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ABSTRACT: Within the mass range of 1016 —5 x 108 g, primordial black holes (PBHs) persist
as plausible candidates for dark matter. Our study involves a reassessment of the constraints
on PBHs through a comparative analysis of the cosmic X-ray background (CXB) and the
emissions arising from their Hawking evaporation. We identify previously overlooked radiation
processes across the relevant energy bands, potentially refining the bounds on PBHs. These
processes encompass the direct emission from Hawking radiation, in-flight annihilation, the
final state of radiation, and positronium annihilation. Thorough consideration is given to
all these processes and their respective emission fractions, followed by a precise calculation
of the D factor for observations directed towards the high-latitude Galactic contribution.
Furthermore, we integrate the flux originating from extragalactic sources, both of which
contribute to the measured isotropic flux. Through a comparative analysis of data derived
from previous CXB observations utilizing an Active Galactic Nuclei (AGN) double power-law
model, we establish the most stringent constraints for PBHs, thereby excluding the possibility
of PBHs constituting the entire dark matter mass within the range of 2.5 x 107 — 3 x 10'7g.
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1 Introduction

Primordial Black Holes (PBHs) as the exclusive candidate for Dark Matter (DM) without
necessitating novel physics has been extensively explored in the academic literature [1-5].
In contrast to particle-based DM, PBHs represent theoretical entities originating from the
gravitational collapse of stochastic quantum overdensities during the early stages of the
Universe, displaying a more macroscopic character. Hawking radiation [6, 7] emitted by
Primordial Black Holes can generate a detectable signal that contributes to the observed
cosmic X-ray background (CXB). Currently, PBHs would entirely evaporate if their mass
fell below approximately 10'° g. With increasing PBH mass, the energy spectrum tends to
soften, rendering PBHs larger than 5 x 10'® g negligible contribution. Consequently, a notable
knowledge gap in our understanding of PBHs within the mass range of 10'6 to 5 x 10'8 g,
particularly concerning their possible existence amidst asteroid masses.

Previous investigations have yielded crucial constraints on the mass of PBHs and their
fraction (fpeu = Qppu/pMm) as constituents of Dark Matter. For instance, using data
from the INTEGRAL satellite on Galactic y-ray emission, ref. [8] demonstrated that PBHs
with a mass of Mppy = 1.2 x 10'7 g fall short of constituting the entirety of Dark Matter.
Furthermore, in elucidating the galactic 511keV line detected by INTEGRAL/SPI, refs. [9—
12] excluded specific parameter spaces for PBHs. Ref. [13] even employed a mixing model
incorporating PBHs and DM particles to further constrict the parameters of PBHs. We
also took the EDGES result as an example. The potential contribution of PBHs to the
extant cosmic X-ray background or isotropic y-ray background has also been scrutinized in
studies by refs. [14-16], where they explored photons stemming from electron-positron pair-
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annihilation and refined the constraints on PBHs to approximately ~ 2 x 10" ‘g, underscoring



the significance of evaporated positrons in shaping the cosmic X-ray background. Several
other studies have predicted constraints on PBHs through forthcoming telescopes [17-20].

This study presents a reassessment of the X-ray diffuse emission originating from PBHs
spanning the mass range of 106 — 5 x 10'® g. In contrast to prior analyses, we conduct a
comprehensive examination of all potential emissions contributing to the isotropic flux. These
include: 1) Photons directly emitted from Hawking radiation, encompassing primary and
secondary prompt emission components; 2) Photons generated from internal bremsstrahlung
radiation; 3) Positrons produced by PBHs, which interact with electrons, leading to photon
generation through three distinct processes; 4) Differentiating contributions from the Galactic
(Gal) anticenter and extragalactic (EG) regions. Furthermore, we meticulously assess the
respective proportions of each emission mode and collate all available CXB measurements
to delineate the parameter space accurately.

The paper is structured as follows: section 2 presents a detailed account of the computa-
tional specifics for each emission mode and their respective fractions, which are subsequently
aggregated to determine the overall contributions. We describe the flux originating from two
distinct regions, namely Gal and EG, in section 3. Our analysis and constraint outcomes
are expounded upon in section 4, by comparing with the CXB data. Finally, our findings
are deliberated upon and summarized in section 5.

