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In this proceeding we consider primordial black holes (PBHs) as a dark matter candidate. We
discuss the existing limits on the fraction 𝑓pbh of the dark matter constituting of PBHs as a function
of PBHs mass. The discussed limits cover almost all possible mass range with the currently only
open window in 3 · 1016 − 1018 g in which the PBHs can make up to 100% of the dark matter
content of the universe. We present the estimates of the capabilities of the near-future instruments
(Einstein probe/WXT, SVOM/MXT) and discuss the potential of next-generation missions(Athena,
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the derived results.
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1. Introduction

Despite a vast body of evidences suggesting that the large fraction of the matter of the universe
consists of dark matter (DM) not much is known about this specie except of its total density
(Ω𝐷𝑀ℎ2 = 0.1200 ± 0.0012, [1]). For the first time the DM was invoked in early 1920s as an
additional (to visible matter) component needed to explain the distribution of the stars velocities in
our Galaxy [2]. Ten years later DM was suggested to explain the unexpectedly high local density [3]
and large velocities of the galaxies in the Coma cluster [4]. Since then, the number of evidences for
the existence of DM has steadily increased, however its nature and most of its properties are still
unknown even after a century of initial ideas, since only gravitational interaction of the DM with
“normal” baryonic matter has been observed up to date.

It is often assumed that DM is composed of particles that are either included in the Standard
Model (SM) of elementary particles or yet unknown, but predicted by extensions/modifications
of the SM. Astrophysical/cosmological observations already for a long time ruled out the first
possibility. The baryonic nature of DM would imply a very high number of baryons in our
Universe, contradicting cosmological nucleosythesis scenario, which otherwise correctly describes
the observed abundances of the elements. Other non-baryonic DM candidates, e.g. neutrinos, are
excluded by the large-scale structure and dwarf spheroidal galaxies observations (see e.g. [5] and [6]
for a review). The decades of the dedicated searches of the DM composing of many possible SM
extensions also did not lead to any firm detection, see e.g. [7] and references therein for a review.

In this proceeding we consider an alternative to the particles dark matter candidate – primordial
black holes (PBHs). Formed in the early universe these objects can satisfy all “good DM candidate”
requirements: (i): to be produced in the early Universe (to be able to explain cosmic microwave
background observations); (ii): to survive cosmological times (to explain present-day DM); (iii): be
cold, at most warm (to explain the structure formation); (iv): be massive enough to gravitationally
interact with the baryonic matter. The interest to PBHs has been also significantly increased in the
last years in light of a detection of the gravitational waves with from the merging black holes with
LIGO/VIRGO experiment [8].

In what below we discuss the existing constraints on the fraction 𝑓pbh of the dark matter that
could be made of PBHs derived with the currently operating instruments. We show that in a
relatively narrow PBHs mass range 3 · 1016 − 1018 g these peculiar objects could make up to 100%
of the observed DM, not violating any DM-relevant constraints. We discuss the capabilities of the
future X-ray missions (THESEUS, eXTP, Athena) to probe this mass range. For the first time we
discuss also the limits that could be achieved with the near-future missions such as Einstein probe
and SVOM that are expected to see the first light at the end 2023 – beginning 2024. We discuss
the most suitable targets for observations with these missions and the impact of the systematic
uncertainties connected to the mis-modeling of the instrumental/astrophysical background on the
derived limits.

