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Abstract Primordial black holes (PBHs) are convenient
candidates to explain the elusive dark matter (DM). How-
ever, years of constraints from various astronomical obser-
vations have constrained their abundance over a wide range
of masses, leaving only a narrow window open at 10!7 g <
M < 10?2 g for all DM in the form of PBHs. We reexamine
this disputed window with a critical eye, interrogating the
general hypotheses underlying the direct photon constraints.
We review 4 levels of assumptions: (i) instrument character-
istics, (ii) prediction of the (extra)galactic photon flux, (iii)
statistical method of signal-to-data comparison and (iv) com-
putation of the Hawking radiation rate. Thanks to Isatis,
a new tool designed for the public Hawking radiation code
BlackHawk, we first revisit the existing and prospective
constraints on the PBH abundance and investigate the impact
of assumptions (i)—(iv). We show that the constraints can
vary by several orders of magnitude, advocating the neces-
sity of a reduction of the theoretical sources of uncertainties.
Second, we consider an “ideal” instrument and we demon-
strate that the PBH DM scenario can only be constrained
by the direct photon Hawking radiation phenomenon below
Mmax ~ 1020 g. The upper part of the mass window should
therefore be closed by other means.
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1 Introduction

Primordial black holes (PBHs) are early universe objects pre-
dicted by lots of inflation models; they could result from large
overdensities collapse [1] as well as more exotic events such
as phase transitions or topological defect collapse (see the
reviews [2,3] and references therein or the lecture notes [4]).
They are not the outcome of star collapse, hence their mass
can span a wide range from the Planck mass Mp; ~ 107> g
up to “stupendously large” values M ~ 10°0 g [5]. One most
interesting aspect of PBHs is that they can explain all or
part of the missing dark matter (DM) density in the universe
[2—41]). As such, the constraint on their abundance translates
into a constraint on the fraction of DM, fpgy = Qpu/ 2pM,
they can represent.
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Because all BHs evaporate due to Hawking radiation [6,7],
losing their mass in a time related to their initial mass by
T~ Mi?m’ their contribution to DM today implies that their
initial mass was more than a few times 10'# g. Reference
[8] underlines that accretion may overcome Hawking radi-
ation during the radiation domination era, causing PBH to
grow during this period, so that the mass of PBHs evaporat-
ing just now is reduced from M < 105 gto M ~ 104 g.
This justifies that we safely show the constraints down to
M > Mpin = 10'* g. The emission of Hawking radiation by
PBHs, in the form of all kinds of particles and particularly
photons, gives rise to observational constraints. PBHs with
mass M ~ 10?° g emit in the keV band; as the mean energy
of Hawking radiation is inversely proportional to the PBH
mass (E) o 1/M, heavier PBHs M > My« = 1020g are
very hard to see through their photon Hawking radiation, as
will be shown in the following.

During the last years, numerous constraints have been
established on the PBH abundance in this disputed mass
range [Mmin, Mmax], With at stake the answer to the ques-
tion of whether light PBHs are indeed the elusive DM. What
we will henceforth call direct photon constraints are set by
comparing the PBH emission spectrum to the galactic cen-
ter (GC), or any other target, photon flux [9-11], to the
stacked isotropic X-ray or gamma-ray backgrounds (denoted
as EXGB) [12-16] or to a combination of the two [17-19].
There also exist direct photon (and neutrino) constraints on
the local rate of PBH final burst as they reach the end of
their evaporation, but this is specific to a fine-tuned PBH
mass and thus we do not consider them here (see the very
complete article [20]). Indirect photon constraints are related
e.g. to the change in the re-ionization history at the cosmic
microwave background [21,22]. Other studies are based on
the direct [23] or indirect detection of electrons-positrons
[22,24-38]; and finally there are some papers that focus on
neutrino constraints [25,39-41]. Most of the more recent
studies now take into account the effect of having a non-
zero PBH spin, which enhances the photon emission and
thus results in more stringent constraints for Kerr (rotating)
PBHs [9,13,18,19,25,28,32,37,38,41], or an extended PBH
mass distribution, that should be more realistic regarding the
channels of PBH formation [13,15,16,18,24,25,29,32,41].
Exotic studies have also derived constraints on non-standard
(other than Kerr) PBHs [42—-44] or PBH-DM mixed scenar-
ios [45-48]. To do so, recent constraints make use of the
public code BlackHawk [49,50]' to compute the precise
Hawking radiation spectra, and we are using the latest ver-
sion 2 . 1 of this code in our analysis. Photon constraints are
handy thanks to several simplifications: photons are mass-
less particles, thus any PBH mass is compatible with the
emission of photons with the corresponding mean energy;

I BlackHawk is available at https://blackhawk.hepforge.org.

@ Springer

photons travel in straight lines, so their detection does not
rely on complex propagation models; and the detection of
photons by all kinds of instruments is a mastered technique
that does not suffer from large measure uncertainties and has
already been performed accurately in a very wide range of
energies. This is why we focus on photons in this study, leav-
ing electrons (all simplifications do not hold) and neutrinos
(only the last simplification does not hold) for future work.
We further restrict the scope of our analysis to most minimal-
ist Schwarzschild PBHs with a monochromatic mass distri-
bution and unclustered spatial distribution. A discussion on
more elaborate PBH models is postponed to the last Section
of this paper.

As stated above, the fraction fppy is already partially con-
strained in the My, — 10'° g range, leaving small doubt on
the possibility that PBHs can constitute all of DM in the
low mass part of this window, with constraints robustly set to
feBH < 107°. However, the high mass range 10'°-10?? g has
been the subject of multiple studies that claimed exclusion
of 100% PBH-DM up to 10'7 and even 10'8 g (e.g. EXGB
constraints in the case of an extended mass distribution of
spinning PBHs [13]). The aim of this article is to make quan-
titatively explicit the underlying assumptions and approxi-
mations, to contextualize the claimed limit validity and to
underline the way they can (or cannot) be compared to each
other. This is of utmost importance because not the whole
mass window that is currently scrutinized for 100% PBH-
DM is accessible to Hawking radiation constraints, as will
be demonstrated; extended mass functions that are fitted to
the available remaining window constrain back the fine-tuned
PBH formation models (and thus the early universe condi-
tions) used to derive them; and the robustness estimation of
the limits can help design optical instruments that would be
sensitive to the most extreme parameter space accessible to
Hawking radiation measures. We regroup the assumptions
into 4 categories used throughout this paper, all of which
discussed in details in the following:

(i) instrument characteristics,

(i) computation of the (extra)galactic photon fluxes,
(iii) statistical treatment,
(iv) computation of the Hawking radiation.

This paper is organized as follows: Sect. 2 gives the
required basic formulas for Hawking radiation; Sect. 3 pro-
poses a nomenclature of type (iii) assumptions; Sect. 4 dis-
cusses the robustness of the current existing and prospec-
tive Hawking radiation constraints on PBHs and Sect. 5
determines the characteristics and limits of an instrument
for high PBH mass Hawking radiation studies; we con-
clude in Sect. 6. Throughout the paper, we use natural units
¢ = G = kg = h = 1, making the constants appear uniquely
when dimensionality is unclear.
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2 Hawking radiation constraints: principle
2.1 Basic formulas

Since it has been shown that BHs emit quasi-thermally all
particles in the “spectrum of Nature” [6,7], people have tried
to extract a PBH signal from the observational data, with-
out success so far. This absence of signal has been inter-
preted as a constraint on the PBH abundance over a wide
range of masses. For an initial mass from the Planck scale
Mp ~ 1073 g to some Mpin, = 1014 g, PBHs would have
already evaporated away by now, forbidding them to be a
sizeable component of the DM today, but their Hawking radi-
ation could have left imprints in the big bang nucleosynthesis
element abundances or in the cosmic microwave background
[2]. Above an initial mass of some Mpni,, PBHs would still
be around, filling the universe with all kind of radiation, from
photons to hadronized jets.

