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Ultralight primordial black holes (PBHs) in the mass range of 1016–1022 g are allowed by current
observations to constitute a significant fraction, if not all, of the dark matter in the Universe. In this work,
we present limits on ultralight, nonrotating PBHs which arise from the nondetection of the Hawking
radiation signals from such objects in the keV-MeV energy band. Namely, we consider observations from
the current-generation missions XMM-Newton and INTEGRAL/SPI and discuss the observational
perspectives of the future missions Athena, eXTP, and THESEUS for PBH searches. Based on 3.4 Msec
total exposure time XMM-Newton observations of Draco dwarf spheroidal galaxy, we conclude that PBH
with masses ≲1016 g cannot make all dark matter at 95% confidence level. Our ON-OFF-type analysis
of > 100 Msec of INTEGRAL/SPI data on the Milky Way halo puts significantly stronger constraints.
Only ≲10% dark matter can be presented by PBHs with masses ≲3 × 1016 g while the majority of dark
matter cannot be represented by PBHs lighter than 7 × 1016 g at 95% confidence level. We discuss the
strong impact of systematic uncertainty related to the variations of instrumental and astrophysical
INTEGRAL/SPI background on the derived results and estimate its level. We also show that future large-
field-of-view missions such as THESEUS /X-GIS will be able to improve the constraints by a factor of
10–100 depending on the level of control under the systematics of these instruments.
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I. INTRODUCTION

The interest in black holes as a macroscopic dark matter
(DM) candidate has been revived in last years in light of the
detection of gravitational waves [1] and the strong con-
straints on the simplest elementary particle candidates
obtained from collider searches, direct and indirect detec-
tion. Many scenarios predict the formation of primordial
black holes (PBH) in the early universe and suggest that
the fraction of dark matter built of PBHs, fpbh can be close
to 1 [2–4].
TheMpbh − fpbh parameter space of the PBH dark matter

is strongly constrained for the small (Mpbh ≲ 1015 g) and
high (Mpbh ≳ 1034 g) PBH masses (see e.g., [5] and
references therein). The PBHs with masses Mpbh ≲
1015 g would have been completely evaporated since the
Big Bang by now. This opens final-stage emission searches
for high-energy photon bursts expected before ∼1015 g
mass PBHs completely evaporate [6–9]. The limits on the
very massive PBHs with Mpbh ≳ 1034 g arise from non-
observations of PBH-accretion signatures on CMB [10].
Strong constraints based on nonobservation of microlens-
ing events in nearby galaxies are set in the mass range
Mpbh ≳ 1022 g (see e.g., [5] and references therein).

The mass range Mpbh ∼ 1016–1021 g currently remains
the only relatively weakly explored window in the
PBH Mpbh − fpbh parameter space. The existing cons-
traints are concentrated at the lower part of this band
(Mpbh ∼ 1015–1018 g) and are based on nonobservation of
the Hawking radiation’s signatures from PBHs evaporation
from certain astrophysical objects in the keV–MeV energy
band (see e.g., Ref. [11] for a review). These include
constraints based on extragalactic cosmic x-ray diffuse
background observations [12–14]; keV-MeV surveys of
the inner parts of the MW or dwarf spheroidal galaxies
[15–18]; electron-positron (511 keV) annihilation line
observations in the Galactic Center vicinity [19–22] and
CMB power spectrum and 21 cm signal distortion mea-
surements [23–26]. We additionally note that the strong
GRB femtolensing constraints present at the lower edge of
this band were recently debated and significantly relaxed
(see, e.g., Ref. [27]).
Aiming at putting constraints on the fraction of dark

matter that could be made of PBHs in this paper we present
results from the current generation and discuss the potential
of future missions for such studies. In what follows we
focus on two major types of instruments characterized
either by a large effective area (XMM-Newton or Athena)
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or a broad field of view (FOV)—INTEGRAL/SPI or
THESEUS /XGIS. We discuss the most suitable observa-
tional targets and the impact of the systematic uncertainties
connected to the mismodeling of the instrumental/astro-
physical background on the derived results.
The paper is organized as follows. Section II provides a

short recap of the expected keV-MeV signals expected from
Hawking radiation of PBHs in the dark matter halo of the
Milky Way (MW) and nearby dwarf spheroidal galaxies
(dSphs) assuming monochromatic PBH mass function. In
Sec. III, we analyze deep observations of the Draco dSph
taken by XMM-Newton satellite. Section IV is devoted to
the analysis of the massive dataset taken by the high-
spectroscopic-performance instrument SPI on board the
INTEGRAL satellite. Prospective studies are carried out in
Sec. V to derive the sensitivity of future missions. The
results presented here are discussed in Sec. VI.