2. Existing PBH constraints

In the simplest case the non-rotating primordial black holes constituting the dark matter could
be characterised by only two parameters – the mass of the PBH 𝑀pbh and the fraction of the dark

2



P
o
S
(
M
U
L
T
I
F
2
0
2
3
)
0
1
8

Current and future PBH limits Denys Malyshev

10 18 10 15 10 12 10 9 10 6 10 3 100 103

MPBH [M ]

10 4

10 3

10 2

10 1

100

f P
BH

=
PB

H/
DM

R
adio

C
M

B

OGLE

EG
R

B

NS

WD

HSC
EROS

LIG
O

LIG
O

-subsolar

NANOGrav

51
1k

eV

ED
G

ES

C
M

B
ev

ap
Vo

ya
ge

rIN
TE

G
R

AL

Microlensing

xg
is

1015 1018 1021 1024 1027 1030 1033 1036
MPBH [g]

Figure 1: The existing constraints on the fraction of the dark matter 𝑓pbh consisting of the primordial black
holes as a function of PBH mass 𝑀pbh. Please note that the green dotted-line limited region shows the
expected limits that could be derived with the future next-generation mission THESEUS. The Figure is
generated with the help of PBHbounds code [13].

matter made of these black holes 𝑓pbh. In absence of a-priori knowledge of the exact 𝑀pbh value all
existing constraints are shown for 𝑀pbh − 𝑓pbh parameter space, see e.g. Fig. 1 where the shaded
areas correspond to the excluded 𝑓pbh values.

We would like to note also, that generally speaking PBHs could be characterised by a non-
trivial mass and momenta distribution, see e.g. [9–11]. For the sake of simplicity we consider below
only the case of monochromatic mass-function and non-rotating PBHs, noting that the not-trivial
mass/momenta functions could relax the constraints on these objects by a factor of few [12].

In what below we summarize and briefly discuss the constraints on PBHs derived by date by
currently operating missions/experiments. These constraints can be broadly sub-divided over the
several classes applicable for the following characteristic PBH mass range:

• PBHs evaporation signatures-based constraints, (𝑀pbh ≲ 3 · 1016 g)

• NS/WD-detonation based constraints (𝑀pbh ∼ 1019 − 1023 g)

• Microlensing-events based constraints (𝑀pbh ≳ 1022 g)

• Gravitational-waves based constraints (𝑀pbh ∼ 1030 − 1035 g)
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• Early-universe constraints (𝑀pbh ≳ 1035 g)

The current limits on 𝑓pbh as a function of 𝑀pbh for the broad range of masses are shown schematically
in Fig. 1. In what below we briefly describe each of these constraints.

PBHs evaporation signatures-based constraints. If exist in the present-day Universe PBHs are
expected to evaporate producing Hawking radiation [14]. The evaporation PBH time

𝜏evap ∼ 1067
(
𝑀pbh

𝑀⊙

)3
yr (1)

for the PBHs with masses ≲ 1014 g is comparable or shorter than the lifetime of the Universe [see
e.g. 15]. This does not allow one to suggest the very light PBH contributing significantly to the
present day dark matter. The PBHs with slightly higher masses of 𝑀pbh ≲ 1015 g are expected
to evaporate in the present-day Universe producing the burst of the high-energy emission. The
non-detection of such bursts in the TeV band puts strong limits on the 𝑓pbh for the light primordial
black holes [16].

The PBHs with higher masses could survive the present-day Universe, but still producing
steady in time Hawking radiation with the characteristic temperature

𝑇H = 1/(4𝜋/𝐺𝑁𝑀pbh) ≃ 1.06 × (1016g/Mpbh) MeV (2)

is in the keV-MeV range (see e.g. Fig. 2) for the PBHs with masses ≳ 1016 g. The non-detection of
this radiation from certain DM-dominated objects with the current X-ray/𝛾-ray instruments could
be used to put constraints on 𝑓pbh. The expected strength of the signal is proportional to the 𝑓pbh

and the total amount of dark matter on the line of sight to this object. Please note also, that the
strength of the signal drops as ∼ 𝑀3

pbh (see e.g. Fig. 2) which challenges the direct application of
this method to the high-masses PBHs despite the fact that the maximum of the signal could remain
in the keV band accessible for modern space missions.

The non-detection of a Hawking radiation from the dark matter dominated regions of the MW
and Draco dSph with INTEGRAL/SPI and XMM-Newton allowed [17] to constrain 𝑓pbh < 0.1 for
𝑀pbh < 3 · 1016 g. The best expected limits from the next-decade missions (THESEUS limits) are
shown in Fig. 1 with the green dotted-line limited region [17], see also Fig. 3 and Fig. 4 for the
limits expected from other future missions.