The emission rate of a massless particle i with spin s; by
a Schwarzschild BH is given by [7]

d2N; 1 T;

(E, 1) = =
Qi(E. D) drdE ~ 2m eE/T — (=1)si

) ey

where I'; is the “greybody factor” (GF) that encodes the prob-
ability that the emitted particle reaches spatial infinity away
from the BH horizon. The GFs deviate from the pure black-
body spectrum, with a power-law suppression at lower ener-
gies that depends on the particle’s spin. Those GFs were
numerically computed in the public code BlackHawk that
we use in this study.> The BH horizon temperature is related
to the BH mass through

1

T =—, 2
8T M 2)

so that when the mass decreases because of evaporation, the
temperature increases. The emission rate of Eq. (1) is fur-
ther cutoff at the particle rest mass £ > u;, which is trivial
for massless photons. It should be noted that both the BH
temperature 7 and the GFs I'; depend strongly on the BH
metric (see e.g. [43,51] for the general formulas for spheri-
cally symmetric BH solutions).

Once the instantaneous emission rates Q; of all particles
i are known, they can be integrated over to obtain the BH
mass loss rate [52]

+o0
F(M) = M2/ EY  Qi(E)dE, 3)
0 ,
14
which determines the BH mass evolution equation
dMm F(M)
= 4
dr M? @

2 For more information about the numerical methods please refer to the
BlackHawk manual [49].

Estimates of the function {(M) can be found e.g. in [53].
Inside BlackHawk we use a full numerical result. Consider-
ing that {(M) is a constant, we obtain a relationship between
the BH initial mass Mj,j; and its lifetime t

Minie  \°
T(Minio) ~ 13.9 x 10° yr <ﬁ) . 5)

A more detailed study of the evolution of BHs can be found
ine.g. [54].

We would like to emphasize that the above calculations
assume the Hawking formula (1) [6,7] and the GF computa-
tion inside BlackHawk, based upon semi-classical general
relativity, hold throughout (most) of the BH history. They
may break down only at the very end of evaporation t ~ t,
where t is the usual BH lifetime calculated above, when
M ~ Mp; and quantum gravity effects become relevant. This
has no effect on the constraints under discussion. However,
it has been claimed that the so-called “memory burden” of
BHs [55] — their capacity to store information — can slow
down the evaporation process to extremely low rates or even
stop it, within timescales ¢t < t. If that were true, the evap-
oration constraints set by e.g. photon background measure-
ment would be dramatically alleviated and PBHs of mass
M <« 1014 g could represent a fraction or all of DM [56].
Hereafter, we assume that the usual paradigm holds until
M ~ Mpy.

This quasi-thermal emission, that we call “primary”, is not
the final output of Hawking radiation. Most particles in the
Standard Model are not stable (weak gauge bosons, charged
leptons) or cannot exist outside confined hadrons (gluons
and quarks). The primary emission must be convolved with
analytical or numerical branching ratios Br;_, ; to obtain the
“secondary” spectra of stable particles that can be detected in
instruments (photons, electrons, neutrinos, protons and their
antiparticles). The secondary spectrum for particle j is then

o0

dzNj + ) / /
drdE ) A Bri;(E, E') Q;(E', 1) dE
i

O;(E,1)=
(6)

In particular, Qy is the rate of emission of direct photons
from PBHs, meaning that no interaction with the interstellar
medium (ISM) or with other astronomical objects has been
considered (scattering, absorption...). Inside BlackHawk
v2 .1 we use the Python package Hazma [57], that is rel-
evant for low energy hadronization and decays (E < some
GeV), to compute the branching ratios Br;_, j.3 This pack-
age considers that pions are emitted as fundamental parti-
cles instead of single quarks and gluons, and subsequently
decayed into photons and leptons. Hazma, which relies on

3 The branching ratio from photon to photon Bry, ., (E, E’) is a Dirac
function §(E — E’).

@ Springer
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analytical decay and final state radiation formulas, undoubt-
edly suffers from inherent approximations. We should also
implement Bremsstrahlung effects for emitted charged par-
ticles [58] that may dominate at very low energy, around
the keV scale. Using Hazma, Ref. [10] showed that as the
emission of all the massive particles (the lightest being the
electron) is exponentially suppressed for PBHs with mass
M > 10'7 g only primary photons, neutrinos and maybe
gravitons are radiated. Secondary photons however domi-
nate the spectrum for PBHs with lower masses, with a mean
energy (E) well below the PBH temperature. The imple-
mentation of Hazma inside BlackHawk v2.0 was anec-
essary improvement compared to the extrapolation of the
PYTHIA [59] and HERWIG [60] results used in the previ-
ous version BlackHawk v1.2.The PBH nature (beyond
Schwarzschild) and mass distribution, as well as the compu-
tation of the GFs and branching ratios, belong to the type (iv)
assumptions.

In the following two subsections, we give the basic formu-
las for (extra)galactic PBH photon flux computation, together
with a discussion of related type (ii) assumptions. Both con-
tributions are important because coincidentally, they are of
the same order of magnitude at MeV energies for PBHs right
in the relevant Hawking radiation window M ~ 10'5—10'8 g
(a fact that was first noted by Ref. [61]). Low energy photons
principally come from the redshifted extragalactic spectrum
while high energy photons originate from the galaxy [17-19].

2.2 Galactic flux

If PBHs represent some fraction of DM, then they are present
in the Milky way halo with some spatial distribution gy ()
(in galactocentric coordinates) which we take as spherical for
simplicity. The photons they emit through Hawking radiation
propagate in straight lines from their origin PBH to Earth.
Thus, the flux of GC PBH photons received by an instrument
on Earth per unit energy, time, surface and solid angle is*

Ao 1 g

= £ 0.(E), 7
dE Agal 4 Q}/( ) ( )
where
1
J ,E_/ dQ/ paal (1, ) dl ®)
T AQ Jaa Los

with AQ the field of view considered and Agy = M is the
normalisation constant for a monochromatic mass M distri-
bution of Schwarzschild PBHs. Note that this formula could
be adapted for any compact source other than the GC with the
relevant surface factor J integrated over the volume of that
source. We see that the flux depends on the mass distribution
of DM in the Milky Way halo and on the precise location R

4 These formulas are given in some form in e.g. [9-11,17-19].

@ Springer

of the Solar System in this halo, contained in the definition
of the line of sight (LOS) [19].

2.3 Extragalactic flux

PBHs form in the early universe, with a formation time #form
related to their initial mass by [2]

B M
fform ~ 10 23 S (10111;1;) s 9

assuming radiation domination. Hence, they emit particles
through Hawking radiation during all cosmological eras until
today, and this continuous flux piles up with a dilution factor
a(t) = 14 z(t). The flux on an instrument today per unit
energy, time, surface and solid angle is given by>

dq)?/gal tm\

= 1471 xfa(t)Qy(tE_a(t)E)dE
ega

Tmin

(10)

with fmin = fomp for photons, because the universe is opaque
to light before that, and fmax = min(z, froday). The nor-
malization constant for a monochromatic mass M distri-
bution of Schwarzschild PBHs is Aegs = M/ppm wWhere
DM = 2pM Pcrit 18 the global density of DM today. We see
that the flux depends on the value of the cosmological DM
density fraction, but also on the redshift history of the uni-
verse; we have further neglected the optical depth of the ISM
(line absorption of light) apart from the cut-off at the CMB
time in integral (10).

