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conservative strong bound on their cosmological abundance. We revisit this bound and show how it can
be improved (both in mass reach and strength) by an adequate modeling of the combined AGN and blazar
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© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The isotropic background radiation that fills the Universe and
extends over more than 16 orders of magnitude in frequency
-from radio waves all the way up to high-energy gamma rays [1]-
carries information on the emission mechanisms of different astro-
physical and cosmological sources over the history of the Universe,
and can possibly shed further light on the nature of the elusive
dark matter (DM) that constitutes the largest fraction of its mass.

We consider the hypothesis that the bulk of the DM is made up
of (non-rotating) black holes of primordial origin (PBHs), formed
from the collapse of overdense Hubble patches prior to the big-
bang nucleosynthesis epoch [2,3]. We focus on the current PBH
mass window for DM ranging from approximately 107 g to 101° g,
revisiting the Hawking radiation constraints on their abundance
from extragalactic gamma-ray data [4] and showing how future
gamma- and X-ray observations! with an increased sensitivity
have the potential for discovering a population of PBHs compris-
ing the totality of the DM.

This mass range is indeed particulary relevant for DM, given
that it has been found that previously claimed femtolensing
bounds [5] were marred by an inadequate treatment of the in-
volved optics, leaving much of that window open [6]. In addition,
the ~ 10% limit on the abundance of PBHs at 10" g - 1020 g
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from the observed distribution of white dwarfs [7], as well as
from the disruption of neutron stars in the PBH mass range from
109 g to 1023 g [8] has been challenged [9], opening the possibil-
ity that PBHs of mass below ~ 5 x 1022 g -with higher masses
being constrained by microlensing [10]- could explain all the
DM. The lower end of the current PBH mass window for DM, at
~10'7 g, comes instead from Hawking evaporation limits. As we
already mentioned, in this work we focus specifically on extra-
galactic gamma-ray bounds from evaporation [4]. However, there
are other phenomena, related to Hawking radiation, which have
been used to constrain this low mass region: the Voyager mea-
surements of e* [11], the 511 keV positron-electron annihiliation
line from INTEGRAL [12-14], the non-detection of a neutrino flux
from PBH emission at Superkamiokande [14], distortions on the
CMB anisotropies [15,16], and the Galactic emission of gamma/X-
rays [17] (see also [18]). The advantage of the bounds coming from
the possible PBH extragalatic emission is that they are free from
Galactic propagation uncertainties. As we will see, making use of
their full potential requires an adequate characterization of the
emission from other astrophysical sources, mostly active galactic
nuclei (AGNs) and blazars.

Hawking radiation [19-23] is an approximately thermal particle
emission expected to be emitted by black holes, with temper-
ature T = (8mkg)~'c?m3/M ~ 6 x 1078My/M K, being M the
mass of the black hole, My = 3 x 103 g the mass of the Sun
and mp = /hic/G the Planck Mass. In Ref. [4], a conservative
(but nonetheless stringent) upper bound on the cosmological PBH
abundance was set for M < 10!7 g by comparing the predicted
Hawking gamma-ray emission with the isotropic gamma-ray back-
ground in the approximate energy range 0.1 MeV — 10 GeV that
was measured by EGRET [24], Fermi-LAT [25] and COMPTEL [26].
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This bound has recently been updated in [27] (with the data from
the same experiments), finding a good agreement with [4].

The main focus of our analysis is on the isotropic gamma- and
X-ray background in the 10 keV - MeV domain. Using a power-law
modeling of such background -motivated by the assumption that a
population of unresolved extra-Galactic sources (mainly AGNs and
blazars) represent the main contribution to it- we place an up-
per limit on the abundance of PBHs (as a function of their mass)
by considering an array of datasets acquired by a variety of in-
struments over the latest decades. We also estimate the expected
improvement in the bounds from a putative future experiment. We
do so by assuming that such a (more sensitive) experiment will re-
solve a significantly larger number of individual AGNs and blazars
and will therefore provide a lower isotropic unresolved background
for energies above ~ 200 keV. We show that, under this assump-
tion, a significantly better upper limit on the PBH abundance than
the current one may be placed in the future. This result motivates
the investment in future gamma- and X-ray experiments in this
range, as well as in further theoretical studies geared towards a
more precise modeling of astrophysical sources.