Similarly, PBHs during their evaporation could produce the electron-positron pairs. The
produced in such a way positrons could annihilate with the ambient-medium electrons which leads
to the production of the 511 keV 𝛾-ray line. [18] used INTEGRAL/SPI observations of such a line
from the GC vicinity and derived the limits on the 𝑓pbh requiring that the observed flux in 511 keV
line does not exceed the modelled one.

The observations of the featureless, powerlaw extragalactic isotropic gamma-ray background
(EGRB) in the keV-MeV band could also be used to constrain the fraction of DM made of PBHs [19,
20]. Sufficiently high 𝑓pbh values for the PBHs constituting the majority of the DM in the MW would
result in observable distortions of the powerlaw spectral shape of the EGRB, as the line of sight for all
EGRB measurements intersects the MW. Another constraints in 𝑀pbh ≲ 𝑓 𝑒𝑤×1016 g originate from
the non-observation of CMB anisotropies damping and recombination history changes expected
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due to an additional heating from the Hawking radiation of the evaporating low-mass PBHs in the
early Universe [21].

Another low-PBH mass limit originates from the non-observation of the increase of the sub-
GeV 𝑒± flux by Voyager 1 [22]. As discussed above PBHs with the masses 𝑀pbh ≲ 1016 g during
their evaporation are expected to inject to the medium MeV energy-scale electrons/positrons. Such
low-energy particles are effectively deflected inside of the Solar System by the solar magnetic field,
which complicates their studies by the local to the Earth missions. However, 𝑒± fluxes beyond the
shielded by the magnetic field region can be measured by Voyager 1 which has passed the heliopause
in 2012. The non-observation of the 𝑒± flux increase allowed [22] to put limits on the local to the
Solar System amount of the primordial black holes.

NS/WD-detonation based constraints. The constraints for higher-mass PBHs (𝑀pbh ∼ 1019 −
1023 g) are based on the possible thermonuclear detonations or destroyment of the neutron
stars(NS)/white dwarves(WD) as these objects are occasionally crossed by a PBH [23, 24]. Recently
the same approach was considered in case of the detonation of the Sun-like stars in dwarf spheroidal
galaxies [25]. We would like to note, however, that these constraints are strongly model dependent
and are actively debating in the literature, see e.g. [26–28].

Microlensing events based constraints. The fraction of PBHs with masses higher than ∼ 1022 g
is significantly constrained by non-observation of the large number of microlensing events. The
PBH (or any gravitating body) passing between the observer and a bright distant object (e.g. a
star) would cause the rapid increase of the brightness of this object due to microlensing effect, see
e.g. [29] for a review. The amplitude of the flux magnification and the characteristic time scale
of the microlensing event increase with the mass of the PBH. For the typical kpc-scale distances
between the distant stars and PBHs, the characteristic duration of the magnification event is of order
of 20 days for 𝑀pbh ∼ 1033 g and scales as 𝑀1/2

pbh with the PBH mass. Typical targets for the search of
microlensing events are nearby galaxies (e.g. M 31 or LMC) which allow the observation of a large
number of distance stars simultaneously and perform corresponding searches of microlensing events
in parallel. We would like to note, that the PBH mass range to which such surveys are sensitive is
limited from below by short variability timescales which can be confused with the own variability of
the stars. The sensitivity to highest mass PBHs is limited by a long variability timescale, exceeding
the duration of observational projects. In addition the total number of expected microlensing events
rapidly decreases with the increase of the 𝑀pbh as lower number of more massive PBHs is required
to explain the constant amount of the DM in the distant object, see e.g. [30].

The tightest constraints from the non-observations of the microlensing events originate from
the Subaru/HSC optical survey of the M 31 [31]; EROS observations of the Magellanic Clouds [32];
5-years long observations of the Galactic Bulge region with OGLE [33], see Fig. 1.