3 A nomenclature of constraints

In the previous Section, we have computed the flux of pho-
tons emitted directly by PBHs, with a galactic and an extra-
galactic contribution. Now, we detail how the fluxes (7) and
(10) are compared to different sets of data to derive PBH
abundance constraints. This discussion is quite trivial and
cumbersome but we think that it is of central importance to
recall the basics. Altogether, this Section thus deals with type
(iii) assumptions.

3.1 Existing data

The first and very classical method to obtain a constraint
on the PBH abundance from Hawking radiation consists of
directly comparing the predicted flux for some PBH mass and
abundance — we recall that we focus only on a monochro-
matic distribution of Schwarzschild PBHs — and some set
of data measured by an instrument. Photon data are either

5 These formulas can be found in some form in [13-19].
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presented in a differential (energy/events per unit time) or
integrated (total energy/events) form, as a function of pho-
ton energy. Both should be equivalent as we do not expect
the PBH signal to vary during the time of observation. Then,
to constrain a signal, one can compare the spectrum to each
energy bin of the data set, asking that the PBH photon flux
does not overrun the measured flux. One can also consider
the whole instrument energy band and compare the integrated
quantities. This is a model independent method, but there are
already two ways to compare the signal to the data, and there
remains a choice to make as for the confidence level (CL) we
chose to exclude PBHs (data, data +o, data +20, ...). One
can also fit the data with some function (from a simple seg-
mented function to a complex analytical formula), motivated
by a physical interpretation or not. This is already a model
dependent approximation, as it infers data in unmeasured
energy bins from data in measured ones. One can finally go
one step further, by assuming that some fraction of the mea-
sured signal comes from astronomical sources. Thus, there
is even less available parameter space for the PBH abun-
dance. This is highly model dependent, and contains a hidden
feedback loop: most astronomical backgrounds are estimated
(calibrated) thanks to the data. Furthermore, the data are often
“cleaned” using catalogs of identified point-sources to obtain
the diffuse components. This introduces a bias that we have
used in the present analysis: if PBHs are highly clustered
in the Galaxy, they would resemble point-like sources and
be cleaned away in the diffuse component search procedure.
Constraints for clustered PBHs require a dedicated treatment
(see e.g. [62,63]).

3.2 Prospective instruments

When data is not yet available in some energy range, one
can put a conservative constraint on the PBH signal by say-
ing that if the prospective instrument designed to explore
this particular energy range is built and measures nothing,
then this means that the signal is below the sensitivity of the
instrument, with some confidence level. When data is already
available, it is very complicated to decide what to do. In fact,
the more precise instrument to come can totally revolutionize
the measures due to an error of appreciation of the function-
ing of the previous ones. An independent conservative con-
straint would be to predict what sensitivity to a PBH signal
some instrument can in principle reach, assuming that all the
signal comes from PBHs or that some (model-dependent)
background is to subtract beforehand. This is quite radical
and nobody expects that all the measures taken by long-time
working instruments are to be thrown away. A more reason-
able method is to build a model of background, and to use it
to estimate what would be the prominence of the PBH sig-
nal “above” the background (signal-to-noise ratio — SNR —
method or x? method). This also contains a feedback loop:

Constraint
Existing Prospective
instrument instrument
M 1 NIZ
direct fitted
data data
1 2
M; Mi divect fitted full
bckg bckg sens
M3 M3 M3

Fig. 1 The different constraint methods. We have restricted the tree to
methods we have encountered in the literature: for existing instruments,
“direct data” means that the instrument data points are used, and “fitted
data” that a fit running through the data points is chosen; for prospective
instruments, “direct bckg” means that the data points used as agnostic
background, “fitted bckg” that some fit is used and “full sens” that pre-
existing data are ignored and the new detector maximal sensitivity is
used. The designation we use in the text are: “type 1” methods M; with
sub-methods M{ and M% for existing instruments; “type 2" methods
M, with sub-methods M%, M% and M% for prospective instruments

background models are often calibrated thanks to the older
instrument data, thus a deviation from the expected back-
ground compensated by a PBH signal would appear as no
signal at all. Once again, the PBH signal and the background
can be compared over the whole energy range or inside each
energy bin separately.

3.3 Summary

Hence, we see that even the simplest data-signal compari-
son method contains non-trivial features that complicate the
comparison between constraints set with different choices.
This is even worse for the prospective instrument methods
as the dependency to the background modelling is complex.
We do not intend to build a hierarchy of the methods chosen
by different authors but just to quantitatively highlight their
differences. Reference [10] is the first, to our knowledge,
to compare the PBH constraints from different prospective
instruments with rigorously the same statistical method. One
must also check that instrument characteristics and theoret-
ical choices for the PBH flux calculation are coherent from
one study to another. We have built a tree in Fig. 1 to summa-
rize the methods described above, restricted to the ones used
in the literature cited in the Introduction. Please refer to this
tree for all the subsequent abbreviated method nomenclature.

4 A numerical tool: the Isatis program
For the sake of this study, we have designed Isatis, a

numerical public tool that relies on the BlackHawk PBH
spectra to compute the constraints with a controlled set

@ Springer



384 Page 6 of 19

Eur. Phys. J. C (2022) 82:384

of assumptions. The code is presented in details in the
Appendix A. The idea is to use BlackHawk to obtain the
direct PBH photon spectrum, and then to derive the constraint
on the PBH abundance for a list of optical instruments, exist-
ing or prospective. All constraint assumption types (i)—(iv)
listed in the Introduction, with different statistical methods
from the nomenclature given in Fig. 1 available, can be modi-
fied. Hence, the quantitative individual impact of the assump-
tions on the PBH “direct” photon constraints can be inves-
tigated. This allows to compare consistently the constraints
from the literature. Identifying the dominant parameters fur-
ther gives an insight on where to look for improvements in
the constraints. In this Section, we revisit the literature con-
straints from GC and EXGB PBH photon fluxes and examine
type (iii) assumption impact.

4.1 Existing instruments

In Fig. 2 (left panels), we show the photon flux measured
by 4 instruments in the GC direction (latitude b and longi-
tude / close to 0 in galactocentric coordinates), spanning the
10 keV-100 GeV energy range: INTEGRAL [64], COMP-
TEL [64,65], EGRET [66,67] and Fermi-LAT [68].% In the
same figure (right panels), we show the EXGB measured
by 4 instruments, spanning the 1 keV-1 TeV energy range:
HEAO+balloon [71],” COMPTEL [72], EGRET [73] and
Fermi-LAT [74] (model A). We also show various fitting
models (see legend), quite accurate in some energy ranges
but unsuccessful in reproducing the whole set of data.