II. EXPECTED keV-MeV SIGNALS FROM
PRIMORDIAL BLACK HOLES

A. Emission spectrum

The expected particle yield per unit time and energy from
a nonrotating black hole with mass MBH and correspond-
ing Hawking temperature TH ¼ 1=ð4π=GNMBHÞ ≃ 1.06×
ð1016 g=MBHÞ MeV, where GN denotes the Newton’s
gravitational constant, is given by [28]

d2Nk

dEkdt
¼ 1

2π

ΓkðEk;MBH; mÞ
eEk=TBH − ð−1Þ2s : ð1Þ

ΓðE;MÞ is the particle-dependent gray-body factor and Ek
indicates the energy of the emitted particle k of mass m and
spin s. Assuming that PBHs have a monochromatic mass
function and trace the DM spatial distribution, the decay of
unstable particles emitted during the radiation process
produces secondary stable particles including photons in
the final state. The energy-differential flux of photons
expected from PBH DM halos from a region of solid
angleΔΩ in the sky is obtained by summing all the photons
produced in the final state by all particles produced in the
evaporation process as

d2Φγ

dEγ
ðΔΩÞ ¼ 1

4π

Z
ΔΩ

dΩ
Z
LOS

ds
fpbhρDMðrðs;d;θÞÞ

Mpbh

d2Nγ

dEγdt
:

ð2Þ

The latter equation contains a factor identical to that
derived in decaying DM searches and is usually referred
to as the D-factor given by

DðΔΩÞ ¼
Z
ΔΩ

Z
LOS

ρDMðrðs; d; θÞÞdsdΩ: ð3Þ

The photon emission peaks at an energy Eγ ≃ 5.7TH [29]
and decreases as a power law for Eγ ≪ TH.
The public software BlackHawk [30,31] is used to calculate

the spectra of photons between 1 keVand 1 MeV. BlackHawk

includes the computation of the secondary particle pro-
duction due to hadronization, fragmentation, decay, and
other processes as a result of BH evaporation. In this work
we make use of BlackHawk v2.0 [31]. The determination of the
secondary spectra depends on the evolution of Standard
Model particles emitted from Hawking radiation. Public
codes such as PYTHIA [32] and HERWIG [33] enable us to
convolve the primary spectra with hadronization and decay
branching ratios from a few GeV up to about 10 TeV. For
the computation of the spectrum of lower-energy photons,
i.e., below the QCD scale, pions are emitted instead of
single quarks, which subsequently decay into leptons and
photons. The public code HAZMA [34] handles the behavior
of the particles at low energy to evolve the primary particles
and recover the secondary photon spectra in the keV-MeV
energy range. However, HAZMA calculations are based on
analytical formulas for the decay and final-state radiations,
which introduces plausible approximations as pointed out
in Ref. [35].

B. Dark matter distribution

As we discussed above the expected signal from evapo-
rating primordial black holes is proportional to theD-factor
in the FOV of the considered instrument. In order to
optimize the signal-to-noise ratio and capabilities of the
instrument for the dark matter searches a target with an
angular size comparable to the FOV of the instrument is
usually selected. In what follows we discuss the capabilities
of existing and future narrow (degree-scale) FOVand broad
(steradian-scale) FOV missions for the search for PBH
signals. Correspondingly we select dwarf spheroidal gal-
axies for narrow and the Milky Way for broad FOV as the
optimal targets. We also discuss the dark matter distribution
in these types of objects and the uncertainties which it
implies on the D-factor.
a. Dwarf spheroidal galaxies.—dSphs provide a prom-

ising astrophysical environment to test the nature of dark
matter. Due to their relative proximity and dense environ-
ments, they are among the best location to indirectly search
for nongravitational interaction of dark matter. Given their
old population of stars and their low gas content, they are
ideal places to look for DM where no conventional
astrophysical emissions have been detected so far.
The knowledge of the DM distribution in dSphs is subject

to intense studies, see, for instance, Refs. [36–39]. Using
stellar kinematic measurements from optical observations in
dSphs, the DM distribution in these objects can be inferred
[36,37]. For the nearby faintest dSphs such as Segue I, the
selection of member stars for the faint systems may be also
challenging due to the complexity to distinguish member
stars from interlopers in the foreground. Possible tidal effects
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from MW and binary star population would artificially
inflate the velocity dispersion and therefore the determina-
tion of their DM content (see, for instance, Ref. [40]).
While DM signals from the classical dSphs such as
Draco, Sculptor or Fornax are expected to be smaller than
for the faintest ones, they are less prone to statistical
and systematic uncertainties. In particular, independent
D-factor estimates for Draco dSph in a solid angle
of 0.5° are log10Dð< 0.5°Þ ¼ 18.53þ0.10−0.13 GeV cm−2 [36],
18.39þ0.25−0.25 GeVcm−2 [38] and 18.54þ0.11

−0.14 GeVcm−2 [39].
In the case of the ultrafaint dSph Segue I, independent D-
factor estimates are log10Dð< 0.5°Þ¼ 17.99þ0.20−0.31 GeVcm−2
[36] and 18.17þ0.39

−0.39 GeV cm−2 [38].
b. Milky Way galaxy.—DM signals from the central

region of the Milky Way are expected to be stronger than
that from the dSphs. However, the determination of the
DM distribution in the central region of the MW is not
firmly predicted, neither from mass-modeling approaches
nor from cosmological hydrodynamical simulations.
Nevertheless, while the imperfect knowledge of the DM
distribution in the central region of the Milky Way leads
to significant uncertainty in the case of DM annihilation
signal searches, its impact is significantly reduced in the
case of PBH dark matter searches due to the dependence of
the expected signal on the D-factor. In what follows, we
make use of a recent Milky Way mass model referred to as
NFW extracted from Ref. [41].
For all estimates of the constraints on fpbh presented

below we used the values of D-factors summarized in
Table II based on dark matter profiles reported in Ref. [36]
(for dSphs) and Ref. [41] for the MW and/or MW
contribution to the dSphs observations with narrow-FOV
instruments.