Gravitational-waves based constraints The PBHs with masses from a fraction to hundreds of
solar masses can be constrained by the non-detection of the gravitational waves signal from these
objects. In case of the relatively light PBHs with the masses of 1030 − 1033 g such signal could be
produced during their formation and detected with the Pulsar Array/NANOGRAV [34]. A fraction
of PBHs with the subsolar masses of 1032 − 1033 g are expected to be in a binary systems; the
non-detection of such objects with LIGO allowed [35] to put constraints on such objects. The
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Instrument Energy range Peak 𝐴eff FoV Launch date Target Obs. Type 𝐷-factor
[keV] [cm2] [sr] [year] [GeV/cm2]

XMM-Newton/PN 0.1-15 815 4.5 · 10−5 1999-** Draco+MW Model (1.1 + 0.74) · 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 I + MW Model (2.0 + 0.9) · 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 I+MW Model (8.3 + 3.0) · 1016

Athena/WFI 0.2-15 7930 1.35 · 10−4 2035 Segue I+MW Model (0.98 + 1.2) · 1018

Einstein probe/WXT 0.5-4 3 1.1 2023 MW ON-OFF 1 · 1022

SVOM/MXT 0.2-10 37 3.5 · 10−4 2023-24 Segue I ON-OFF 0.98 · 1018

Table 1: The characteristics of the currently operating 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 [40] and [41]. The parameters of XMM-Newton, INTEGRAL, eXTP, THESEUS and Athena
missions are adopted from [17].

objects with masses in the range of 1033 − 1036 g, i.e. 1− 100𝑀⊙, were detected by LIGO in binary
systems; however the significantly larger amount of such objects was argued to be detected in case
if PBHs constitute the significant fraction of the DM [36] which puts tight constraints on PBHs of
such masses.

Early-Universe constraints The fraction of the dark matter constituting of the most massive
PBHs with masses 𝑀pbh ≳ 1035 g is limited by their impact on the early-universe observables. The
tight limits are based on the non-detection of the spectral [37] and spatial [38] distortions of the
CMB resulted by an accretion on the primordial black holes. Yet another limits originate from the
observations of a relatively cold hydrogen at 𝑧 ∼ 17 with EDGES [39]; the presence of the PBHs
would result in the accretion of the hydrogen with its consecutive heating.

2.1 Constraints with future instruments

The constraints discussed above relatively well cover the whole PBH mass range from ≲ 1015 g
to≳ 1036 g. Currently the only mass range for which the fraction of the dark matter constituting of the
PBHs is almost not constrained1 is limited to ≳ 3×1016−1018 g. At least partially this window could
be closed with the observations of the (steady) Hawking radiation from the currently evaporating
PBHs. As discussed above for the PBHs of such masses the Hawking radiation is expected to be
characterised by a keV-MeV temperature potentially detected by a present or next-generation X-ray
missions. E.g. [17] shown that the non-detection of the Hawking radiation with INTEGRAL/SPI
observations of the inner Galaxy regions as well as the observations of the dwarf spheroidal galaxies
with XMM-Newton allow to constrain the 𝑓𝑝𝑏ℎ to be smaller then several per cent for the masses

1Note, that the strong GRB femtolensing constraints present at the lower edge of this band were recently debated and
significantly relaxed [42]
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Figure 2: The expected signal (𝐸2𝑑2𝑁𝛾/(𝑑𝐸𝛾𝑑𝑡), see Eq. 3) from the evaporating PBH for the several
𝑀pbh masses. Note, that the signals from the PBHs with 𝑀pbh = 4 · 1016 g and 𝑀pbh = 1017 g are rescaled
(multiplied) by factors 64 and 1000 correspondingly.