To obtain the PBH constraints, we must use method M.
We show the results for the submethod M} in Fig. 3: direct
comparison of the signal to the data requiring that

EX 3g,PBH

up dq)l al
fPBHfX %dE < (Eﬂi,—El)gw)
E,

low

doX
gal/egal X
———— 4+ CL x A®" |, 11
><|: iE + CL x :| (1)

in each energy bin, where the fluxes d®gy1/ega /A E are given
by Eqgs. (7) and (10), El)éw Jup are the bounds of the energy
bins of instrument X and d@é(al/egal/dE (resp. ADX) is the
photon flux (resp. error bar) measured by X and shown in
Fig. 2. CL is the confidence level, translated in the number
of error bars considered above or below the central value of
the data points. We have chosen a NFW DM profile [78] with

the “convenient” set of parameters from [79] for the galactic

6 Be careful that the field of view around the GC on which the data as
been averaged is not the same for each instrument, causing probable
normalization incompatibilities on that plot.

7 The X-ray sky has since been explored by several more recent instru-
ments, as reviewed e.g. in [77].
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flux, and the standard radiation domination from CMB (¢t ~
1.2 x 1013 5) to today (1 & 4.4 x 107 s) for the extragalactic
flux, with Qpy given by Planck [80]. In Fig. 3, we have
performed an empirical power-law fit to the most stringent
constraints, with parameters

fean ~ (M (2)/2 x 10'7)%8 (12)

for the GC, which overestimates the results at ~ 5 x 1015 g
and
fesu ~ (M (g)/10'H) =2, M <8x 10Mg
1613.5 N 14 (13)
SfeBu ~ (M (2)/8 x10°°)"”, M 2 8x 10" g

for the EXGB, which can be compared to [3].

As an example, let us now examine the impact of the CL
parameter, which takes into account the error bars of the pho-
ton fluxes. This is a type (iii) assumption. To do so, we repeat
the analysis of Fig. 3 with CL = {—1, 1, 2} (lower error bar,
upper error bar and twice the upper error bar), and present in
Table 1 the maximum relative discrepancy in fppy, as com-
pared to the case CL = 0 (central values). Obviously, instru-
ments with large error bars are the most affected: looking at
Eq. (11), we easily deduce that an increase of the instrument
flux by a factor « results in a constraint relieved by the same
factor «. This is directly shown by the linearity between CL
and the relative increase in fpgy in Table 1 (slightly broken
for asymmetric error bars). We observe that the CL parame-
ter can have an impact of up to a factor of a few on fpgy for
instruments with very large error bars.

The impact would be exactly of the same kind if the flux
data are replaced by some fitting function: the relative dis-
crepancy in the constraint would be directly proportional to
the relative discrepancy between the data and the fit. On the
other hand, an increase of the PBH signal by a factor « results
in a constraint more stringent by the same factor «.

4.2 Prospective instruments

A large set of prospective instruments, among which AdEPT,
AMEGO, ASTROGRAM (results for the AS-ASTROGRAM
design are new to this work), GECCO, GRAMS, MAST,
PANGU and XGIS-THESEUS, are
designed to explore the MeV energy range more accurately
than previously done with COMPTEL and EGRET, which
will improve both the description of the EXGB and the diffuse
GC emission. This energy scale is crucial to set constraints
on the fraction of DM fppy in the disputed mass range 1015-
108 g. Data is already available in this energy band, so new
instruments will only reduce the error bars. The total number
of photons — background plus PBH signal — observed by a
prospective instrument X is given by [10,11,19]
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Fig. 2 Left: GC photon flux measured by INTEGRAL [64] (I €
[—30, +30], b € [—15,+15]), COMPTEL [64,65] (I € [—30, +30],
b € [—15, +15]), EGRET [66,67] (I € [—30,+30], b € [-5,+5])
and Fermi-LAT [68] (/ € [—30, 4+30], b € [—10, 4+10]). For complete-
ness, we show the following background models: [69] (dashed), [70]
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(dot-dashed) and [17] (dotted). Right: isotropic extragalactic photon

Fig. 3 Left: PBH constraints from GC observations of the 4 instru-
ments of Fig. 2. For comparison, we show the limits set by Ref. [9]
for INTEGRAL (dashed) and Ref. [10] for COMPTEL (dot-dashed),
stressing the fact that the statistical method is not the same as here. Right:
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PBH constraints from EXGB observations of the 4 instruments of Fig. 2.

0in Eq. (11))

flux measured by HEAO+balloon [71], COMPTEL [72], EGRET [73]
and Fermi-LAT [74] (model A). For completeness, we show the follow-
ing background models: [71] (dashed, black), [75] (dashed, grey), [76]
(dot-dashed), [14] (dotted), [17] (solid). Upper and lower panels show
d®/dE and E>d®/dE as both representations give useful insight

For comparison, we show the limits set by Ref. [12] (dashed) and Ref.
[13] (dot-dashed). Method: limits from this work (shaded areas) are
computed with method M} using the central values of the Fig. 2 fluxes
(CL =
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Table 1 Relative maximum increase in fpgy for CL = {—1,0, 1, 2}
relative to the case CL = 0 for the instruments of Fig. 3

Instrument —1 0 +1 +2
HEAO —+ balloon —068 0 4068 +1.36
Galactic ] COMPTEL —021 0 4021  40.44
21achC Y EGRET —040 0 4040  +0.81
Fermi — LAT —0.10 0 +0.10 +0.20
INTEGRAL —0.08 0 4005  +0.11
Extracalactic ] COMPTEL —080 0 4080 +1.61
Xragalaclic 1 pGRET —0.70 0  +130 4259
Fermi — LAT  —024 0 4020  40.40

Emax d®X
Niow = Tops AQ / AXp(E)dE / W(E, E) o dE,

(14)

where Tops is the duration of observation, A2 is the solid
angle field of view (fov), A is the effective area (which
defines the energy band probed, see Fig. 4, left panel) and
W(E, E’) is a window function accounting for the finite
energy resolution of the instruments. Following the litera-
ture, we take this to be a Gaussian [83].3 All the useful ref-
erences concerning these instruments are listed in Table 3 in
Appendix A. Following method M», the PBH constraint is
obtained by requiring that the SNR stays below some detec-
tion threshold

fpBHNPBH
V4 Nbckg

where we have separated the PBH and the background con-
tributions to the total photon count. An alternative method
would consist in demanding that this SNR is not attained
in any energy bin of the background. We have checked with
Isatis thatthisresults in a relative change of the constraint
JpBH up to a factor of a few.

Most of the difficulty resides in the choice of background.
As discussed above, most backgrounds are calibrated to the
data and thus automatically contain feedback loops. In Fig. 4
(right panel), we show the PBH constraints obtained by
using the same fitted background as Ref. [10] (see [70] for
details), i.e. method M3; with SNR = 5, Tops = 10yr and
AQ = 5% x 5°. The other parameters follow Sect. 4.1. While
not reproduced here, we checked that we obtain results very
close to that of Ref. [10] for AdEPT, GECCO and GRAMS
(see also [84]), Ref. [17] for AMEGO and Ref. [19] for
XGIS-THESEUS. There are discrepancies with Ref. [11] for
GECCO and Ref. [43] for AMEGO, probably linked to the
different statistical treatment. Stranger are the discrepancies
we find with respect to Ref. [10] for AMEGO, eASTRO-
GRAM, MAST and PANGU: the constraints obtained by [ 10]

< SNR, (15)

8 Inside Isatis, we have ensured that the relative energy resolution
of the photon spectra matches at least that of the instruments, i.e. less
than a percent.

