EPJ Web of Conferences 283, 05004 (2023)
UHECR 2022

https://doi.org/10.1051/epjcont/202328305004

Diffuse flux of ultra-high energy photons from cosmic-ray interactions in the
disk of the Galaxy and implications for the search for decaying super-heavy

dark matter

Corinne Bérat!", Carla Bleve!", Olivier Delignyz’, Pierpaolo Savina??:, Frangois Montanet!", and Zoé Torres!-*

Laboratoire de Physique Subatomique et de Cosmologie, CNRS/IN2P3, Université Grenoble Alpes, Grenoble, France
2Laboratoire de Physique des 2 Infinis Iréne Joliot-Curie, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
3University of Wisconsin-Madison, Department of Physics and WIPAC, Madison, W1, U.S.A

Abstract. When propagating to Earth, UHECRs can interact with the gas in our Milky Way and produce
secondary particles including photons. This can impact the search for UHE photons as we face a diffuse flux of
UHE photons resulting from their propagation. This flux, together with the photon flux expected from the GZK
interactions, participates in the diffuse photon flux which is limiting the detection of UHE-gamma sources. We
present an estimate of the diffuse flux resulting from the interactions of UHECRs in our galaxy above 10'7 eV,
using results from the Pierre Auger Collaboration concerning the flux and its composition, and two different
interstellar gas density models. We also discuss the impact of the evaluated diffuse flux of UHE photons on
SHDM searches, as the former can be considered as a floor below which other signals would be overwhelmed.
Similarly, the neutrino flux produced during the same process can be evaluated, by accounting for the neutrino

mixing.

1 Introduction

On their way to Earth, UHECRs may interact with
the interstellar gas in our galaxy. Above 10'7 eV, the
cosmic ray flux composition consists of protons and
heavier nuclei. Hence, the cosmic rays interact with
the interstellar gas through nucleon-nucleon collisions,
whereas at lower energies other interactions can also take
place, such as Bremsstrahlung and inverse-Compton.
Following these interactions, secondary particles such
as UHE photons are produced. This additional flux
of UHE photons can be problematic in the search for
UHE photons. Indeed, these photons do not originate
from the vicinity of potential astrophysical sources of
UHECRS, but are the result of their propagation. By
combining the knowledge of this flux, with that of
GZK photons, one could estimate the diffuse flux limiting
the detection of UHE photons coming from actual sources.

In this contribution, we give an estimate of the flux
of UHE photons arising from the irradiation of the inter-
stellar gas above 10'7 eV. The full study has been pub-
lished in [1]]. These photons essentially propagate through
the galaxy without interacting, as their mean free path is
higher than the galactic diameter in this energy range, as
showed in Fig. E] [2]]. Therefore, the estimation of the dif-
fuse flux per steradian of UHE photons with an energy E,,
¢y(E,,n) can be simply done by integrating the emission
rate at position n, g, (E,, n), per unit of volume and energy
along the line of sight, as follows :
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Figure 1. The attenuation distance of photons as function of the
photon’s energy. The energy range considered is showed by the
pink area. The galactic diameter is reported by the blue line.
Figure taken from [2].
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Here, x is the position of the solar system in the
galaxy, and n = n(/,b) is a unit vector on the sphere
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pointing to the longitude / and latitude b in galactic
coordinates. It is important to note that above 107 eV,
the observation of UHECRs shows a high degree of
isotropy [3l], which leads to a equally isotropic irradiation
of the interstellar gas and therefore an isotropic emission
of UHE photons, hence the ﬁ factor in Eq.

To compute the emission rate g,(E,,X), correspond-
ing to the number of photons of energy E, produced by
UHECRs with energy above Ey = 10'7 eV at position x in
the galaxy, we consider :

e The inelastic cross section of the interaction gas-
UHECR : 0(Ecg).

e The UHECR flux ®cg(Ecg) which can be decomposed
in four nuclei groups: H, He, CNO and Fe. This is done
so that we can use the data from the Pierre Auger Col-
laboration in section

e The mean number of UHE photons of energy E, pro-
duced during the interaction of an UHECR of energy
Ecg with the interstellar gas : %(ECR, E)).

Y

e The Milky Way interstellar gas density in nuclei per cm?

in at position X : p(x).

