)�

1

2 for larger � until P⇣(k) is basically scale in-
variant for the k-modes relevant to a given search and
A(2⇡�2)�

1

2 asymptotes to a fixed value (the LISA con-
tour of model I). Since the sensitivities of di↵erent exper-
iments still have di↵erent k-dependence, the three con-
tours are not aligned in the same direction.

The di↵erent parameter degeneracy from the e-
ASTROGAM and LISA/BBO observations make the EM
and GW signal contours to overlap in a small region of
parameter space. When assuming the observed gamma-
ray and GW signals come from the PBH scenarios that
we discuss, the overlap contours provide a precise de-
termination of P⇣(k) even if each of the contours ex-
tend along certain parameters. For example, when fix-
ing � in models I and III, a combination to LISA con-
tours in Fig. 4 improves the kp measurement from e-
ASTROGAM with orders of magnitude uncertainty to
the determination of the parameter up to an O(1) or even
O(10)% level uncertainty. Once we get to see the signals
from BBO, the much smaller contour (red) will show up
right on the intersection between the e-ASTROGAM and
LISA contours within O(10%) uncertainties around the
true (A(2⇡�2)�

1

2 , kp). With a wrong theory prior, the
BBO result can easily miss the cross section of the e-
ASTROGAM and LISA contours. A fit of the power
spectrum that is right on the spot gives a strong indica-
tion that the signals do come from PBH produced by the
collapse of primordial density fluctuations.
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VI. CONCLUSION

Primordial black holes are plausible DM candidates
with well-predicted Hawking radiation signals which de-
pend only on their masses and spins. Compared to other
DM candidates with a wide range of possibilities for the
couplings to the Standard Model particles and hence the
associated signals, this simple parametric dependence of
the PBH signal gives an opportunity to uniquely identify
the source of DM using the next generation gamma-ray
detectors. However, the extended PBH mass function
that generally arises from a PBH production mechanism
obscures this simple relation between the individual PBH
properties and the gamma-ray signal. Hence a di↵erent
type of observation related to the PBH is still necessary
to confirm the existence of the PBH DM.

This paper demonstrates how correlating multi-
messenger signals from the future gamma-ray and GW
detection can provide such a desired strong evidence for
the PBH DM. For this purpose, we assume that PBH
emitting gamma-ray signals which are visible in the e-
ASTROGAM detector come from the collapse of primor-
dial density fluctuations. Using some examples of the
curvature power spectrum, we calculate PBH gamma-
ray signals that are within e-ASTROGAM’s sensitivity.
We require that the signal satisfy existing bounds from
COMPTEL and Fermi-LAT, which set the strongest con-
straints on the gamma-ray flux of the E� window we
consider. We also require the produced PBH density
to be within the observed DM abundance, and we also
show that with the extended mass function, asteroid-
mass PBH can provide fBH,total = 1 (Model I). Be-
cause of the similar sensitivities, comparable results can
be achieved by also considering the gamma-ray detector
AMEGO.

Using these examples, we demonstrate that the same
primordial fluctuations should produce GW signals which
are well within the designed DECIGO, BBO, and even
LISA sensitivities. By conducting a likelihood analysis
with projected detector sensitivities and backgrounds, we
estimate the precision with which the e-ASTROGAM,
LISA and BBO measurements can determine the cur-
vature power spectrum along these lines. In particu-
lar, as is shown in Fig. 4, due to the di↵erent depen-
dence of gamma-ray and GW signals on the curvature
perturbations, a combination of the e-ASTROGAM and
LISA results will already/by itself significantly narrow
down the power spectrum parameters around the ac-
tual values. Furthermore, observing GW signals from
the BBO experiment will provide even more precise mea-
surements of that part of the parameter space which cor-
responds to the overlap of the regions indicated by the
e-ASTROGAM and LISA results, providing a good vali-
dation of the PBH signal and its production mechanism.