@ Springer

Table2 Relative extremal variation in fpgy when using the same back-
ground as [19] or the central values of the data points compared to the
background of [70] for the instruments of Fig. 3

Instrument Ref. [19] Data points
AdEPT —0.28 —0.08
AMEGO +0.17 +0.16
eASTROGRAM +0.11 +0.17
AS-ASTROGRAM +0.10 +0.16
GECCO +0.82 +0.72
GRAMS +0.38 +0.43
MAST —0.47 —0.02
PANGU —0.54 —0.02
XGIS-THESEUS +3.19 +3.54

reach up to PBH masses that cannot be probed with those 4
instruments; M > 10'8 g (corresponding to E < 100keV)
for AMEGO and eASTROGRAM, and M > 10'7 g (cor-
responding to £ < 1MeV) for PANGU and MAST. Our
constraints look more reasonable to this point of view: only
the XGIS-THESEUS instrument can probe M up to several
1018 g,

As a second example, we explore the effect of the back-
ground choice, that is also a type (iii) assumption. In Table 2,
we show the extremal relative change in fpgy when choos-
ing the same background as Ref. [19] and the agnostic back-
ground consisting of the central values of the data points
(i.e. method M%), as compared to the background of [10].
We observe that the choice of background, for the 3 exam-
ples shown, can have an impact up to a factor of a few on
fpBH in the case of the instrument XGIS-THESEUS.

5 Reverse engineering the Hawking radiation
constraints

In the previous Section, we have revisited existing con-
straints and exposed their robustness relative to some type
(iii) assumptions, namely the background choice and the sta-
tistical method of comparison between the PBH signal and
data. In this Section, we examine thoroughly all the other
assumptions. Indeed, changing the instrument characteris-
tics at will inside Isatis gives an unprecedented access
to a reverse procedure: what would be the capabilities of an
“ideal” instrument if we could fix arbitrarily all the parame-
ters? Answering this first question carefully could certainly
give hints towards design choices for future instruments. But
we can go deeper: whatever be the capabilities of the instru-
ments, is there a limit to the PBH mass range we can constrain
with direct photon PBH constraints? In other words, can we
close the window for all DM into PBHs still open between
~ 10'7-10%2 g? If the answer to this second question is yes,
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Fig. 4 Left: effective area for prospective optical instruments (see
text), adapted from Refs. [10,19,81,82]. We have truncated the effec-
tive area of MAST as we are not concerned in > GeV photons for the

this will certainly weigh in the favor of dedicated instruments
designs. If it is no, theoretical efforts will need to be pursued
to use other kinds of constraints in the (to be determined)
remaining window.

As already stated, for a given PBH mass M, the constraint
fpeu (M) for an “ideal” prospective instrument is impacted
by several assumptions regrouped in 4: (i) instrument char-
acteristics, (ii) uncertainties on the (extra)galactic fluxes,
(ii1) different statistical treatments and (iv) uncertainties on
Hawking radiation. Each of those can then be decomposed
into several contributions, that we review in detail below. We
define a test instrument with a given set of technical charac-
teristics, along with fidutial parameters for the (extra)galactic
fluxes and standard assumptions for the Hawking radiation,
and we fix the statistical method:

(i) observation time Tops = 10 yr, fov AQ = 52 x 5°
around the GC, relative energy resolution €(E) = 1%,

constant effective area Ac(E) = 10°cm? for E =
1keV — 1GeV,
(ii) standard radiation domination from the CMB to today for

the extragalactic flux and Qpy from Planck [80], NFW
profile for the Milky Way halo with the “convenient”
parameters of [79] resulting in 7ga1 (cf. Sect. 4.1),
statistical method M% (central values of the data points
as background) which considered with point (ii) gives
d®pce/dE, and SNR = 5,

Schwarzschild PBHs with a monochromatic distribution,
Hawking primary spectra Q; computed by BlackHawk
with the low-energy Hazma branching ratios Br;_, j
(E, E') for the secondary spectra.’

(iii)

(iv)

9 In particular, we do assume that the semi-classical Hawking radiation
holds on throughout most of the PBH lifetime, see discussion in Sect. 2.

PBH mass range probed here. Right: PBH constraints from GC+EXGB
observations using the method M% with the background of [70]

These characteristics result in a fidutial constraint that we
denote by fpgy(M). Any modification of some assumption
results in a different constraint fpgy (M) that we parametrize
through

feeu(M) = fppy(M) a(param.) (16)

i), i), iii), iv)
where the «’s are the detailed contributions from types (i)—
(iv) assumptions. We detail the mathematical form of these in
the following, and give quantitative results for the modified

fpBH thanks to Isatis.
5.1 Instruments parameters

A direct look at Egs. (14) and (15) shows that

(Tops) = (Tobs/Tops) /2, (17)
and
a(Aetr) = (Actt/Actr) ™2, (18)

as the number of photons captured for both the background
and the signal is directly proportional to these quantities. In
the limit in which the fov covers only the desired target, we
also have

a(AQ) ~ (AQ/AQ) "1/, (19)

Energy resolutions are overall small and might get smaller
in the future as detection techniques improve, so that the
window function in Eq. (14) tends towards a Dirac distribu-
tion, reducing the pollution from neighbouring energy bins.
Thus, changing the energy resolution should have a negligi-
ble impact «(e) ~ 1. All these estimations are confronted to

@ Springer
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Fig. 5 Modification of the constraint fpgy for Tops = {1, 100} year
(dashed grey and black), Aefr = {10!, 10°} cm? (dot-dashed grey and
black), € = 10% (solid grey, indistinguishable from the fidutial) and
AQ = {2 x 22,10° x 10°} (dotted grey and black) compared to the
fidutial set (solid black). “Test” instruments were implemented inside
Isatis to obtain these constraints

quantitative results from Isatis in Fig. 5. First, we observe
that the fidutial constraint extends up to ~ 10'° g, because
the energy coverage of that “ideal” instrument goes down to
the keV scale. Second, we note that the constraint is close to a
power-law of the PBH mass fppp (M) ~ (M (g)/8 x 1018)2,
a feature that comes from four facts: the primary emission
peaks at an energy that is proportional to the PBH mass;
the number density of PBH is inversely proportional to their
mass; the background fit of [70] is approximately a power-
law; and the fidutial effective area is a constant. The effect of
the secondary spectra is somewhat visible in the slope break-
ing below 10'> g. The global variations of fpgy compared
to fpgy from the modification of the various parameters
has precisely the behaviour expected from Egs. (17), (18)
and (19). We verify that the energy resolution has no visible
impact.