2 Emission classification

According to the Hawking Evaporation theory, it is anticipated that the asteroid mass of
PBHs can be inferred from the X-ray and soft ~-rays emissions. The temperature of a
Schwarzschild black hole can be correlated to its mass through the following expression:

M3

- , 2.1)
81 Mpy

Tsu
where Mp ~ 1.22 x 10' GeV denotes the Planck mass. The black hole emits particle species
i with a species-specific greybody factor I';(E, Mpy ), resembling blackbody radiation. This
factor encapsulates the probability of a Hawking particle escaping the gravitational potential
well of the PBHs. Consequently, the number density of particle i can be computed using
the following expression:
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(2.2)

where g; specifies the degrees of freedom, s; represents the spin of the emitted particle
and F; signifies its energy. A publicly available computational tool, BlackHawk [21, 22], is
capable of producing numerical datasets within the pertinent energy spectrum emitted by
PBHSs, one can switch the option for primary and secondary emission spectrum in the input
settings of the software. The contributions of different particle species i to the isotropic
X-ray flux may exhibit variations.

In our computations, we account for all potential photon emissions. It is imperative to
integrate over the relevant mass range when considering a specific mass distribution of PBHs.
Although we assume a monochromatic mass distribution for PBHs, other distributions such



as log-normal or power-law models are more realistic. Previous study [23] has demonstrated
that an extended mass function could impose stricter constraints compared to a monochro-
matic distribution. However, due to the presence of several other free parameters in our
analysis, distinguishing between these models is not straightforward. Consequently, this
study focuses solely on the monochromatic mass distribution to derive the most conservative
PBH constraint outcomes.

2.1 Photons from direct radiation

We designate the photons emitted directly from Hawking evaporation as prompt radiation,
encompassing both primary and secondary emissions. Primary photons are defined by eq. (2.2),
with s = 1. The secondary component emerges from the decay of hadrons originating from the
fragmentation of primary quarks and gluons [21], as well as from the decay of gauge bosons.
Furthermore, hadrons originating from PBHs also undergo decay or radiation processes.
Hence, the direct number density originating from PBHs can be expressed as:

deir derompt dNFSR deec
v Yy 4=
dEdt dEdt dEdt dEdt

where the latter two terms are adopted from ref. [24]. The Final State Radiation (FSR) denotes
radiation that remains independent of the astrophysical setting. The combination of FSR and

(2.3)

virtual internal bremsstrahlung forms what is known as the full internal bremsstrahlung (IB)
radiation. Nevertheless, we found some discrepancies in the studies conducted by refs. [17, 25,
26], while the original formulation of IB radiation was presented by refs. [27, 28]. Given these
circumstances, we are inclined to favor the standard particle process outlined in ref. [24],
which is detailed as follows:

dNFSR deec Nprl NFSR an Ndec
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By means of computational analysis, it has been ascertained that the significant con-
tribution to the X-ray band predominantly originates from e~ e™ pairs generated by FSR,
rather than decay. The comprehensive expression for FSR is as follows:
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where the fine structure constant o = 1/137.037, z = 2E,/Q;, and p; = m;/Q;, where
Qi = 2FE; represents the energy scale for FSR. The splitting function P, (x) is utilized
to distinguish between bosons and fermions. Consequently, eq. (2.4) has been streamlined
to represent the results of e~e™ pairs in the following form:
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2.2 In-flight annihilation

The electrons and positrons discharged from PBHs would be initially relativistic [15]. They
decelerate through processes involving Compton scattering and ionization losses, with the
cross-section increasing until the positrons transition to a non-relativistic state. The y-rays
spectrum resulting from the In-flight Annihilation (TA) of positrons quantifies the overall
flux of annihilating e*s particles before they reach a state of stopping or thermalization, as
detailed in ref. [28]. This spectrum is expressed as follows:

AN wa’ny /°° g e /Ee+ dE  Pg, 5
dE,dt — me Jm. ¢ dEqdt” Jp,, dE/dz (E?—m2)
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where the symbol ny represents the number density of neutral hydrogen atoms. The positron
spectrum emanating from PBHs, denoted as dN, + /(dE.+dt), can be computed by employing
eq. (2.2) with a parameter value of s = 1/2. The rate of energy loss for positrons due
to ionization interactions in the presence of neutral hydrogen, denoted as dE/dz, can be
evaluated utilizing the standard Bethe-Bloch formula.