The observation of gamma-ray and GW signals can
provide more information about the PBH than was dis-
cussed here. For example, Ref. [106] discusses the pos-
sibility of using a detailed comparison of the J-factors

of DM signals from nearby dwarf spheroidal galaxies
to distinguish various types of DM annihilation/decay
processes. We can have an analogous analysis to the
J-factors of the PBH signal that are similar to the J-
factors of DM decay. In addition, the observation of the
anisotropy of the GW signal may provide extra infor-
mation about the primordial curvature fluctuations that
create the PBHs [107–109]. Combining such di↵erent
measurements further strengthens the possibility of us-
ing the EM and GW signals to shed light on PBH and
their cosmic origin. We leave such a study for the future.
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Appendix A: Black Hole Mass Function Today

In this Appendix, we calculate the BH mass function
today from a given mass function at early times. There
are two main e↵ects, which are the expansion of the uni-
verse and the mass loss from Hawking radiation. We take
a comoving frame so only the latter is relevant. The mass
loss rate for a black hole mass m can be calculated by
integrating the Hawking radiation spectrum in Eq. (21),

ṁ(m) = �
Gg?H(TBH(m))m4

Pl

30720⇡m2
(A1)

= �f(m)
m

4
Pl

m2
, (A2)

where ṁ = dm
dt , G is from the greybody factor, g?H(TBH)

counts all the particle species for Hawking radiation at
the temperature TBH(m). A more detailed description
can be found in [110]. We took the numerical values
of f(m) from BlackHawk [87, 88]. The mass spectrum
today can be obtained by solving the partial di↵erential
equation,

@

@t
nBH(t,m) +

@

@m
(ṁ(m)nBH(t,m)) = 0, (A3)

where nBH(t,m) is the number density of PBH per unit
mass. f(m) has mild dependence on m, so it can be
considered as a constant f0. The analytic solution for
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Eq. A3 with this approximation is

nBH(t,m) =
m

2
nBH(ti, (m3 + 3f0m4

Plt)
1/3)

(m3 + 3f0m4
Plt)

2/3
, (A4)

where ti is the formation time. We also assume ti ⌧

t. We have checked numerically that using f(m) =
f(0.7372mevp) ⇡ 1.895⇥ 10�3 gives results with O(1%)
errors for interesting parameters, where mevp is the black
hole mass evaporating today.

Appendix B: Rescaling the gamma-ray bounds

We re-scale gamma-ray bounds from COMPTEL [93]
and Fermi-LAT [92] to the ROI of this study in the fol-
lowing way: we use gamma-ray bounds in [92, 93] and
the original ROI to obtain the upper limit on PBH num-
ber density, then we calculate the gamma-ray flux with
our ROI of |R| < 5� from the PBH number density sat-
urating the existing bounds. For the COMPTEL bound,
the allowed signal flux is obtained from

d�

dE

����
|R|<5�

=
(JD �⌦)||R|<5�

(JD �⌦)||b|<20�,|`|<60�

d�

dE

����
|b|<20�,|`|<60�

(B1)

For Fermi-LAT, we have

d�

dE

����
|R|<5�

=
(JD �⌦)||R|<5�

(JD �⌦)||R|<10�

d�

dE

����
|R|<10�

. (B2)

Appendix C: PBH formation threshold �c

To give an idea on how the uncertainty in �c changes
the PBH signal, we perform the same calculation of the

PBH mass function described in Sec. II but with di↵er-
ent �c values. Note that such a calculation may not be
consistent with the choice of (K, �, �c) and the window
function used in [78] and should only be treated as an
illustration of the �c-dependence in the estimate.

Ref. [75, 111, 112] find a range 0.4
⇠
< �c ⇠

< 2/3 for dif-
ferent initial curvature spectra and top-hat profiles. Af-
ter applying the factor of 2.17 di↵erence obtained in [78]
for a Gaussian smoothing function, the range becomes
0.2

⇠
< �c ⇠

< 0.3. For a conservative assumption of the
possible variation of the �c values, we blindly choose four
di↵erent threshold values, �c = 0.15, 0.25, 0.45, 0.55 in
the calculation. We plot the gamma-ray and GW signals
in Fig. 5 for Model II in Table. I with a normalization in
A that gives the similar excess in the e-ASTROGAM
detection. Compared to the original calculation with
(K, �c, �) = (10, 0.25, 0.36) (blue), we produce similar
dfBH/dm and gamma-ray signals for the other choices
of �c by re-scaling the amplitude of P⇣(k) with a factor
between 0.36 � 4.9 (from magenta to red) that roughly
equals (�c,new/�c,original)2. The resulting ⌦GW changes
by a factor between 0.13� 24 due to its A2-dependence.
Given that the GW signals we consider in the main text
are well-above the BBO sensitivities and below the ex-
isting bound (⌦GW ⇠

< 1.7⇥ 10�7 (2�) at f = 20� 86 Hz
from LIGO [113]), the change of the GW signal will not
modify our conclusion of seeing both the gamma-ray and
GW signals from PBH.
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