III. XMM-NEWTON CONSTRAINTS FROM
DRACO DWARF SPHEROIDAL GALAXY

As described in the introduction of this paper we present
the constraints on the fraction of PBH dark matter fpbh
based on the analysis of current (XMM-Newton and
INTEGRAL/SPI) and future (eXTP, THESEUS, Athena)
missions.
XMM-Newton is currently operational, state-of-the-art

x-ray mission, operating at energies ∼0.2–12 keV and
equipped with MOS and PN cameras characterized by a
high total effective area peaking at ∼2000 cm2 at 1.5 keV, a
good energy resolution of ∼10% and relatively broad FOV
of ∼150 radius [42]. In terms of the proposal devoted to
deep studies of the decaying sterile neutrino in 2015 XMM-
Newton performed a deep dedicated observation of Draco
dwarf spheroidal galaxy. The obtained dataset was exten-
sively used in numerous works devoted to indirect sterile
neutrino searches (see, for instance, Refs. [43,43,44]).
In this paper, we present the re-analysis of these data

following the data-reduction scheme used in Ref. [43].

Namely, we analyzed the data with the extended source
analysis software (ESAS) included in XMM-SAS software
v.19.1.0 with the most recent calibration files. The time
intervals strongly affected by soft proton flares were
removed with the help mos-filter ESAS script with
the standard cuts. For additional minimization of the
astrophysical background, we masked out the pointlike
sources in the FOV with cheese ESAS procedure. The
selected cut-out radius (3600, similar to [43]) allows us to
remove up to 70% of the point source flux. The spectra and
response matrices for individual observations were pro-
duced by mos-spectra ESAS routine. The spectra of
individual observations for MOS and PN cameras were
stacked together with the help of addspec and binned
to 65 eV bins with grppha FTOOL. The total clean
exposures of MOS and PN spectra are 2.5 and 0.9 Msec,
respectively.
The resulting spectra consist dominantly of the astro-

physical (solar system plasma, hot interstellar plasma,
cosmic x-ray background) and the instrumental (smooth
continuum and line-like features) backgrounds. Following
Ref. [45] we modeled the astrophysical background with
apecþ TBabsðapecþ powerlawÞ XSpec model pre-
senting contributions from the described components. The
instrumental background was modeled as a (not convolved

TABLE I. The most prominent instrumental and astrophysical
lines used for the XMM-Newton background modeling. The lines
are adopted from Ref. [46] (Table A.2), Ref. [47] (Table II) and
4.512 keV line is from [48].

Energy Line Origin

0.56 O VII Astrophysical line
0.65 O VIII Astrophysical line
0.81 O VIII Astrophysical line
0.91 Ne IX Astrophysical line
1.34 Mg XI Astrophysical line
1.49 Al-Kα Instrumental line
1.56 Al-Kβ Instrumental line
1.74 Si-Kα Instrumental line
1.84 Si-Kβ Instrumental line
2.11 Au-Mα Instrumental line
2.20 Au-Mβ Instrumental line
4.51 Ti-Kα Instrumental line
5.41 Cr-Kα Instrumental line
5.89 Mn-Kα Instrumental line
5.95 Cr-Kβ Instrumental line
6.40 Fe-Kα Instrumental line
6.49 Mn-Kβ Instrumental line
7.06 Fe-Kβ Instrumental line
7.48 Ni-Kα Instrumental line
8.04 Cu-Kα Instrumental line
8.26 Ni-Kβ Instrumental line
8.63 Zn-Kα Instrumental line
8.90 Cu-Kβ Instrumental line
9.57 Zn-Kβ Instrumental line
9.68 Au-Lα Instrumental line
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with the effective area) power-law spectrum. We addition-
ally included into the instrumental background model
Gaussian lines, reported in Ref. [46] (Table A.2),
Ref. [47] (Table II), and 4.512 keV line to model Ti Kα
instrumental line [48], see Table I for the list of all lines
included into the model. The suggested signal from the
evaporating PBHs was added as an additive table model
component with a free normalization to the astrophysical
background model.
The described model provides a good fit to the data

(c-statistic is used during the fit1), as shown in Fig. 1. It
allows us to put constraints on the normalisation of the
searched signal from evaporating PBHs and consequently
to fpbh. The presented limits are computed with error
4.0 Xspec command and correspond to 2σ confidence

level (CL) upper limits. The limits on fpbh as a function of
PBH mass are shown in Fig. 2.