As positrons gradually deplete a substantial portion of their energy and near their rest
mass, indicated by E,+ =~ m,, the probability of survival for positrons transitioning from
energy FE,+ to rest mass m, can be estimated as P = PEe +—me.- The expression for this
probability is provided as:

Eo+ Cann(E')
P = — dp' 222 2.
E, —E = €Xp ( nH/E ]dE’/dx|> ) (2.9)

where o,,, denotes the cross-section for the annihilation of a positron with an electron at
rest. The probability Pp_, g for positrons with energies below a few MeV consistently falls
within the range of approximately 0.95 to 1, indicating that only a minor fraction of these
positrons undergo annihilation before transitioning to a non-relativistic state. For instance, at
injection energies of 10 MeV, the deviation of P from unity is roughly 11% [27]. Additionally,
ref. [29] have computed the proportion of positrons forming positronium in flight within
various neutral mediums, revealing that in-flight annihilation contributes minimally to X-ray
emission. Nonetheless, we include this component for the sake of comprehensiveness.

2.3 Photons from positronium

The interaction between a positron and an electron results in the conversion of rest mass
energy into two or more photons, with a total energy of 1022keV. In the scenario where a
pair of electrons and positrons are at rest, their direct annihilation gives rise to two photons,
each possessing an energy of 511keV. The ground state of positronium (Ps) exhibits two
discernible spin configurations, contingent upon the relative orientations of the electron
and positron spins.

In specific terms, one of these configurations, referred to as para-positronium (pPs),
materializes 1/4 of the time, showcasing antiparallel spins and a total spin of S = 0, identified



as 1Sg. This state emits two photons moving in opposite directions, each carrying an energy of
511keV, akin to the outcome of direct electron-positron annihilation. The second configuration
is ortho-positronium (oPs), characterized by parallel spins and a total spin of S = 1, denoted
as 351, and occurs 3/4 of the time. The oPs state necessitates a final state involving more than
two photons. The conservation of momentum allocates the total energy of 1022keV among
three photons, leading to a continuous spectrum of energy levels extending up to 511 keV [30].
The one-loop Quantum Electrodynamics (QED) correction to the spectrum in oPs decay
has been computed numerically in refs. [31, 32], where the Ore-Powell result is provided:
1dr 2 [2-u N (1—z)z 2(1—2)%og(l —x) 2(1—z)log(l—z)

Todz #2-9| z (2—2)2 (2 —x)3 * x2 - (210)

In order to differentiate it from parallel positronium, we isolate the expression deY’PS /(dEdt),
which signifies the continuous flux resulting from the three-photon decay of ortho-positronium.
Subsequently, we obtain:

dNOPS %)
7 1dF/ ap-42e (2.11)

dE,dt ~ Todz Jm,  dEd’

where z = E/m., and dN./(dEdt) denotes the positron spectrum originating from PBHs.
The 511 keV line flux is from direct annihilation with e™s and intermediate formation

of positronium, and they produce two quasi-monochromatic photons at its mass, which

can be written as
dN2'' 4N,
dE.dt - dE.dt

(Ee — me), (2.12)
where § is the Dirac-delta function.

2.4 Fraction of each emission

To account for the prompt ~-ray emission from Hawking Evaporation and other processes
involving electron and positron by-products, it is essential to delineate the fraction of each
emission. The probability, symbolized as P as previously indicated in eq. (2.9), denotes
the chance of survival in a non-relativistic state for a positron. Through the utilization of
P and the probability of positronium formation fpg, we can determine the fraction linked
to the aforementioned contribution.

According to ref. [27], the flux of internal bremsstrahlung ~-rays is directly related
to the rate of positron production, which can be inferred from the intensity of 511keV.
Drawing on this information and the elucidation in section 2.3, where fps represents the
count of eTs forming positronium before annihilation, we can derive the following fractions
for each emission:

fIA =1- Pa
3
foPs =3 X ZPfP&
L3\ (2.13)
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Figure 1. The number density per energy per second from a PBH with Mppy = 7 x 10'¢ g and
feeu = 1, encompassing all radiation sources detailed in section 2: direct evaporation (primary
and secondary emissions depicted by red and orange lines, respectively), subsequent annihilation of
positron-electron pairs (blue line), final-state radiation (purple line), in-flight annihilation (green line),
along with the 511 keV line emission (yellow line).