2. Hawking radiation from PBHs
The photon emission from a population of PBHs of mass M ac-

counting for a fraction f = Qppy/Qpym of the total DM density in
the Universe is

dN cp e T®
= g = o [ 425 wwl 4 2)E1, (1)
where p =2.17 x 10~3%/cm? is the current DM density of the
Universe [28], and H(z) is the Hubble rate of expansion as a func-
tion of redshift. The function Wy [E] denotes the differential flux
emitted by a single PBH, as a function of the energy E, per unit of
energy and time. For PBHs of masses above 10! g is well approx-
imated by the primary? Hawking emission:

WmlE] = 2mh)"'Ts/(exp(E/ksT) — 1), (2)

where the so-called grey factor I's is a function of M and E.
In the high-energy limit E > kgT, the grey factor approximately
satisfies 'y o« (M/mp)%(E/mp c?)%; whereas for E « kpT, T's
(M/mp)*(E/mp c2)* [22]. These expressions are insufficient to ren-
der adequately the peak height and position of Wy[E], which is
best computed numerically. To do so we use the public code Black-
Hawk [29], which also allows to include the (subdominant) sec-
ondary emission. We find that the differential flux for BHs of mass
between 10'® g and 102 g can be approximated by

Wy [E] = 2.5 x 1021 Gev—1s~1
M= (M1g E/Eg) 27 + (M1 E/Eg)67

where Eg = 6.54 x 107> GeV and Mg = M/10'8 g. This approxi-
mation is accurate to better than ~ 1% around the emission’s peak
(until Wy[E] decreases an order of magnitude), which is enough
for our purposes. Nevertheless, we obtain the bounds on the PBH
abundance from the instantaneous spectra given by BlackHawk.
The factor (1 + z) inside Wy[(1 + z)E] accounts for the Doppler
shift from the time of emission to the time of arrival to the de-
tector. The optical depth 7(z) describes the attenuation due to the
propagation of the signal over the relevant cosmological redshifts.
Unlike for hard gamma rays, this is negligible for soft gamma-rays

(3)

2 The spectrum of BHs may feature a secondary emission component, depending
on their mass, which is due to the interactions among the primary emitted particles,
see e.g. [4].
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Fig. 1. Cosmic X-ray background spectrum, as measured by various experiments.
Overimposed are the Ueda+14 model (blue dashed line), the fit to a double power-
law (black dashed line) of Eq. (4), and the corrections to the latter due to two
hypothetical monochromatic PBH distributions with different masses M and cos-
mological abundances f = Qppn/Qpm-.

and X-rays. The integrand in (1) decreases very rapidly with z and
accurate results are obtained integrating up to z ~ O(100).

3. The X-ray and gamma-ray AGN background

There has been a considerable effort dedicated to interpreting
the measurements of the X-ray and gamma-ray background from
keV energies all the way up to ~ 100 GeV in terms of a super-
position of a large number of unresolved extra-Galactic sources.
In particular, the data in the range ~ 5-200 keV observed by
Swift/BAT [30], MAXI [31], ASCA [32], XMM-Newton [33], Chandra
[34] and ROSAT [35] are well reproduced by a population syn-
thesis model of active galactic nuclei (AGNs) developed by Ueda
et al. in [36] (see the blue dotted line in Fig. 1). AGNs are pow-
ered by gas accretion onto a supermassive black hole and are very
efficient X-ray emitters. The model of [36] is based on the extrap-
olation of the luminosity functions of AGNs in different redshift
ranges inferred by a sample of 4039 AGNs in soft (up to 2 keV)
and/or hard X-ray bands (>2 keV). The objects in the sample in-
clude both Compton-thin and Compton-thick AGNs (with the latter
being heavily obscured by dust). As can be seen if Fig. 1, this AGN
modeling fails to describe adequately the SMM data.

Indeed, for energies above ~ 50 — 100 keV the contribution
from blazars is expected to become progressively more important.
These objects correspond to the AGNs that are detected at a small
angle between the accretion disk axis and the observer line of
sight [37]; together with star-forming galaxies and radio galaxies,
they are thought to dominate the GeV-TeV gamma-ray isotropic
background measured by Fermi-LAT (not shown in Fig. 1).

Although the details of the intermediate MeV - GeV domain
are still not clearly understood (see in particular the discussion
in [38]), the previous considerations lead us to employ the work-
ing assumption that a combination of different classes of extra-
Galactic emitters explain the X-ray and gamma-ray unresolved dif-
fuse background in a wide energy range and that the emission
from these populations of sources can be modeled as a superposi-
tion of featureless power-laws.