IV. CONSTRAINTS FROM INTEGRAL/SPI
OBSERVATIONS OF THE MILKY WAY

INTEGRAL/SPI is a coded-mask instrument on board of
INTEGRAL satellite [49,50] operating in ∼0.1–10 MeV
energy band. The instrument is characterized by a relatively
high effective area (≳100 cm2 at 100 keV) and excellent
energy resolution (ΔE=E ∼ 1=500) [51]. The satellite is
located on ∼3-day period, highly eccentric orbit which is
partially located in the Earth’s radiation belts. The regular
crossage of the belts leads to a strong irradiation of the
satellite by high-energy charged particles and consecutively
to a strong time-variable instrumental background.
Contrary to XMM-Newton, the absence of focusing

optics in INTEGRAL/SPI greatly reduces the imaging
capabilities of the instrument. For the robust analysis
presented below, we explicitly use INTEGRAL/SPI as a
collimator with a 17.5° radius (partially coded) FOV,
similar to the analysis performed in Ref. [52]. Contrary
to a template-based analysis of Ref. [17], our analysis
results in a somewhat increased background level (con-
nected to, e.g., contributions from the pointlike sources in
the FOV). On the opposite, our analysis allows us to firmly
estimate the level of systematic uncertainties connected to
the time-variable instrumental background.
We selected for the analysis all publicly avai-

lable2 pointing INTEGRAL/SPI observations performed
between November 4, 2002 and October 16, 2021 (ScWs:
000752000100–242300650010) taken in normal operating
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FIG. 1. Left panel: XMM-Newton spectrum (top) extracted from Draco dSph region and residuals with the best-fit background model
(bottom). Right panel: same with the normalization of signal from PBHs set to 2σ excluded value for a PBH mass ofMpbh ¼ 2 × 1016 g.
Red and black data points correspond to the stacked data of 2.5 Ms XMM-Newton /MOS1+2 and 0.9 Ms XMM-Newton /PN cameras,
respectively.

FIG. 2. 95% CL upper limits on the fraction of PBHs fpbh based
on stacked 2.5 Msec XMM-Newton /MOS(1þ 2) and 0.9 Msec
XMM-Newton /PN of Draco dSph observations.

1See description of statistics used in XSpec.

2INTEGRAL/SPI observations are available from ISDC
website.
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mode (spimode=41 data selection flag) with, at least,
100 s good_spi exposure.
Aiming at PBH DM searches in the MW characterized

by dark matter density profile decaying with the distance
from the GC, we split the available observations over “ON”
and “OFF” groups. We select ON observations to be
performed within 60° away from the GC, while for OFF
observations—those to be performed at > 90° offset from
the Galactic Center. Such a definition of ON and OFF
regions allows us to expect higher signals from evaporating
PBHs in ON region and use the OFF region to control the
time-variable instrumental background. To minimize the
effects of the time-dependent background variability we
additionally divided ON and OFF observations into sub-
groups close in time. Namely, we split all ON observations
over groups of a maximal duration of 20 days. Similarly, we
split all OFF observations over groups of≤ 20 days with an
additional requirement that any observation in OFF group
shall not be taken later than 20 days after the first
observation in the corresponding ON group.
Such additional subdivision and consequent sub-

selection allow us for accurate control of the time-variable
INTEGRAL/SPI instrumental background. As shown in
Ref. [53] for observations separated in time by not more
than 20 days, the level of instrumental background is in a
good correlation with a strength of a strong instrumental
germanium line at 198 keV. In this case the strength of
the line can be used for the renormalization of the
INTEGRAL/SPI instrumental background. Consequently,
the expected signal from the evaporating PBHs in our
analysis is given by

d2Φγ

dEγdt
¼ fpbh
4πMpbh

d2Nγ

dEγdt

X
i

ðDON;i −αiDOFF;iÞ

with αi ¼ fON;ið198 keVÞ=fOFF;ið198 keVÞ: ð4Þ

The index i corresponds to sub-groups of ON/OFF obser-
vations, fON;ið198 keVÞ and fOFF;ið198 keVÞ to the flux in
the 198 keV instrumental line in the ON and OFF regions
of the ith group, respectively. We note that all obtained αi
during the analysis deviate from 1 by 10% at most,
typically within a few percent. With the setup of the
analysis described above, we were able to identify 216
ON-OFF pairs with the total ON and OFF exposures of
126 and 94 Ms, respectively. The exposure-averaged
D-factors of the ON and OFF regions are 1.1 × 1022 and
0.2 × 1022 GeV=cm2, respectively, for the considered
NFW profile from the MW halo of Ref. [41].
In order to extract the spectra of individual groups of

observations we extracted the detected photons’ list from
the INTEGRAL/SPI event files (spi_oper*.fits.gz)
and initially binned the obtained list to narrow, ∼1=5 of
INTEGRAL/SPI energy resolution, energy bins. The
INTEGRAL/SPI energy resolution is given by [52]

ΔEðEÞ
1 keV

¼ 1.54þ 4.6× 10−3

ffiffiffiffiffiffiffiffiffiffiffiffi
E

1 keV

r
þ 6× 10−4

�
E

1 keV

�
:

ð5Þ

Such selection of bins allowed us to accurately estimate the
flux in the narrow instrumental 198 keV line, determine αi
and perform proper spectra rescaling of OFF groups of
observations.
The discussed procedure allowed us to make an accurate

subtraction of the spectra of ON and OFF regions. We
estimated the accuracy of subtraction by a spectral fractional
residual q ¼ absðPðONi − αiOFFiÞÞ=

P
ONi. This quan-

tity as a function of energy is shown in Fig. 3 for differently
rebinned ON and OFF spectra. The rapidly oscillating red
curve illustrates that close to the complex regions dominated
by a blend of strong instrumental lines the adapted back-
ground subtraction procedure operates worse than in the
continuum. Particularly strong variations could be seen close
to E ∼ 1434–1460 keV (52V52Cr þ 40K40Ar blend) and E ∼
4122–4434 keV (66Ga66Znþ 12C blend) [54]. Consideration
of broader energy bins results in the smoothing of oscil-
lations. The discussed fractional residuals allow us to
estimate the level of systematic uncertainty in our analysis
connected to the imperfect modeling (subtraction) of the
background assuming that there is no significant excess
between the ON and OFF regions. Following Fig. 3 we
conservatively estimated the systematic uncertainty to be
0.5% (of the ON region flux). In what follows we add this
systematic uncertainty to the statistical one.We note also that
the discussed systematic uncertainty can be either uncorre-
lated within nearby energy bins or, on the opposite, strongly
correlated over the whole considered energy range.

FIG. 3. The systematic uncertainty of the ON-OFF analysis of
INTEGRAL/SPI data presented in this work from 126 and 94 Ms
of MW observations by INTEGRAL/SPI for the ON and OFF
regions, respectively. The curves show the fractional residuals
(q ∝ ðNON − NOFFÞ=NON) for the data binned in narrow energy
bins (20ΔE width, red curve) and broad energy bins (200ΔE,
blue curve).
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In the case of uncorrelated systematic uncertainty, it can
be taken into account by adding in quadratures, similarly to
the statistical one. The relative error on the strength of the
signal present in several or many energy bins reduces with
the number of bins and can be infinitely small. The strongly
correlated systematic (which, e.g., shifts the whole ON-
OFF spectrum up or down in terms of flux) on contrary
should be added linearly. In this case, the relative uncer-
tainty of the strength of the broadband signal is limited by
the level of systematic uncertainty and cannot be smaller
than a certain value. Since the properties (correlated versus
uncorrelated) of INTEGRAL/SPI systematic uncertainties
are a priori unknown, in what follows we consider
both cases.
For the case of uncorrelated systematic, we added the

above-mentioned 0.5% of the total ON-region flux to the
uncertainties of the residual signal. The presented
95% CL limits on fpbh correspond to the signal normali-
zation excluded by the data at 95% CL. To mimic the
effects of the strongly correlated systematic uncertainty
we rebin the data into broad (∼200ΔE width) energy bins
before adding the systematics to the data. Such a choice
resulted in 5 energy bins within the INTEGRAL/SPI
energy range with characteristic widths of ∼0.3–1.5 MeV
and correspond to the correlated systematic uncertainty
operating at such energy scales. After the addition of
0.5% of the total ON-region flux to the data, similarly to
the case of uncorrelated systematics, we used a χ2 test to
exclude the signal of evaporating PBHs at 95% CL. The
exclusion regions for the case of correlated systematics
(blue dotted-dashed line) and uncorrelated systematics
(green solid line) are shown in Fig. 4 for the difference
of D-factors of 0.9 × 1022 GeV=cm2 between the ON and
OFF regions.

V. PROSPECTS FOR NEXT-GENERATION
MISSIONS

In addition to the constraints on fPBH delivered by
currently operating XMM-Newton and INTEGRAL/SPI
satellites we extend our study with the sensitivity prospects
for several next-generation missions which can see the first
light in the next one or two decades. Namely, we consider
three broadly discussed future missions such as Athena,
eXTP, and THESEUS. The instruments planned to be on
board these satellites can be contingently divided by XMM-
Newton -like (i.e., characterized by a relatively small FOV
and a large effective area) and INTEGRAL/SPI -like (i.e.,
characterized by a broad FOVand relatively small effective
area) classes. Brief information on the considered missions
and instruments onboard is summarized in Table II and
discussed below.
a. eXTP.—The enhanced x-ray timing and polari-

metry mission (eXTP [55–57]) is a forthcoming3

Chinese-European mission primarily designed for the study
of the equation of state of matter within neutron stars,
measurements of QED effects in highly magnetized stars,
and studies of accretion in the strong-field gravity regime.
The mission will host several state-of-the-art scienti-

fic instruments operating in the soft to hard x-ray
band (0.5–50 keV). The main instruments on board the
eXTP are
—The spectroscopic focusing array (SFA), consisting of

nine x-ray modules operating in the 0.5–10 keV band with
a field of view of 120 (full-width half-maximum, FWHM),
the total effective area of ∼0.8 m2 at 2 keV and an energy
resolution of better than 10%;

FIG. 4. Left panel: Constraints on the fraction of PBH DM, fpbh, from INTEGRAL-SPI observations of the inner Milky Way. The
constraints are expressed as 95% CL upper limits assuming that DM can be constituted of a monochromatic PBH distribution with mass
Mpbh. Right panel: Examples of spectra for evaporating PBHs for PBH masses of 1016 (red line), 2 × 1016 (green line) and 5 × 1016 g
(blue line), respectively, and fpbh corresponding to 2σ excluded value. Black points present INTEGRAL/SPI residual spectrum binned
in broad energy bins and added 0.5% systematic uncertainty corresponding to the correlated systematic case. See text for more details.