𝑀pbh ≲ 2 · 1016 g. The authors argued that this limit can be substantially improved by several next-
generation missions, see Fig. 4 and Tab. 1 for the main characteristics of the considered missions.
Many of these missions are characterised by a large field of view (FoV) and/or relatively high
effective area in comparison to the currently operating ones. The observations of the MW regions
with the low contributions of the convenient astrophysics sources with the large-FoV missions, in
particular with THESEUS/XGIS could allow us to improve the existing limits by up to two orders
of magnitude (depending on the level of control of systematic uncertainties), see Fig. 4. The main
limiting factor for the derived with these missions limits was found the systematic uncertainty [17].
The poor modelling of the strong time-variable instrumental or a complex astrophysical background
could result in under-estimation of the corresponding uncertainties and lead to artificially strong
constraints. The narrow-FoV, large effective area present day (XMM-Newton) and future missions
(Athena and eXTP) may not be very efficient for limiting the evaporating PBHs [17], see Fig. 3.

2.1.1 Future constraints with Einstein probe and SVOM

Here we consider another two missions, expected to be launched in the near future (end 2023 –
beginning 2024) – Einstein probe and SVOM and discuss their perspectives for the putting constrains

7
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Figure 3: The expected limits on the fraction of DM consisting of evaporating PBHs based on Athena and
eXTP proposed observations of the Segue I dSph and MW dark matter dominated regions correspondingly.
The XMM-Newton limits are based on the non-detection of the signal from evaporating PBHs in ∼ 1 Msec
long observations of Draco dSph. The black line corresponds to the limits derived with INTEGRAL/SPI
observations of the close to the GC regions. The Figure is adopted from [17].

on the fraction of DM that could constitute of PBHs – 𝑓𝑝𝑏ℎ.

EP (Einstein probe) is a soft X-ray Chinese-European mission [43] expected to be launched at the
end of 2023. It is designed as a full-sky monitor and will host Wide-Field (WXT) and Follow-up
(FXT) X-ray Telescopes. The WXT is characterised by a large FoV of ∼ 3600 deg2, an effective
area of ∼ 3 cm2 and designed as a primary all-sky scanning instrument (∼ 5′ angular resolution)
operating in 0.5−4 keV band. The FXT is an XMM-Newton-class telescope operating in 0.3–10 keV
band, FoV of ∼ 1 deg2 and effective are of ∼ 600 cm2. The FXT angular resolution is expected to
be ∼ 4′′ [43]. As the FXT instrument characteristics are close to those of XMM-Newton and the
XMM-Newton capabilities for the PBH searches were discussed in [17], in what follows we focus
on the WXT instrument of this mission.

SVOM (Space-based multi-band astronomical Variable Objects Monitor) is a Chinese-French
mission designed mainly for the detection, localization and follow-up observations of the Gamma-
Ray Bursts and other high-energy transients [44]. As of August 2023 the mission is planned to
be launched at the end of 2023–beginning 2024. SVOM will host onboard Gamma-Ray Monitor
(GRM), hard X-ray instrument ECLAIR, a microchannel X-ray telescope (MXT) and a visual-band
telescope (VT).

The GRM instrument is expected to operate in 15 keV – 5 MeV energy range and will consist
of 3 modules looking at different direction on the sky and characterised by the effective areas of
∼ 200 cm2 and field of view ≲ 1 sr each. The primary science goal of this instrument is the
detection of gamma-ray bursts (detection of 90 GRBs per year is expected [44]).

The ECLAIR instrument is operating in 4-150 keV energy range, effective area of ∼ 1000 cm2

and field of view of ∼ 2 sr. The instrument is designed as a coded-mask hard X-ray imager and a
trigger for the SVOM mission.

The microchannel X-ray telescope (MXT) is a focusing soft-X-ray instrument. It is expected
to operate in 0.2-10 keV energy range, have a FoV of 64′ × 64′ and effective area of ∼ 37 cm2. The
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observations of the GRBs aftrglows with this instrument are expected to significantly improve the
localisation accuracy of these events with ECLAIR.