5.2 Flux parameters

As the column density of the target impacts only Nppy, we
can estimate

a(-]ta.rget) w~ (Jtarget/jgal)_la (20)

The precise impact is obviously more complex depending
on the predominance of the target flux over the diffuse extra-
galactic flux, which also depends on the energy considered.
As seen before, we expect the target flux to dominate at high
energies, constraining low PBH masses, and the redshifted
isotropic flux to dominate at low energies, constraining high

@ Springer

PBH masses. In Fig. 6 we show the extremal change in fppy
for different galactic DM profiles:

e the generalized Navarro-Frenk—White (NFW) profile
defined by [78,85]

r re

re\” r\" "3
pom(r) = pe (=) (1+—) , @

where the classical NFW is obtained for y = 1
e the Einasto profile defined by [85,86]

2 r\’
mo=ne (Y )]
14 rc

Both of these profiles depend on 3 independent parameters:
a characteristic density p., a characteristic radius r, and a
power y. Even with modern measures, these parameters suf-
fer from large uncertainties. We use the 68% CL parame-
ters of [85] (Tables II and III corresponding to two bary-
onic models B1 and B2) to be as general as possible in
Fig. 6.!° Spanning the whole 68% CL range of the parame-
ters results in constraints fpgy varying by 2 (resp. 1) orders
of magnitude inside the same profile and baryonic model
for NFW (resp. Einasto) profile; by ~ 50% (resp. ~ 1%)
from one baryonic model to the other (B1 or B2) for NFW
(resp. Einasto) profile; and by 20% (resp. 30%) from one pro-
file to the other (NFW or Einasto) for model B1 (resp. B2).
The largest variations are obtained with the generalized NFW
profile. We are far from having explored the complete diver-
sity of the DM halo profiles existing in the literature, but we
can already predict that «e(gal) ~ 10~'=10'. We do not con-
sider targets other than the GC. Even if the density factor is
determined more precisely in e.g. M31 or DM concentrated
dSphs like Draco because we observe them as a whole and
are not sensitive to their halo profile, it is much smaller than
that of the GC and results in less stringent constraints (1072
factor reduction for M31 and Draco [10]).

A modified redshift history of the universe or DM density
may have a small impact on the time stacked isotropic spec-
trum. We have checked that this is negligible regarding the
small uncertainties on the cosmological parameters for the
recent universe (after the CMB), resulting in «(egal) ~ 1.

10 References [10,85] use the incredibly precise radius of the Sun orbit
Ro = 8.122 £ 0.031 kpc recently obtained by the measurement of the
orbit of S2 [87], which differs from the older “convenient” value of
[79]. Reference [10] further uses the central values of the NFW profile
of Table III and maximizes the density parameter Jgy for the Einasto
profile with the 68% CL values of Table III.



Eur. Phys. J. C (2022) 82:384

Page 11 0f 19 384

Fig. 6 Modification of the

NFW

Einasto

constraint fpgy for different 10°
galactic profiles, compared to
the fidutial case (solid black
line). Left: fppy for a
generalized NFW profile. Right:
fpeu for a Einasto profile. = )
Dashed (dot-dashed) black lines E 107° 1
correspond to the central values

100

of the parameters of [85] and 107° 1

baryonic model B1 (B2); shaded 1

blue (red) areas correspond to a 107779

complete span of the 68% CL 1

range for all the parameters for 10 1014 1 0'15

model B1 (B2)
5.3 Statistical treatment

As the photon background only affects Nyckg, we have
already concluded in Sect. 4.2 that
dPpckg Bbckg>l/2
— , (23)

within method M. The different choices of backgrounds for
prospective instruments in Table 2 result in «(bckg) ~0.5—
3 at most. This impact is completely equivalent to that of
changing the CL parameter inside method M!, as shown by
Table 1. On the other hand, the SNR is directly proportional
to fpH, thus

«(SNR) = (SNR/SNR)". (24)

As this paper was finalized, the author became aware of Ref.
[88], where the constraints from the EXGB are revisited
with data from instruments different from those presented
in Fig. 2. The contribution from the GC included, as well
as Hawking radiated electron-positron annihilation. Refer-
ence [88] takes into account astrophysical contribution to
the diffuse photon flux in order to obtain more stringent con-
straints on the PBH abundance, thus using what we denoted
as method M%. They obtain constraints more stringent by 2
orders of magnitude in the mass range 10°-10'7 g.

5.4 PBH Hawking radiation
Last but not least, there are uncertainties related to the very

computation of the PBH Hawking radiation spectra. These
only affect Npgy in Eq. (15), thus we predict

a(Qy) =(0,/0,)7", (25)
and
«(Brimy) = (Brimsy /Briny) . (26)

The uncertainties on the primary emission rates for
Schwarzschild PBHs are directly related to the tables con-
tained inside BlackHawk, which have been confronted to

M (g)

T 012 T T
1018 1020 1014 1016 1018 1020
M (g)

the literature with an accuracy of less than a percent, such
thata(Q,) ~ 1.

There could be large uncertainties in the branching ratios
computed by the particle physics codes. At very high energy
E 2 TeV BlackHawk relies on HDMSpectra [89], in the
documentation of which is explained that the precise treat-
ment of the electroweak cascades can alter the branching
ratios into photons by several orders of magnitude compared
to PYTHTA. This has not yet been confronted to accelerator
data. At LHC energies E ~ GeV —TeV, BlackHawk relies
on PYTHIA [59] or HERWIG [60] with good correspondence
to the data, even with the QCD uncertainties [90].11 At low
energies £ < GeV, BlackHawk relies on Hazma [57],
which is also based on accelerator data, but does not take
into account e.g. the Bremsstrahlung radiation of charged
particles specific to PBH radiation [58] which should dom-
inate at the keV scale. The choice of the QCD scale Agcp
at which pions are emitted as primary particles and of the
dynamical rest masses of the quarks and gluon introduces
further uncertainties (see [92] for a recent discussion). Ref.
[89] has shown that the branching ratios for “low final ener-
gies” E/E’" < 107* in Eq. (6) as computed with PYTHIA
(and thus HDMSpectra) suffer from order-of-magnitude
uncertainties linked to the difficult tracing of electroweak
cascades on such stretched scales. Hence, we can conclude
that even with very precise primary spectra, the secondary
spectra (integrated over primary energies from all scales)
are associated with an order-of-magnitude possible variation
from all these codes a(Br; ) ~ 10~ — 10"

5.5 Summary
Summarizing the results from this Section, we see that com-

pared to our fidutial case fpgy., the value of the PBH con-
straint for all masses can vary within each set of assumptions:

I Updated estimates of the QCD uncertainties will be released soon

[91].
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1) o) = o (Tops) X a(Aefr) X a(A2), with extremal values
it A2 8 x 107* for Tops = 100y, Aegr = 10 cm? and
AQ 47 and ot‘lr;ax ~ 80 for Tops = 1 yr1, Aegr = 10 cm?
and AQ =29 x 29,
(ii) o) ~ o(gal) with extremal values a‘gl‘.i)“
oy* 2 10 for the NFW profile,
(iii) «;;;) = a(bckg) x «(SNR), with extremal values o
0.1 for SNR = 1 and ozma" ~ 6 for SNR = 10,

(iv) ajy) ~ a(Br,_W) with extremal values o) ~ 0.1 and
Ujy) =~ 10.

~ 0.1 and

min
iii)

Overall, we obtain

8 x 1077 < ayo < 4.8 x 104, (27)

with all the sources of uncertainties and
10_3 S iy X Wjjjy X Ajy) § 6 x 102 s (28)

if we restrict ourselves to the fidutial instrumental parame-
ters, which is still, as we say in french, une sacrée fourchette
— a very large range, as it runs over 11 orders of magni-
tude for oo and 5 orders of magnitude for o;;)_;y). The
extremal constraints are schematically shown on Fig. 7. The
100% PBH-DM scenario is excluded up to M ~ 10% g in
the most favorable case but the open window goes down to
M ~ 107 g in the less favorable one. Of course, the extremal
values of the (independent) uncertainties (ii)—(iv) are presum-
ably not attained at the same time, but nevertheless we see that
PBH constraints from direct Hawking radiation of photons
are still highly model dependent due to several sources of
uncertainties. We see that modifying the prospective instru-
ment characteristics allows to close the M < 10%° g window,
but we also note that the slope of fppy is nearly vertical in
this region; we discuss this last feature below.