3As of 2022 the launch is planned in 2027.
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—The large area detector (LAD), nonimaging instru-
ment operating at 2–30 keV energies, with an FOV of 600

(FWHM), an effective area of ∼3.4 m2 and an energy
resolution better than 250 eV;
—The wide field monitor (WFM), a wide, steradian-

scale, FOV instrument operating in the 2–50 keV energy
band with an effective area of ∼80 cm2 and an energy
resolution similar to that of the LAD. The capabilities of
this instrument for indirect dark matter searches were
recently discussed in Ref. [58].
In addition to the instruments described above, eXTP

will host the polarimetry focusing array (PFA). This
instrument is characterized by an effective area and a field
of view similar to XMM-Newton. Thus, in what follows we
consider only SFA, LAD, and the WFM perspectives for
the searches for evaporating PBHs.
We base the analysis presented below on the simulated

instrumental backgrounds and associated response files/
functions given by XTP_sfa_v6.bkg,4 LAD_40mod_
300 eV.bkg and WFM_M4_full.bkg templates for
SFA, LAD and WFM respectively, which were provided
by the eXTP collaboration.5

b. THESEUS.—A European mission concept6 designed
in response to the ESA call for a medium-size mission (M5)
within the Cosmic Vision Program.7 The fundamental goals
of the THESEUS mission are the study and detection of
high energy transient phenomena, the study of the early

universe and the epoch of reionization, and “the hot and
energetic universe.” These goals are planned to be achieved
using the mission’s unique combination of instruments.
The THESEUS mission will host a total of three tele-

scope arrays, covering a section of the infrared regime as
well as the energy range of soft and hard x rays. The
proposed instrumental payload for THESEUS is
—The soft x-ray imager (SXI), an array of 4 lobster-eye

[59] telescope units with a quasisquare FOV covering the
energy range of 0.3–5 keV with an effective area of Aeff ≈
1.9 cm2 at 1 keVand an energy resolution ∼4%. These will
cover a total FOV of ∼1 sr with source location accuracy
< 1–2 arcmin (for a full review of the instrument,
see Ref. [60]).
—The InfraRed telescope (IRT), is a single large (0.7 m)

telescope that will be used for follow-up observations of
gamma-ray bursts. It will operate in the wavelength band
0.7–1.8 μm and have a 150 × 150 FOV (for further spec-
ifications on the IRT see [61]).
—The X-gamma ray imaging spectrometer (XGIS)

array, consists of coded-mask cameras (with the total
half-sensitive FOV comparable to that of the SXI) using
monolithic X-gamma ray detectors based on bars of silicon
diodes coupled with CsI crystal scintillator. XGIS will
operate in the energy range of 2 keV–20 MeV, which will
be achieved using the two different detectors, referenced
hereafter as XGIS-X and XGIS-S. The silicon drift detector
(SDD) will cover the energy range of 2–30 keV (XGIS-X)
whereas the CsI scintillator will cover the range of
20 keV–2 MeV (XGIS-S8). The effective areas and energy
resolutions of XGIS-S are Aeffð300 keVÞ ≈ 1100 cm2 and
energy resolution changing from ΔE=E ∼ 15% at below

TABLE II. Technical characteristics of present-day and future missions considered in this work. The table summarizes the operating
energy range of the instrument, peak effective area, the field of view, and the planned launch date (as of August 2022). The last columns
summarize the target, the type of (proposed) observation (background Model or “ON-OFF”), and the estimated D-factor. For the ON-
OFF-type observations the D-factor corresponds to the D-factor difference between the ON ad OFF regions. Adopted D-factor values
are based on [36,41].

Instrument
Energy range

(keV)
Peak Aeff

(cm2)
FOV
(sr)

Launch date
(year) Target Observation type

D-factor
(GeV=cm2)

XMM-Newton /PN 0.1–15 815 4.5 × 10−5 1999-** DracoþMW Model ð1.1þ 0.74Þ × 1018

INTEGRAL /SPI 20–8000 160 0.29 2002-** MW ON-OFF 0.9 × 1022

eXTP /SFA 0.5–10 8600 9.6 × 10−6 2027 Segue IþMW Model ð2.0þ 0.9Þ × 1017

eXTP /LAD 2–30 3.3 × 104 2.4 × 10−4 2027 Segue I ON-OFF 9.8 × 1017

eXTP /WFM 2–50 77 2.5 2027 MW ON-OFF 2 × 1022

THESEUS /SXI 0.3–5 1.9 1 2037 MW ON-OFF 1 × 1022

THESEUS /XGIS-X 2–30 504 1 2037 MW ON-OFF 1 × 1022

THESEUS /XGIS-S 20–2000 1060 1 2037 MW ON-OFF 1 × 1022

Athena /X-IFU 0.2–12 1.6 × 104 3.3 × 10−6 2035 Segue IþMW Model ð8.3þ 3.0Þ × 1016