In what below we discuss the capabilities of Einstein probe/WXT and SVOM/MXT instruments
in a context of their capabilities of putting limits on the evaporating PBHs in a way similar to the one
discussed for the next-generation missions in [17]. The basic characteristics of these instruments
are summarized and compared to the rest of the missions discussed in [17] in Tab. 1. Following the
approach proposed in [17] we propose to derive the constraints basing on searches of the Hawking
radiation from the evaporating PBHs constituting dark matter in certain DM-dominated regions.

The expected PBH-evaporation signal (Hawking radiation) from a dark matter dominated object
is characterised by a non-trivial spectrum2 [14]:

𝑑2Φ𝛾

𝑑𝐸𝛾

(ΔΩ) = 1
4𝜋

∫
ΔΩ

𝑑Ω

∫
LOS

𝑑𝑠
𝑓pbh 𝜌DM(𝑟 (𝑠, 𝑑, 𝜃))

𝑀pbh

𝑑2𝑁𝛾

𝑑𝐸𝛾𝑑𝑡
≡

𝑓pbh

4𝜋𝑀pbh
𝐷 (ΔΩ)

𝑑2𝑁𝛾

𝑑𝐸𝛾𝑑𝑡
(3)

𝐷 (ΔΩ) ≡
∫
ΔΩ

∫
LOS

𝜌DM(𝑟 (𝑠, 𝑑, 𝜃)) 𝑑𝑠 𝑑Ω

𝑑2𝑁𝛾

𝑑𝐸𝛾𝑑𝑡
=

1
2𝜋

Γ𝛾 (𝐸𝛾 , 𝑀BH, 𝑚)
𝑒𝐸𝛾/𝑇BH − 1

𝑇H = 1/(4𝜋/𝐺𝑁𝑀BH) ≃ 1.06 × (1016g/MBH) MeV

Here Γ𝛾 is a grey-body factor and ΔΩ is the angular size of the object (or the instrument’s
FoV, if smaller). The total strength of the signal is determined by the 𝐷 (ΔΩ)-factor corresponding
to the total mass of the dark matter on the line of sight (LOS) to the object (identical to the 𝐷-
factor considered in the decaying dark matter searches). The spectral shape of the signal is given
by 𝑑2𝑁𝛾/(𝑑𝐸𝛾𝑑𝑡)-term corresponding to the spectrum peaking at energy 𝐸𝛾 ≃ 5.7𝑇H [45] and
decreases as a power law for 𝐸𝛾 ≪ 𝑇H, see Fig. 2. For the results presented below we derived the
spectral part of the spectrum with the help of publicly available BlackHawk [46, 47] software for
the photons energies between 1 keV and 1 MeV.

We note, that in case of the observations of a distant object the term 𝐷 (ΔΩ) is a growing
function of ΔΩ that reaches a constant value when the observational region size ΔΩ is equal or
larger than the characteristic size of a DM halo in the object. Contrary, the contribution from
the astrophysical background still increases ∝ ΔΩ assuming the isotropic background distribution.
Thus, the signal-to-noise ratio of the considered signal becomes worse as the size of the observed
region exceeds the size of the DM halo of the object. The most efficient observations with a given
instrument correspond to the case when the size of the DM halo in the selected object roughly
correspond to the instrument’s FoV.

Thus, for the discussed above future instruments, we propose the following targets. In case of
the large-FoV Einstein probe/MXT instrument we propose to observe a MW astrophysical source-
free region relatively close to the GC and for 1◦-scale FoV SVOM/MXT instrument we propose to
focus the observations on the nearby dwarf spheroidal galaxy, e.g. Segue I (which DM-halo angular