The emitted photons are multiplied by the number of oPs and 511 keV, thus yielding fia +
fors/3 + f511/2 = 1, all originating from electrons or positrons. We introduce the total
annihilation flux, which encompasses these three elements:

Ann 511 IA P
dNAm QNP GNIA e

dEdt  dEdt + dEdt + dEdt (2.14)

Consequently, the final contribution can be computed in the subsequent manner:

dN,‘;Ot dN,(yhr dN$nn
= +
dEdt  dEdt | dEdt (2.15)
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Here, we set fprompt = 1 for aesthetic reasons. We illustrate an instance of continuous and line
spectra, denoted as dN/(dEdt), for Mpgg = 7 x 10'® g and fppy = 1 for PBH in figure 1.

3 Flux in two regions

In this section, we provide an extensive overview of the complete theoretical diffuse emissions
originating from PBHs, comprising two distinct components: Gal and EG,
d(bPBH d(z)Gal d¢EG

HdEAQ  AdEAQ T dtdEdQ” (3.1)

Regarding the contribution from Galactic direction, we have employed a conventional
Navarro-Frenk-White (NFW) profile [33]. This profile is a customary benchmark selection



driven by N-body simulations to characterize the galactic dark matter distribution:

Tg r\ 2 .
prw(T) = ,037 14 7 with

S

(3.2)
re = 9.98 kpec, ps =2.2x 1072 g cm ™3,

where ps = 0.3 GeV cm ™ represents the local dark matter density, 7o = 8.5 kpc denotes the
distance from the solar position to the Galactic center, and r, signifies the scale radius of the
dark matter halo, where r signifies the distance from the Galactic center. The factor D(b, )
integrates over the line-of-sight (l.0.s), where the relationship between s and r is contingent on

band ¢: r(s,b,¢) = \/ s2 + 12 — 2srg cosbeos £. The differential angular window is expressed
as dQ = d(sinb)d/.

More precisely, the contributions from direct emission in eq. (2.3) differ slightly from
those in eq. (2.14).

df™! feen (NG dNAn
= D(b, ¢ T G(b,0) | . ,
dtdEAQ ~ 47 Mppy (0.6 + ~3pqs 90 (3-3)

Here, dN;“r /(dEdt) and thér“f1 /(dEdt) are derived from equations (2.3) and (2.14), respec-
tively. The G factor shares similarities with the D factor, with the primary distinction lying
in its incorporation of the positron density within the Galaxy at the time of annihilation.
Following the methodology outlined in ref. [14], we made the conservative choice of setting
G = D, thus defining D as:

D(b,¢) = - dspnrw (s, 7, 0). (3.4)
For the direction to the Gal, we determine an optical depth integral criterion stipulating
that [ = 180° and b = 0°, and integral in the range of |15°| at the galactic anti-center, which
conducives to isotropic X-ray flux. Instead of considering the specific telescope viewing
region, which would be more realistic, the selected approach involves taking into account
the minimum and moderate galactic diffuse flux. On another note, the Galactic flux may be
affected by absorption from starlight and gas within the Galaxy, introducing uncertainties
and indicating that it may not solely originate from the diffuse X-ray background.
When contemplating flux from extragalactic sources, the differentiation between direct
and annihilation emissions becomes more evident, which can be expressed as:

EG Zmax dir Ann
der _ fPBHPcQDM/ dz y dNY n (z)de P | (35
dHdEAQ  4nMpgn Jo  H(z) |\ dEd dBdl

where H (z) represents the Hubble constant with Hy = 67.66 km s~! Mpc~!. We have chosen
QOpum = 0.2621 and p. = 277.5366 Moh? kpc~3. The redshift integral of the extragalactic
emission spans from the present time to the Cosmic Microwave Background (CMB) epoch,
where zpax ~ O(500). Generally, it is necessary to account for photon attenuation during
propagation from the sources, where 7, (2, E') denotes the optical depth. We have adopted
the functional form detailed in ref. [34]. It should be noted that photons emitted from PBHs
within dark matter halos may also exist inside galaxies, where they could be attenuated in



some way during their journey. However, for the sake of simplicity and conservatism, we have
chosen to exclude photons originating from within galaxies in our calculations. This decision
allows us to focus solely on the contribution of photons from outside galaxies, avoiding the
complexities associated with optical depth and structure of galaxies considerations.