Athena /WFI 0.2–15 7930 1.35 × 10−4 2035 Segue IþMW Model ð0.98þ 1.2Þ × 1018

4Note that the provided template corresponds to the back-
ground in ∼30 and has to be rescaled by a factor of 16 to match
120 FOV of SFA. The WFM background template was provided
for one module and had to be up scaled by a factor of 3.

5See eXTP website.
6Phase-II proposal in response to the ESA “M7” call is

submitted in 2022.
7See Cosmic Vision Program website.

8Note, that due to the transparency of the XGIS coded mask at
hard x rays at E≳ 150 keV XGIS-X operates as a collimator.
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100 keV to ΔE=E ∼ 2% at higher energies. The effec-
tive area and resolution of XGIS-X instrument are
Aeffð10 keVÞ ≈ 500 cm2 and ΔE=E ∼ 1.5%, see [62] for
the full technical proposal for the XGIS.
The described simulation and analysis of THESEUS

data below is based on templates of blank sky
observations provided by the THESEUS Collaboration9

(sxi_bkg.pha,10 XGIS-X_0 deg_v7.bkg and
XGIS-S_0 deg_v7.bkg) and corresponding response
files.
c. Athena11.—Planned to be the second large mission

(L2) launched in the framework of the Cosmic Vision
program of the European Space Agency. It will host
onboard x-ray telescopes with an effective area of the
order of one square meter. A set of detectors in the focal
plane will include a wide field imager (WFI) and an x-ray
integral field unit (X-IFU). WFI is characterized by a
relatively large FOV of 400 × 400, peak effective area
∼8000 cm2 and energy resolution of ∼3%. X-IFU will
have a narrower field of view of 70-diameter, but a
significantly higher effective area (up to 16000 cm2) and
spectral resolution up to E=ΔE ≈ 2800.
In what follows we used v.20210329, *extended_

wo_filter_FovAvg.pha and Total_1 arcmin2_
XIFU_CC_BASELINECONF_2018_10_10.pha simu-
lated backgrounds for the WFI and X-IFU instruments.12

Following the strategy proposed in [63–65] we propose
dSphs as primary targets for narrow (≲0.5°) FOV future

missions and the Milky Way galaxy—for the instruments
with the broader fields of view, see Table II. For all
missions we consider 1 Msec long observations of
Segue I dSph (eXTP /SFA, eXTP /LAD and all Athena
instruments) and the Milky Way(eXTP /WFM and all
THESEUS instruments). For the narrow-FOV instruments,
we propose the “background modeling” approach similar to
the one used for XMM-Newton data analysis in this work.
For the broad-FOV instruments, typically characterized by
a complicated instrumental background, we propose the
“ON-OFF” approach similar to the one used in this work
for INTEGRAL/SPI data analysis. Where applicable the
D-factors of the proposed observations (see Table II)
correspond to the blank sky MW “ON” region located at
relatively high galactic latitudes (ðl; bÞ ∼ ð0°; 50°Þ) and the
“OFF” region located further away from the GC at ðl; bÞ ∼
ð110°; 50°Þ assuming DM density profile in the MW
reported in [41]. For ON-OFF-type observations the
value reported in the table corresponds to the difference
DON −DOFF of D-factors in considered ON and OFF
regions. The D-factors for the background-modeling type
observations performed with the narrow-FOV instruments
correspond to the sum of the foreground MW and dSph’s
D-factors for the DM density profiles reported in [36,41].
The sensitivities of the future missions eXTP, THESEUS

and Athena computed at 95% CL are shown in Figs. 5
and 6, respectively, in comparison to XMM-Newton and
INTEGRAL/SPI limits on fpbh derived in this work. For the
broad-FOV, INTEGRAL/SPI -like future missions (eXTP /
WFM and THESEUS /XGIS) we additionally show the
limits in a presence of the 1% (uncorrelated) systematics
typically discussed for these missions. The limits marked
“THESEUS /XGIS” correspond to the limits derived from
joint observations of XGIS-S and XGIS-X instruments.

FIG. 5. Constraints on the fraction of PBH DM fDM as a function of the PBH mass Mpbh from the future satellite missions eXTP and
THESEUS (right panel; please note different x-axis range) in comparison with present constraints obtained towards Draco dSph
observations by XMM-Newton and the MW galaxy with INTEGRAL/SPI. Left panel: For eXTP, the sensitivity is computed at 95% CL
for the WFM with (red dashed line) and without (red solid line) systematic uncertainty, and the LAD (blue dotted line) for 1 Msec
observations of Segue I dSph. Right panel: For THESEUS, the sensitivity is computed at 95% CL for the XGIS with (green dashed line)
and without (green solid line) systematic uncertainty, and the SXI (green dotted line) for 1 Msec observations of the MW galaxy.