5.6 Very low energies

We observe on Fig. 7 that the constraint fpgy saturates at
high PBH masses. This is due to the exponential cutoff of
0, and thus of d®pgn/dE at energy E 2 Emax ~ TpBH ~
1 keV(M/10" g)_1 for Schwarzschild PBHs. Hence, as our
description of the background and of the secondary photon
spectrum is limited to this keV lower energy bound in this
study, we cannot obtain fpgy at M 2> 1020 g. Increasing the
capabilities of our prospective “ideal” instrument would only
make the constraint steeper at M ~ 10°° g. Thus, pushing
the PBH constraint on direct photon emission up to lower
energies and thus higher PBH masses, with the aim of con-
straining the whole (yet) open window M ~ 10'8—10%2 g for
all DM into PBHs, would require both precise background
descriptionat E ~ 10— 1000 eV and precise particle physics
codes to compute electroweak showers down to the eV energy
range. We can suppose that the primary spectrum dominates
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Fig. 7 Schematic PBH constraints for all extremal assumptions oot
(light grey area) and with only the extremal fidutial instrument charac-
teristics « ;) (dark grey area), compared to the fidutial case (dark solid
line)

below the keV scale as the emission of all particles except for
photons, neutrinos and gravitons is exponentially suppressed
at M > 10'7 g. However, this energy range falls down right
in the (very) far UV band (A ~ 10 — 1000 A). To our knowl-
edge, this band is not yet covered within a precise all-sky
(resp. GC) survey that would give an access to the isotropic
(resp. GC) component of the background. The GALEX [93]
(and future UVEX [94]) instruments are sensitive only start-
ing above A ~ 1000 A.

Suppose that we extrapolate the “ideal” instrument capa-
bilities, the PBH Hawking radiation rates and the GC+EXRB
background down to the eV energy scale: d®pcke /dE o E -2
and Aer(E) = Aef (E) at E = 10— 1000 V. For the fidutial
values of the parameters (i)—(iv) we obtain fppy ~ 106 at
M = 10?? g. Closing the window for all DM into PBHs with
direct photons would then require to increase the capabilities
of our “ideal” instrument by a factor 10° (or reduce fpgy by
a factor 10_6), which is unrealistic as arl.‘;i“ =8 x 107%is
already technically challenging. Plus, we expect the spec-
trum of light at these wavelengths to be overcrowded by
astronomical sources (see e.g. Fig. 2 of [94]), further increas-
ing the amelioration factor needed to obtain fpgg ~ 1 at
M = 10%2 g. Thus, we conclude that the window for all DM
into PBHs cannot be closed by direct photon detection from
PBH evaporation.'> Complementary constraints, relying on
complex modelling, are thus needed: dynamical capture by or
microlensing of stars (see the review by [96]), rare collisions
with solid objects [97] or GRB lensing [98].

12 We note that Ref. [16] concludes similarly to impossible detection of
direct 21 cm radio photons at peV scale and PBH masses 10'7 —10%% g,
and Ref. [95] with direct photons emitted by a ~ 10 Mg “Planet 9” PBH
in the Solar System.
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6 Conclusion

In this paper, we have computed the photon emission spec-
trum by Hawking radiation of monochromatic Schwarzschild
primordial black holes. We restricted ourselves to the direct
photons resulting from the primary emission of photons and
the secondary emission resulting from electroweak interac-
tions or decay of other primary particles. We obtained the
flux on Earth of photons coming from the galactic center
plus the isotropic redshifted emission from past ages. We
identified all the assumptions underlying the computation of
this flux and ended up with a clear nomenclature of the con-
straining methods sz , classifying existing and prospective
constraints. Then, we used Isatis, a new public tool avail-
able inside the Hawking radiation code BlackHawk and
described in the Appendix, to examine quantitatively how
the constraints presented in the literature depend on those
assumptions, regrouped in 4 categories: (i) instrument char-
acteristics, (ii) (extra)galactic flux description, (iii) statistical
method used and (iv) Hawking radiation uncertainties. We
have shown that, for a given instrument design (i), the con-
straint on the DM fraction into PBHs fppy (M) can span up
to 5 orders of magnitude due to uncertainties (ii)—(iv). This
has a direct impact on the size of the current and prospective
available window for the 100% PBH-DM scenario and ques-
tions the robustness of the current constraints. We underline
the necessity of more precise galactic photon background and
Hawking radiation determination, especially at low energies
where high mass PBH constraints could close the window.
We emphasize that the very validity of the semi-classical
computation of Hawking radiation assumed throughout the
paper, that could be included as one of the (iv) uncertainties,
is a fundamental basis of the whole work. Finally, we have
examined to what extent a prospective “ideal” instrument
could constrain fpgy < 1 from (currently) M ~ 10'8 g up
to Mmax ~ 10?0 g by “reverse engineering” Isatis. We
conclude that even if (i) instrument characteristics allow for
another 5 orders of magnitude variation of fpgy(M), above
Mmax, direct photon constraints are not effective anymore so
that complementary constraints should be developed instead.

There are numerous ways to build up on this study
and improve Isatis. First, we have only considered
Schwarzschild PBHs, but some early matter domination
models predict PBHs born with high spin, which would
increase their photon yield and result in more stringent con-
straints. Non-standard BH solutions, e.g. derived from effec-
tive loop quantum polymerization, also predict very different
photon spectra. Deviations from the semi-classical Hawking
radiation computation at mass scales greater than the Planck
scale could also be explored. Second, we have considered a
monochromatic mass distribution, which is obviously unre-
alistic and could be refined within a specific PBH forma-
tion model. The main effect is to “spread” the constraints

towards higher and lower PBH masses due to the high and
low mass tails of the distribution under consideration. Third,
we have computed the direct photon spectrum from instanta-
neous Hawking radiation, but we could go further and obtain
the indirect photon spectrum after model dependent interac-
tions of direct photons or electrons/positrons with the inter-
stellar medium. One last possibility is to constrain PBHs
through their (in)direct electron/positron, neutrino, gravi-
ton or (putative) DM particle yield. This is left for future
work, but a thorough list of references can be found on the
BlackHawk website (for those who rely on the code) or in
the latest review [4]. Finally, we have assumed that PBHs
are not clustered when examining the Galactic constraints,
but are rather smoothly distributed following the halo density
function. Clustered PBHs would appear as point-like sources
and would require a suited search.
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Appendix A: Isatis: a public tool to compute consistent
PBH constraints

This Appendix is dedicated to the presentation of Isatis,
a new public numerical tool to compute PBH Hawking radi-
ation constraints with a controlled set of assumptions.

1. Technical aspects

Isatis is a public C tool that relies on the BlackHawk
[49,50] code to compute PBH constraints. Be careful to
download the last version of BlackHawk (v2 .1 as we write
this article) before using it. Isatis is available as one of
the “add-ons” (/scripts folder) of BlackHawk and as
such can be downloaded together with the main code on the
same website:

https://blackhawk.hepforge.org

The Isatis main folder contains:
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e the main file Isatis_photons. c that defines all the
Isatis routines,

e a parameter file parameters.txt that defines the
model parameters for the constraints (galactic and extra-
galactic fluxes assumptions, statistical comparison
method),

e afile README. txt that summarizes the basic steps in
the use of Isatis,

e afile plotting.py that can be used to plot the con-
straints obtained with Isatis,

e a folder /constraints that contains all kinds of
numerical tables used to compute the constraints (e.g. tab-
ulated background fluxes or cross-sections),

e afolder /BH_launcher that we explain below.