We noticed that we have introduced a suppression factor F(z) in eq. (3.5), which considers
the portion of dark matter residing within dark matter halos that contain galaxies. This
factor not only confines positrons but also ensures an adequate electron density for effective
positron annihilation. The adoption of this suppression factor stems from ref. [15], who have
highlighted the overlooked nat.of this formalism in various prior studies. Despite yielding a
factor of F < 1, which diminishes contributions from the extragalactic component, it solely
relies on dark matter halo characteristics.

A dark matter halo, characterized by a mass threshold of My, (2), can gravitationally
collapse, evolving into a significant gravitational potential well. This gravitational well
plays a crucial role in attracting baryonic matter, facilitating the formation of galactic disks,
and confining and annihilating DM positrons. However, cosmological simulations of galaxy
formation indicate a minimum value around ~ 107 — 10! h=! M. We have adopted the
redshift-dependent evolution of this minimal mass from figure 3 of ref. [35] and use an analytic
fitting function for My,;,. For computation, the factor can be expressed as:

_ Lz dn(M, z)
Fle)= s /MmmdMM o (3.6)

where pp, = [;°dMM % for normalization, and the mass function of DM halos is
based on the model by ref. [36] commonly used. We showcase the flux contributions from
extragalactic and Galactic sources for all components at Mpgpy = 7 x 10'6 g in figure 2,

with the same legend as in figure 1.

4 Analysis and results

Many detectors are currently focused on measuring X-rays within the keV to MeV energy
range. We have gathered relevant X-ray flux data ranging from 0.5 to 400 keV from sources
such as ASCA [37, 38], Integral [39, 40], Swift [41], HEAO [42], RXTE [43], BeppoSAX [44],
SMM [45], Nagoya [46], and Comptel [47]. These data encompass the CXB as depicted
in figure 3. Additionally, in this figure, we present four additional fluxes originating from
PBHs with different masses and cosmological abundances fpgy to adjust the double power-
law (DPL) fit model.

Specifically, the CXB is commonly associated with active galactic nuclei (AGN), such
as the population synthesis model proposed by ref. [48]. However, it deviates notably from
observed data beyond 200keV. Ref. [49] introduced a proxy double power-law (DPL) fit
for combined AGN and blazar emissions, providing a more consistent phenomenological
form, as follows:

¢AGN A
= ) (4.1)
dEdt (E/Ep)™ + (E/Ep)"2
where the best fit parameters are determined as follows: A = 0.0642 keV~!s™! cm™2 sr7!,

Ey = 35.6966 keV, ni; = 1.4199, and no = 2.8956. This fitting form is derived from models
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Figure 2. The expected y-ray continuum spectra encompass various contributions to the entire
isotropic differential flux, considering Mppy = 7 x 10'® g and fpgy = 1. Each emission component
from Gal is depicted, while only the total flux is illustrated for EG part. The legend mirrors that
of figure 1. The solid black line and dashed line signify the represent of all fluxes from Gal and
EG, respectively.

10? e —— e e

D

e

w)

T

w

(]

|

g ;

> 10 | A

R

ja— ;’/

% L ---- DPLfit 4+ INTEGRAL SPI

_Lé‘ L Chandra INTEGRAL JEM

§ + ASCA SIS -+ HEAO

i ASCALSS & BeppoSAX

X 0 i Swift XRT - Nagoya

as 10°F & swift BAT i SMM
RXTE 4 COMPTEL
1l Lol P | PR E T | PR
1 10 100 10 10

E, [keV]

Figure 3. Current Cosmic X-ray background for different experiments in details, ASCA [37,
38], Integral [39, 40], Swift [41], HEAO [42], RXTE [43], BeppoSAX [44], SMM [45], Nagoya [46],
Comptel [47]. The double power-law fit described in eq. (4.1) is represented by the black dashed
line. Additionally, corrections to the double power-law fit line are illustrated for four hypothetical
monochromatic PBH spectra with varying masses in grams and cosmological abundances.

observed in the SMM, Nagoya, and HEAO experiments. It is apparent that the DPL form is
not able to accurately represent data from COMPTEL and ASCA LSS as shown in figure 3.
Hence, we have opted to exclude them from our subsequent analysis.