2 Please note, that the signal is steady in time for 𝑀pbh ≳ 1015 g. The lower masses PBHs are expected to evaporate
in the present-day Universe producing a burst of high-energy emission, see e.g. [15, 16]
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Figure 4: Left panel: the spectra (∝ 𝐸2𝑑𝑁/𝑑𝐸/𝑑Ω) of the instrumental+astrophysical backgrounds of the
proposed for the observations regions expected to be detected by Einstein probe/WXT (blue) and SVOM/MXT
(cyan) instruments. Right panel: the constraints on evaporating PBHs which could be obtained in case of non-
detecting of the Hawking radiation in the keV band with Einstein probe/WXT and SVOM/MXT instruments.

size is known to be ∼ 1◦ [40]). Due to the relatively complicate instrumental background of both
instruments we propose also to perform the observations in “ON-OFF” regime, not relying on the
background modelling. Namely, we propose that the observation of a dark matter dominated “ON”
region (a region relatively close to the GC for Einstein probe/WXT and a Segue I for SVOM/MXT)
should be accompanied by the close in time observations of an “OFF” region with the lower DM
density (a region located far from the GC for Einstein probe/WXT and off-Segue I observations for
SVOM/MXT). We require the observations to be performed relatively close in time to minimize the
potential impact of the systemactics connected to the time variations of the instrumental background
on the derived results. The corresponding 𝐷-factors for the proposed observations are indicated in
Tab. 1.

To compare the capabilities of the Einstein probe/WXT and SVOM/MXT missions to those dis-
cussed in [17] we simulated 1 Msec long ON- and OFF-regions observations with these instruments.
Both observations included contributions from the astrophysical and instrumental backgrounds for
the corresponding instruments3. The spectra of the simulated OFF-regions were assigned then as
backgrounds for the corresponding ON-regions spectra and modelled in XSpec (v.12.13.0c) soft-
ware. The limits on 𝑓pbh were derived for a set signals corresponding to a set of 𝑀pbh masses,
assuming cash-statistics [48] of the residuals (cstat in terms of XSpec). The derived limits corre-
spond to 95% confidence range statistical limits on 𝑓pbh (corresponding to worsening the fit-statistics
by 4.0 ). We note that the described simulation and fitting procedure is similar to the one discussed
in [17] and allows us the direct comparison of the obtained limits. The ON-regions spectra (the sum
of instrumental and astrophysical backgrounds) and the derived limits for Einstein probe/WXT and
SVOM/MXT instruments are shown in Fig. 4. The right panel illustrates as well the limits based on
the INTEGRAL/SPI observations of the regions close to the Galactic Center and expected limits
for THESEUS mission reported in [17].

3based on epwxt_bkg.pha background and epwxt.rmf/epwxt_focus.arf responses for Einstein probe/WXT and
MXT_BG_20150309_SandD_AlOnly_1150mm.pi background and rmf_01_SandD.fits/MXT_FM_FULL.arf responses
for SVOM/MXT (Dr. D. Gotz and Dr. Y. Liu private communications)
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The right panel of Fig. 4 illustrates that Einstein probe/WXT and SVOM/MXT instruments with
1 Msec long observations of the proposed regions would be able to provide constraints on evaporating
PBHs comparable to those currently derived by the INTEGRAL/SPI. The best constraints in
the discussed PBHs mass range are still expected to be provided by THESEUS/XGIS mission
characterised by significantly higher effective area and broader FoV (in comparison to the discussed
here instruments) [17]. We note as well that in case of presence of the noticeable systematic
uncertainties (connected e.g. to the poor modelling of the time-variable instrumental or a complex
astrophysical backgrounds), the constraints from Einstein probe/WXT and SVOM/MXT instruments
could worsen and become weaker than the current constraints derived with INTEGRAL/SPI.

3. Discussion

In this proceeding, we discussed the existing limits on the evaporating primordial black holes
assuming that they constitute the major fraction of the dark matter. The existing limits based on
the evaporation signatures, NS/WD detonation, microlensing events, gravitational-waves and early-
universe based constraints effectively cover almost all range of PBH masses see Fig. 1. The only
open window in the mass range in which PBHs still can significantly contribute to the dark matter
is 3 · 1016 − 1018 g.