2. The BH_launcher program

The folder /BH_1launcher contains another Bl ackHawk
add-on: an automatic comprehensive launcher adapted to
Isatis. Withthis program, you canlaunch several Black-
Hawk runs in parallel in order to obtain a set of spectra for
e.g. different PBH initial masses. The script is interactive so
its use should be transparent, but a README . txt file is pro-
vided anyway. First, please ensure that BH_launcher.c
contains the correct path to your BlackHawk version and
that the BlackHawk programs BlackHawk_inst and
BlackHawk_tot are themselves compiled. We advise to
compile it with #define HARDTABLES to save time at
execution. To obtain the executable BH_laun-
cher.x type the command make in the terminal from
the /BH_launcher folder. BH_launcher.x dos not
require any argument so just run it with the command
. /BH_launcher . x. The scriptlaunches BlackHawk the
desired amount of times with the given parameters and gen-
erate several outputs:

e the BlackHawk output is stored as usual inside the
BlackHawk/results/ folder,

e BlackHawk/nohup_*.txt files are generated for
each run of BlackHawk,

e a file BH_launcher/* is generated that contains the
number of runs and the name of each run, that may be
given as an argument to Isatis.

Launching many (tens of) parallel executions of BlackHawk
can be memory consuming for both RAM and disk. We advise
that you tweak the files write_*.txt in BlackHawk
/src/tables in order to keep only the photon output
that is needed by Isatis. With BH_launcher, you can
choose the type (iv) assumptions, namely you can play with
the capabilities of BlackHawk concerning non-standard
PBHs, extended mass distributions, etc.

@ Springer

3. The Isatis program

The Isatis main program takes two arguments: a param-
eter file that contains all the assumptions of types (ii)—(iii)
to use in the constraint determination and a file which con-
tains the number of BlackHawk runs nb_runs = * that
you want to compute PBH constraints from, and the names
of those runs as a list. The latter can either be generated
automatically by the side program BH_launcher or by
hand, listing the results folders of interest that the user may
already have generated with BlackHawk. The constraints
computation requires that the secondary spectra of particles
are computed, and that both programs BlackHawk_inst
and BlackHawk_tot have been used on the same param-
eters file. Otherwise, errors are cast when trying to read non-
existing output files. Please ensure that parameters. txt
contains the correct path to your version of BlackHawk.
To compile Isatis.c into Isatis.x just go into the
/Isatis main folder and type make Isatis. Then,
launch it with the parameter file * and the run list file ** as
an argument with the command . /Isatis.x * **. This
should generate a result file results_photons_*.txt
containing the list of PBH constraints with each line being
one of your BlackHawk runs (e.g. with some specific PBH
initial mass), and each column the corresponding PBH con-
straint set by a specific (existing or prospective) optical
instrument.

To summarize, a basic use of the Isatis program con-
sists in (supposing everything has been compiled correctly):

1. launching BH_launcher.xto generate aset of Black
Hawk spectra with some varying PBH parameters,

2. launching Isatis.x to compute the corresponding
PBH photon constraints,

3. using plotting.py to visualize the constraints.

4. Instrument implementation

For existing instruments, we use the most recent data they
have produced. Those data are presented in Fig. 2 together
with the corresponding literature. The measured photon
fluxes in the direction of the desired target (galactic cen-
ter, isotropic flux) are tabulated in files constraints
/photons/flux_*_**_ txt. These are used to obtain
the constraints labelled M; in the nomenclature of Fig. 1.
For prospective instruments, instrument characteristics (type
(i) assumptions) are directly hardcoded inside Isatis, with
relevant literature listed in Table 3:

e the time of observation Ty,

e the fov AQ,

e the effective area as a function of photon energy Aegr (E)
(tabulated in files constraints/photons
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Table 3 Prospective optical instruments references for effective area
Aeff (E) (see also Fig. 4, left panel) and energy resolution €(E), as
implemented into Isatis. Allinstruments share Tops = 10 yr = 108 s

Instrument Aetf €

AdEPT [99] [10,81] [99]
AMEGO [100,101]2 [10,81,101] [100,101]
eASTROGRAM [102,103] [10,102] [102,103]
AS-ASTROGRAM [104] [81] [104]
GECCO [105]° [10,81] [11,105]
GRAMS [106-108] [10,81,84,108] [106]

MAST [82] [82] [82]
PANGU [109,110] [10,81,110] [109,110]
XGIS-THESEUS [111,112] [19,111,112] [19,111]

4See also
AMEGO_Decadal_RFI.pdf
PSee also https://www.snowmass21.org/docs/files/summaries/CF/
SNOWMASS21-CF3_CF1_Stefano_Profumo-007.pdf

https://asd.gsfc.nasa.gov/amego/files/

Table 4 Existing constraints classification. Joint isotropic: all or part
among HEAO + balloon + SMM + COMPTEL + EGRET + Fermi-
LAT instruments (ordered with increasing energy domains). EXGB:
extragalactic gamma/X-ray background. GC: galactic center

Instrument Target Statistical method
Joint isotropic [14] EXGB M, M2

Joint isotropic [13] EXGB M{

Joint isotropic [2-4] EXGB m3?

INTEGRAL [9] GC M, M2
COMPTEL [10] GC Ml

/Aeff_ *_**_ txt where * is the instrument name and
** the arXiv identifier),

e the relative energy resolution as a function of photon
energy €(E).

We propose several (extra)galactic backgrounds inside
Isatis, labeled as constraints/photons/back-
ground_** . txt. These are used to obtain the constraints
labelled M; in Fig. 1. All files contain * the name of the
instrument and/or * * the arXiv identifier to help traceability.

5. For information: what’s in the literature?

For transparency, we classify the PBH direct photons con-
straints from existing (Table 4) and prospective (Table 5)
instruments that are present in the literature and listed in the
Introduction. This is not an exhaustive list as it is restricted to
the bounds usually shown in the recent review efforts. This
classification could obviously be extended to older or to be
published constraints. In this study, we have used method M%

Table 5 Prospective constraints classification. MeV panel: AJEPT,
AMEGO, eASTROGRAM, GECCO, GRAMS, MAST PANGU (alpha-
betical order), taken separately. “+ EXGB” indicates that the target
mentioned has been considered on top of the EXGB contribution

Instrument Target Statistical method

MeV panel [10] GC, M31, Draco M%

XGIS-THESEUS [19] GC + EXGB M}, M}
GECCO [11] GC, M31, Draco M3
AMEGO [43] GC + EXGB M3

for existing instruments and compared methods Mé and M%
for prospective instruments.

6. Perspectives

Modification of Isatis should be straightforward. Adding
a new instrument or a new background consists in providing
the relevant * . txt flux or effective area file. New galactic
profiles can be easily implemented, as well as targets differ-
ent from the GC, thanks to the corresponding density factor
J. The code is already adapted to extended mass functions
with general expressions of the normalization constants A of
Egs. (7) and (10). BH_launcher is also handy to modify,
as it works following a decision tree. Variation of parameters
different from the mass from one run to the next consists in
adding branches to that tree.

In the near future, we intend to produce neutrino and
electron-positron tools as well, in the form of additional pro-
grams Isatis_neutrinos.c and TIsatis_
electrons.c. The scheme will be the same as for
Isatis_photons.c but adapted to constraints set for
direct neutrinos and electrons-positrons. Indirect detection
constraints are also a horizon of development.
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