4.1 Considering of background models

Firstly, we consider only the PBHs model, providing a conservative estimation. Assuming
that the data follows a normal distribution, the x? value is calculated as follows:

ata 2
Xzzzlct% —¢SBH<9>] | (42)

O-data

where 0 = { fpBu, mpBH} represents the PBH parameters, ¢, denotes the expected integral
~v-flux model from PBHs, and gbi'}ata represents the experimental measurements with corre-
sponding uncertainties oqata. The x? value is calculated by summing over all energy bins for
the discrepancy between the data and the model. We determined the 95% confidence level
(C.L.) bound on fppy for each PBH mass within the specified range. The permissible fppy
values associated with the flux originating from PBHs should not exceed any errors of the
measurement data shown in figure 3, which translates to x? — x2, < X305(N — 1) =~ 3.84,
where NV — 1 = 1 represents the number of degrees of freedom.

Secondly, we aim to establish a more realistic estimator for deriving the current constraint
on PBHs by incorporating the contributions from the DPL fitting term qﬁQGN. The 2
expression is formulated as follows:

data PBH AGN 172
QS'y ta ¢7 (9) - ¢’y

2 _
X = Z O-data . (43)

It is evident that the model incorporating the DPL background enforces stricter constraints in
all scenarios compared to those without it. This suggests that a more profound comprehension
of the astrophysical background sources could lead to a substantial enhancement in setting
upper limits on the presence of PBHs. The capability to exclude a significant portion of the
dataset with the DPL model results in only a small fraction of the flux being attributed
to PBHs, thereby directly boosting the constraint ability. However, it is important to note
that the DPL form is purely phenomenological, underscoring the necessity to gain a better
understanding of the astrophysical background in future analyses.

It appears that by utilizing eq. (2.13), we can ascertain the value of P, considering fps as
a variable parameter. Previous works [14, 15] have neglected the contribution from IA due to
its minor impact, leading to a slight discrepancy in their expression of fps. Therefore, in this
analysis, we set fpg as either 0 or 1 and leverage the fractions from eq. (2.13) to weigh each
emission source. The constraints on fpg are depicted in figure 4, where fps = 1 corresponds
to scenarios with no spin PBHs in the presence of a DPL background (solid blue line) and
only PBH model (dashed blue line), while fps = 0 is applied to both models (with DPL is
solid black line and without DPL is dashed black line).

It is observed that when the environmental temperature exceeds 8000 K, positrons
are more likely to undergo direct annihilation with both free and bound electrons rather
than forming Ps. Therefore, the scenario with fps = 1 represents a more realistic case
under Milky Way conditions [29]. In figure 4, the outcomes for fps = 0 exhibit stronger
constraints, indicating a potential underestimation of the contribution from the EG sources
in the existing literature.

,10,
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Figure 4. Bounds derived on the PBH abundance with respect to the PBH mass, assuming a
monochromatic mass distribution. Four cases have been considered, where fps takes values of 1 or 0
and includes or excludes the DPL background. It is noted that a spin value of a = 0 has been fixed
for all these cases.
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Figure 5. Bounds derived from three scenarios: only based on SMM data (onlySMM, indicated by
the blue line), considering all data including SMM (withSMM, represented by the green line), and
excluding SMM data (woSMM, depicted by the black line). In all three cases, the spin parameter is
set at a = 0, and fps = 1 without the DPL model.