Therefore, in the approximate energy range going from 20 keV
to 3000 keV, which corresponds to the region where the Hawking
emission from BHs in the mass range 10'® g - 10!° g can con-
tribute importantly to the Universe’s diffuse spectrum, we model
the astrophysical background as a double power-law fit to the data
from the SMM [39], Nagoya balloon [40], HEAO-1 and HEAO-A4
[41,42] experiments. Concretely, we use the following proxy for the
combined AGN and blazar emission:
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dN A

dEdt = (E/Ep)™ + (E/Ep)™
For instance, assuming zero contribution to the data from
PBH evaporation, the best fit is: E, = 35.6966 keV, A = 0.0642

keV-Is~lem=2sr~!, ny = 1.4199 and n, = 2.8956: see the black
dashed line in Fig. 1.

(4)

DaoN =

4. Constraints and prospects on f

We present now our results on the current upper limits on the
PBH abundance f = Qppy/Qpm, in the mass window of interest,
and estimate the prospects for a future MeV mission. We recall
that we assume a population of non-rotating PBHs. Angular mo-
mentum makes black holes evaporate faster, making the bounds on
their abundance stronger [27]. For PBHs formed during radiation
domination —which is the most common scenario- the assumption
of negligible angular momentum is the most reasonable one. Some
amount of angular momentum may be expected if the PBHs form
during a phase of early matter domination [43]. A moderate level
of rotation would not change our results significantly. Only nearly
extremal black holes (which is unlikely in common PBH formation
models) would lead to a significant difference. In this sense, our
bounds and forecast should be regarded as conservative.

* Current bound: conservative approach

We start by deriving the present bound on f under the most
conservative approach, i.e. without assuming any astrophysical
modeling of the data, as done in [4] (see also [27]). Under the as-
sumption that the data are Gaussian distributed, we compute the
estimator

2= (D - E*op)?/A? (5)

over the energy bins for which the PBH emission @y is larger than
the X-ray data D shown in Fig. 1 and whose errors are denoted A
in (5). The allowed PBH fraction f for a given PBH mass M at 95%
c.l. corresponds to values of 2 smaller than the threshold

K2 <xEos(N—1), (6)

where N -which depends on f- is the number of bins in which
the model overshoots the data. The threshold and the estimator
are computed as functions of f by adopting N — 1 as the number
of degrees of freedom for the x2 distribution. The bound is shown
in Fig. 2 as a black dot-dashed line. Our result is in good agree-
ment with those of [4] (see blue dotted line) and [27] in the PBH
mass region (M > 10'® g) that we consider, even though in the
(relevant) region between 1 MeV and 20 MeV those works used
COMPTEL data whereas we use SMM, which has a much smaller
error and a broader range.

* Sensitivity reach with the current data

We assume now a double power-law fit of the AGN background
akin to that of Eq. (4) and consider the following estimator, eval-
uated over all energy bins (of the data we have used to obtain the
fit):

)A(ZZZ(D—EQ(I)M—EZCDAGN)Z/AZ. (7)

The upper limit on the PBH abundance is set at the value of f
above which {2 worsens beyond the threshold for the 95% c.l.
with respect to the minimum: i.e. the threshold is set as

X2 = Rin < XGos(1) ~3.84. (8)
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Fig. 2. 95% c.l. upper limits on the PBH abundance versus the PBH mass assuming
a monochromatic mass population. The black dot-dashed line is the result of the
present work neglecting the background contribution from AGNs. The light blue-
dotted line is the analogous result of [4], see also [29]. The blue continuous line is
the bound obtained assuming a power-law modeling of the AGN and blazar con-
tribution to the observed spectrum. The red dashed curve indicates the sensitivity
achievable with an experiment capable of reducing the astrophysical background by
a factor of 10.

Importantly, for each mass bin we obtain the best-fitting combi-
nation of AGN and blazar plus PBH emission by letting free the
PBH fraction f as well as the four parameters (nq, nz, Ep and A)
of Eq. (4), and then vary the parameter f (recomputing the AGN
and blazar contribution at each step) until the threshold above is
reached.