9V7 templates dated May-July 2020; see THESEUS web page.
10Scaled by 17508, to account for template’s FOV

(675 arcmin2).
11https://www.the-athena-x-ray-observatory.eu/.
12Publicly available via: X-IFU and WFI.
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VI. DISCUSSION

In this work, we studied the sensitivity of the current
(XMM-Newton, INTEGRAL/SPI) and future (Athena,
eXTP, THESEUS) x-ray missions for the search for the
signal from nonrotating, monochromatic mass function
evaporating primordial black holes. Depending on the field
of view of the instruments we selected different preferred
targets for the observations—a DM-dominated dSph for
narrow-FOV instruments (XMM-Newton, eXTP /SFA,
LAD, Athena) and the Milky Way galaxy itself for
broad-FOV instruments (eXTP /WFM, THESEUS), see
Table II. Accordingly, we discuss different observational
strategies applicable to these instruments: for the narrow-
FOV instruments—the search for the PBH’s signal on top
of modeled astrophysical/instrumental background; for the
broad-FOV missions typically characterized by complex
for modeling and/or time-variable instrumental/astrophysi-
cal background—ON-OFF strategy which relies on sub-
traction of the astrophysical and instrumental background
derived from OFF-region observations. We argue that for
the ON-OFF approaches the systematic uncertainty of the
background measurement plays a crucial role in deriving
constraints on fpbh.
In Fig. 7 we compare the limits on fpbh derived in this

paper from INTEGRAL/SPI observations of the MW
galaxy to recent constraints presented in the literature
[15,17,22,66]. These constraints are based on MW
INTEGRAL/SPI observations accompanied by template-
based modeling of the instrumental and astrophysical
backgrounds [15,17]; constraints from the 511 keV line
from the GC vicinity [22]; constraints from the cosmic-ray
diffuse background [66]. The INTEGRAL/SPI constraints
based on the ON-OFF approach presented in this work are

by a factor of ∼50 worse, but allow estimating the crucial
role and impact of systematic uncertainties in the
background modeling/subtraction not discussed for
INTEGRAL/SPI in the previous works. In Fig. 7 the solid
black line corresponds to the INTEGRAL/SPI constraints
for 0.5% of the ON region flux added to the statistical
uncertainties of the data (correlated 0.5% systematic case).
For the illustration with the dotted-dashed curve, we show
the same constraints for the hypothetical level of systematic
uncertainty of 0.01%. In this case, the derived constraints
are compatible with the constraints derived in recent works.
We emphasize that the accurate assessment of the system-
atic uncertainty is crucial for all broad-FOV missions with
a time variable, complex instrumental background, and
INTEGRAL/SPI in particular as an instrument with limited
imaging capabilities.
The additional sources of uncertainties include unknown

a priori mass function and the average angular momentum
of PBHs. Cosmological and astrophysical constraints on
the fraction of PBH dark matter assuming an extended mass
function and Kerr rotating black holes have been studied,
see, for instance, Refs. [12,67–69]. The detailed calcula-
tions for nonmonochromatic mass function and rotating
PBHs are beyond the scope of this work. Following
e.g., [69] we argue, however, that depending on the
mass-function/momentum of the PBHs the derived con-
straints can change by an additional factor of ∼2.
The accurate treatment of systematics is additionally

important since among future missions the most prominent

FIG. 6. Constraints on the fraction of PBH DM fDM from
Athena, expressed s 95% CL sensitivity, for 1 Msec of obser-
vations towards Segue I dSph with X-IFU (solid blue line) and
WFI (dashed blue line) instruments in comparison with present
constraints obtained towards Draco dSph observations by XMM-
Newton and the MW galaxy with INTEGRAL/SPI.

FIG. 7. The constraints on fpbh derived from INTEGRAL/SPI
ON-OFF observations of the MW Galaxy with 0.5% background
systematic uncertainty (solid black curve) compared to the
template-based constraints from INTEGRAL/SPI data [15,17],
constraints from 511 keV line from the GC vicinity [22],
constraints from the cosmic rays diffuse background [66]. A
black dotted-dashed line illustrates the hypothetical reach of
INTEGRAL/SPI sensitivity of the ON-OFF analysis similar to
that presented in this work for the 10−4 systematic uncertainty.
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perspective for the search for a signal from primordial
evaporating black holes are broad-FOV instruments. Within
the next decades, we can expect that the THESEUS /XGIS
and eXTP /WFM will be able to substantially improve the
existing limits on fpbh, see Figs. 5 and 6. Similar con-
clusions (although with different statistical methods) were
derived earlier for THESEUS /XGIS in [70,71] and for
near-MeV missions AMEGO and GECCO in [69,72]. At
the same time, narrow FOV, excellent energy resolution,
and effective area instruments (Athena, eXTP /LAD, SFA)
are ideal for the search for linelike signals from decaying
dark matter [63–65] are unlikely to provide competitive

limits in case the systematics for the broad-FOV instru-
ments will be controlled at ≲1% level.
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