4.2 Considering of data selection

It is worth noting that, as discussed in ref. [15], the error bars associated with the SMM
measurement of the isotropic X-ray flux are considered to be unreliable. Consequently, we
also present an analysis based solely on SMM data. The remaining dataset can be categorized
into three scenarios: utilizing only SMM data, utilizing all data except SMM, and utilizing
all data including SMM. The x? calculation follows the same formula as eq. (4.3), with
varying selections of data for ¢§ata and their corresponding uncertainties ¢42*2, The results

v
are compared in figure 5. It is observed that SMM data in isolation can effectively constrain
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a significant portion of the considered PBH masses. Consequently, the outcomes from only
using SMM data and employing all data with SMM align closely across most of the range.
As depicted in figure 3, SMM data holds particular relevance for higher energies surpassing
approximately 200 keV. However, for more massive PBHs, the spectral characteristics tend
to soften, rendering the data without SMM more crucial. These findings underscore the
importance of utilizing data within appropriate energy ranges with minimal error bars to
yield robust constraints.

In figure 5, it is evident that for PBHs with masses exceeding 1 x 10'®

g, not only does
the energy peak decrease and fall below 100keV, but it also significantly weakens. This
indicates that high-energy data sources like SMM may not effectively constrain this mass

range, thereby posing a challenge in directly achieving this objective using current keV data.

4.3 Considering of PBHs spin

The concept of a rotated PBH potentially leading to the generation of additional parti-
cles during Hawking evaporation is intriguing. In principle, it is assumed that PBHs do
not possess spins at the time of their formation. Following their formation, PBHs are ex-
pected to remain stable, with only a small fraction, roughly one in a million PBHs, being
formed with spins 2 0.8 [50]. The existence and implications of rotated PBHs remain a
topic of debate, warranting further exploration to better understand their implications. To
shed light on this, a comparable analysis is presented within the context of the monochro-
matic mass function scenario discussed earlier. By adjusting the intrinsic spin towards
the maximum value of a = 0.9999, which corresponds to the maximum spin value in
BlackHawk, the results pertaining to rotating PBHs exhibit significant enhancements. This
is attributed to the higher number density resulting from the evaporation process in this
particular scenario.

It is fascinating to note the enhancements in constraints depicted in figure 6 when
considering the influence of PBH rotation. These results indicate an expansion in the covered
parameter space, leading to improved constraints. Notably, even in the most conservative
scenarios where there is no spin and no background modeling, we observe better limits,
especially in the 10'7 g range. This improvement can be attributed to the comprehensive
consideration of all potential emissions in our calculations, resulting in a slight increase in
the total flux and subsequently refining the bounds on PBH abundance.

5 Conclusion

The article delves into the investigation of whether PBHs within the mass range of 106 to
5 x 10'® g, characterized by a monochromatic mass distribution, could potentially account for
all or part of dark matter. To establish the most stringent constraint line, various potential
photon sources were considered, encompassing emissions in the X-ray and soft vy-ray spectra,
as well as those arising from electron or positron annihilation radiation processes involving
QED interactions leading to electron-positronium formation and subsequent photon emissions.

By differentiating between extragalactic and Galactic contributions and assigning fractions
to each process comprehensively, a more detailed analysis was conducted. The study revealed
that the total flux generated can exceed the individual components typically addressed
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Figure 6. Bounds derived on the PBHs abundance as a function of PBH mass, considering a
monochromatic mass distribution and fps = 1 are illustrated through four distinct cases: No spin
scenario with a DPL background is represented by the black solid line; No spin scenario without a
DPL background is depicted by the black dashed line; spin factor a = 0.9999 with a DPL background
is shown in the blue solid line, and spin factor a = 0.9999 without a DPL background is displayed as
the blue dashed line. These cases provide a comprehensive overview of the PBH abundance constraints
under different assumptions regarding spin factors and the presence of a DPL background.

in previous literature. The data were evaluated considering solely the contribution from
PBHs and a more realistic scenario incorporating potential astrophysical background models.
Consequently, the most conservative constraints were found to be more robust compared to
previous bounds. The findings suggest the exclusion of the entirety of DM being comprised
of PBHs within the mass range of 2.5 x 101”7 — 3 x 10'7 g when accounting for the DPL
background. PBHs exhibiting extreme spins exhibit limited potential to constitute DM.

Observations in the X-ray and soft -ray bands have the capability to probe PBHs down
to the size of asteroids. Furthermore, advancements in resolving astrophysical backgrounds
and upcoming precise diffuse data hold promise for imposing stronger constraints on the yet
unexplored window of PBHs. We also aim to integrate multi-wavelength data in an upcoming
paper, to shrink and even close the gap in the PBH parameter space.
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