In Fig. 2 we show the results of both approaches (conservative
and sensitivity reach) for 95% c.l. upper limits on f. Regarding the
conservative approach (black solid line), our constraints are in good
agreement with those from [4] (blue dotted line), while the bound
assuming the power-law AGN model (blue solid line) is a factor
~ 10 stronger for the same M and reaches larger PBH masses (up
to about 7 x 1017 g).

* Future prospects

In the forthcoming years, both the hard X-ray and the MeV
gamma-ray sky will be probed with increasing accuracy by sev-
eral planned space observatories. In the MeV range, a variety of
space missions has been proposed over the last years, for instance:
e-ASTROGAM [38], AMEGO [44], AdEPT [45], COSI [46], SMILE [47].
In the hard X-ray domain, the instrument onboard the ASTRO-H
mission [48] will measure X-rays up to 80 keV with unprecedented
accuracy.

All these instruments will detect a larger number of point
sources, both AGNs and blazars. They are thus expected to charac-
terize a lower isotropic extragalactic background due to unresolved
point sources. As a consequence, a hypothetical PBH signal will be
easier to detect. It is therefore important to provide a quantitative
estimate of the potential of possible future experiments in either
setting a stronger upper limit on the PBH abundance in the mass
range under investigation, or identifying a PBH signal with suffi-
cient significance.

A careful assessment on how the expected increase in point-
source sensitivity, especially in the MeV domain, results in a lower
isotropic background due to sub-threshold sources is beyond the
scope of the present work.> Instead, we present a simple but useful
calculation based on a straightforward extrapolation of observed
luminosity functions at low redshift. If we assume that most of the

3 Notice that such an analysis can be done only on a case-by-case basis, from
the detailed specifications of the experiments (which in several cases are still being
decided).
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isotropic background in the MeV domain is due to blazars, and we
assume a single-power law luminosity function of the form [49]
N(S) = No(S/S0)™*, 9)

where S is the source flux and « is a positive number, the isotropic
background at redshift zero due to unresolved sources is simply
given by the integral:

Sth

Z(Saq, Sp) = / S

So

dN
—ds, 10
s (10)
where Sg is the minimum luminosity and S;, is the detection
threshold of the experiment. If we now consider two experiments
with different thresholds S; and S, the ratio between the unre-
solved flux in the two cases is

. Z(S2, So)
Z(S1,50) |

In the limit of So <« S1, S and for a exponent 0 < o < 1 (like the
ones found in [49]), we get:

S -«
ro~ (S%) ) (12)

Let us now consider a future experiment such as AMEGO, which
is able to provide a factor of ~ 10 increase in point-source sensi-
tivity with respect to COMPTEL at 1 MeV [44]. Let us assume a
single power-law luminosity function for a population of blazars,
as in (9), following [49]. For obtaining an order-of-magnitude esti-
mate, we can ignore a possible (but mild) redshift dependence of
the exponent «. The above formalism implies that a background
reduction by a factor of 10 is possible with a luminosity function
exponent « ~ 0.5, which is commensurate with the values quoted
in [49].

Given these considerations, we consider here two different sce-
narios, characterized by factors of 10 and 100 reduction in the
diffuse, unresolved background, accompanied by a reduction by the
same factor of its uncertainty. We generate mock data according to
this prescription, and adopt the same procedure we applied to the
current data in the sensitivity reach approach described previously.
The results are shown in Fig. 2. The red dashed line indicates a
potentially significant improvement of the current upper limits for
a factor 10 reduction, together with a notable extension towards
larger masses.

(11)

5. Discussion and conclusions

In this paper we have studied the upper limits on the abun-
dance of primordial black holes from X-ray and gamma-ray Hawk-
ing radiation, as a function of mass and assuming a monochro-
matic distribution in the 10'® g - 10'° g mass range. This ap-
proximate mass window is particularly interesting not only for the
DM problem but also from the model-building point of view. The
known examples of the conceptually simplest mechanism capable
of producing PBHs from single-field inflation -based on an approx-
imate inflection point in the potential [50], see e.g. [51-57]- tend
to do so in this range, once a reasonable fit to the CMB data at
cosmological scales is imposed, see e.g. the related discussion in
[53]. As discussed in the introduction, this mass range is within
the currently most promising region for the existence of a signifi-
cant contribution of PBHs to the DM.