We show that the PBHs with masses in this range are expected to evaporate via Hawking
radiation producing a signal peaked in keV-MeV band. The intensity of the signal scales with the
dark matter amount in the considered object and rapidly decreases with the increase of 𝑀pbh, see
Fig. 2. The limits based on the non-detection of the Hawking radiation signal in keV-MeV band
from the GC vicinity and Draco dSph galaxy with INTEGRAL/SPI and XMM-Newton allowed [17]
to start to probe the PBH mass range ≲ 3 · 1016 g excluding PBHs with such masses as contributors
of more than 10% of the dark matter, see e.g. Fig. 3.

The next-generation keV-MeV missions that are expected to see the first light within the next
decade are expected to be characterised by significantly increased effective area and/or broader FoV.
The searches for the signal from the evaporating PBHs with these missions could be potentially
interesting for the probing the currently open window in PBHs mass range.

Following [17] we discuss the capabilities of Athena, eXTP and THESEUS missions for
such searches, see Tab. 1 for the basic characteristics of these missions. In addition we study the
constraining potential of Einstein probe/WXT and SVOM/MXT instruments expected to be launched
in 2023-2024. We discussed that the most effective observational strategy for the broad FoV missions
(e.g. eXTP, THESEUS and Einstein probe/WXT) would be the “ON-OFF” observations of the MW
regions with the relatively large amount of the dark matter. The optimal strategy for the narrow-FoV
instruments (Athena and SVOM/MXT) would be the observation of a certain DM-dominated object
with the characteristic size of DM halo close to the size of the FoV of the discussed instruments.

We show that among the discussed missions the best potential for the improvement of the exist-
ing limits on 𝑓pbh and extending the constrained PBH mass range has THESEUS/XGIS instrument,
see Fig. 3 and Fig. 4 for the expected constraints that could be reached with this instrument and
their comparison to the constraints that could be derived with the other discussed instruments. In
general, among the discussed missions the tightest limits were obtained for the broad-FoV missions.
At the same time, narrow FoV, excellent energy resolution, and effective area instruments (Athena,
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eXTP/LAD, SFA) are ideal for the search for line-like signals from decaying dark matter [49–51]
are unlikely to provide competitive limits in case the systematics for the broad-FoV instruments
will be controlled at ≲ 1% level. The impact of the systematic uncertainty, connected e.g. to the
poor modelling of the complex astrophysical and/or time-variable instrumental background could
be the key-obstacle for the improving the existing constraints with the broad-FoV missions.

We illustrate the potential reach of the constraints with the next-generation missions (THE-
SEUS/XGIS) with the green doted-line bordered region labeled “xgis” in Fig. 1. Along with the
other existing constraints the keV-MeV observations that potentially could be performed within the
next decade could allow either detection of evaporating PBHs or will substantially shrink the mass
range in which PBHs could constitute the majority of the dark matter.
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DISCUSSION

Dheeraj Pasham: What exactly are you measuring with XMM-Newton?

A: To derive the constraints on 𝑓pbh based on XMM-Newton observations of Draco dSph we
are measuring the spectrum of diffuse emission in the direction to this dSph. This spectrum is a sum
of a several components: astrophysical (hot plasma in the MW; hot plasma in the Solar system);
instrumental (power law-like spectrum not convolved with the effective area); PBH dark matter
(modelled as discussed above). The observed spectrum is well described with the model including
only first two spectral components (astrophysical + instrumental). The non-detection of the dark
matter component (with the flux proportional to 𝑓pbh) allowed us to put constraints on 𝑓pbh.

John Bally: Why is there a broken power law in your models on evaporating black holes on the
Rayleagh-Jeans tail? I thought Hawking radiation looks like a black body. Are you considering 𝑒±

pair production above 511 keV or some similar secondary process?

A: Yes, correct, the low-energy power-law tail (see Fig. 2) originates from the secondary parti-
cles emission, mainly 𝑒± → 𝛾, see e.g. Fig.4 in [47].
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