We have first computed the upper limit with a conservative ap-
proach, by requiring that the expected signal from PBHs does not
overshoot the diffuse (extragalactic) background. The bound we
have obtained is mostly driven by SMM data and agrees well with

the results presented in [4,27], which instead used COMPTEL data
in the relevant energy range. This bound is competitive with the
recently derived upper limits based on the Voyager e* data [11]
and extends to larger masses.

Then, we have considered a less conservative approach, which
takes into account in a simple way the expected effect of known
classes of unresolved astrophysical sources ~AGNs and blazars in
particular- that are thought to provide the dominant contribution
to the X-ray and gamma-ray diffuse isotropic background. Under
the well-motivated (and common in the literature, see [58], [36])
assumption that the current data are mainly reproduced by such
sources and that they can be characterized by a double power-law,
we derive a stronger upper limit on the PBH abundance based on
a simultaneous fit of current data to the emission of these sources
and PBHs in the MeV domain. This (sensitivity reach) bound is
about an order of magnitude stronger than the conservative up-
per limit described above.

We have also considered the potential of a future, more sensi-
tive, experiment in the MeV domain that could resolve a larger
number of individual sources, therefore providing a lower and
more accurate estimate of the diffuse unresolved background. The
prospects, supported by the extrapolation of currently measured
AGN and blazar luminosity functions, are very promising: We re-
mark in particular that PBH masses as large as 10'® g are within
reach under the assumption of a background reduction by a factor
of 10.

The exploration of the diffuse photon emission in the low-
energy gamma-ray (or upper X-ray range) is therefore a promising
avenue towards a possible future detection of a signal associated
to a population of PBHs that may constitute a significant part
-perhaps even all- of the DM in the Universe.

In order to obtain further progress in this promising PBH mass
region for DM (> 10'7g), a more sensitive experiment is needed
both in the MeV domain and (particularly) in the keV one, and
a more detailed understanding of the population of astrophysical
sources that contribute to the bulk of the diffuse background is
essential. Above 1 MeV, such modeling should potentially include
not only the contributions from sources (AGNs and blazars) that
are known to be dominant in the sub- and sup-MeV bands, but
also possible currently subdominant sources.

For a fixed value of the PBH abundance f, the emission @&y,
grows if the mass M of the PBHs is decreased -we recall that we
assumed a monochromatic distribution- and, simultaneously, the
location of the peak of the PBH moves towards higher energies.
This can be understood qualitatively (disregarding the secondary
emission) by applying the scaling discussed in Section 2. As the
measured diffuse background has a decreasing overall tendency
from ~ 30keV to ~ 103MeV (see [1]), the bounds on the PBH
abundance become stronger than those shown in Fig. 2 for smaller
masses (below 1016g). This low mass region is thus of no rele-
vance for the DM problem and we have not considered it in this
work. It is interesting though that the emission of a bright but sub-
dominant population of PBHs of mass @(10' g - 10'6 g) would
peak in the 1-10 MeV region. In this energy range, the Compton
and Fermi X-ray data present a noticeable change in slope with
respect to that of SMM (see e.g. figure 7 of ref. [1]). This energy
region of the spectrum of the Universe is still not fully charac-
terized from a theoretical point of view. These features make it a
tantalizing target for the search of potentially exotic emitters (and
subdominant PBHs in particular). Indeed, the bounds on the PBH
abundance from gamma-rays in this region [4] necessarily use the
approach that we have termed conservative (i.e. no astrophysical
background is assumed).

Returning now to PBHs as a dark matter candidate, i.e. for
masses ~ 1018 g, the fact that ®); decreases as M increases (and
the measured diffuse background increases at the corresponding,
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lower, energies) a more accurate measurement and modeling of
the soft X-ray diffuse background may play, as we have argued, a
crucial role towards a potential discovery or, at least, to strengthen
current bounds substantially. To conclude, we remark that there
exist other channels for PBH detection in the mass window rele-
vant for DM. In particular, the energy injection associated to Hawk-
ing emission around or just after recombination can be probed
with CMB data [15]. Also, if the effect occurs during the reioniza-
tion epoch it can be potentially detectable in the 21 cm absorption
line of neutral Hydrogen [59]. Moreover, the positron emission by
PBHs of mass around 10'7 g has been recently used to set a bound
on f using the keV line, which can improve over the gamma-ray
bound, depending on the assumed Galactic density profile [12]. All
these channels are complementary and their further exploration
could help to identify or rule out a significant population of PBHs
in this promising mass window.
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