Gy(Ey, %) = 47 > (%)

ij

dEcgr Ocri(Ecr) oij(Ecr)

(Ecr,Ey) (2)

In Eq. 2] the summation over j corresponds to the
different interstellar gas elements : molecular and atomic
hydrogen, and helium. The one over i accounts for the
four groups of UHECRSs nuclei defined above.

2 Cosmic Ray Flux

Above 10'7 eV, the energy spectrum of cosmic rays and
its mass composition are obtained via the indirect mea-
surements of extensive air showers. With measurements
of the slant depth corresponding to the maximum of the
shower development, a parameter strongly correlated to
the mass of the primary cosmic ray, the composition is
determined on a statistical basis.

To obtain the cosmic ray flux for a defined group
of primaries ®cg;(Ecg), we combine the all-particle
spectrum of UHECRs, ®cr(Ecg), with the energy-
dependent abundances of the primaries f;, giving :
Ocr(Ecr) = X fi Pcri(Ecr)-

As for the spectrum, we used the one measured
at the Pierre Auger Observatory [4] using the surface
detector. This choice was made because the observatory
owns the largest cumulated exposure. It also uses a
single type of detector avoiding the combination of
measurements and therefore the addition of systematics
to the study. Uncertainties on the spectrum must be

propagated when calculating the diffuse flux. Finally,
the primary energy is known calorimetrically as it is
measured by the fluorescence telescopes of the obser-
vatory, allowing no assumption on the mass of the particle.
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Figure 2. The all particle spectrum from [4]] (black) with the con-
tributions of H (red), He (orange), CNO (green) and Fe (blue).

Concerning the fraction of the four primary groups,
they are also obtained from measurements carried at
the Pierre Auger Observatory. The determination of the
primary composition is performed by comparing the
measured maximum of development of the shower, with
expectations according to high energy hadronic interac-
tion models for the four types of nuclei introduced before.
We use the results from [5]], where the fractions of the
different primary groups are reported as a function of the
cosmic ray energy, namely EPOS-LHC [6]], Sibyl12.3 [7]]
and QJSJetII-04 [8].

Fig. [2] shows the combination of the all particle
spectrum with the abundances of the nuclei types. Except
for Hydrogen, the species have been re-scaled for clarity
issues (see legend). The systematic uncertainties arising
from both the all-particle spectrum of UHECRs and
the fractions of mass groups inferred from the three
different hadronic interaction models, will be propagated
when calculating the estimate of the diffuse flux. As a
cross-check, we took the fractions from the Global Spline
Fit (GSF) [9], a data-driven fit using different ground
based experiments. We regained similar results for the
estimate of the flux in section[3
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3 Interstellar Gas Density

The interstellar gas in the Milky way is mostly composed
of Hydrogen (90%) and Helium (10%), distributed essen-
tially in the disk. Hydrogen, contributing to most of the
interstellar gas mass, can be found in three different forms
depending on its temperature : atomic H;, molecular Hy;
and ionised. On the other hand, Helium stays neutral
as its first ionisation potential is higher. The case of
ionised hydrogen will not be considered in this work as its
contribution is smaller.

The distribution of the H; component, representing
about two thirds of the Hydrogen mass, is rather constant
in the distance range [4-10 pc] from the galactic centre
and falls at larger distances. The density decreases
exponentially in the perpendicular direction to the galactic
plane with a scale length depending on the gas tempera-
ture. This distribution is known following observations
via the 21-cm radio hyperfine line, whether by absorption
or emission. In the case of Hj;, the observation is not
direct. Indeed, a homo-nuclear diatomic molecule like Hj;
does not possess a permanent electric dipole moment, and
therefore has no simple rotational transition. Thus, the
column density of Hj; is inferred through the observations
of carbon dioxide (CO) emission lines. Molecules of CO,
the second most abundant molecule in the interstellar
medium after Hy;, are excited by their collisions with
H;; molecules, resulting in a correlation between the
integrated intensity of CO lines and the column density of
molecular hydrogen. Finally, the distribution of Helium
is not really known, being only observable in a specific
ionised state. Therefore, it is assumed that it follows the
hydrogen distribution but with a factor 10%.

We use two recent models of gas distribution relying
on data, and compute the diffuse flux for both. The
differences between the results will contribute to the
systematics of ¢, (E,, n).

The first model considered, labelled as model A in the
following and developed by [10], captures the large-scale
characteristics of the distribution without attempting to
describe finer details. Thus, this distribution is axially
and up-down symmetric neglecting features like the spiral
arms and the disk wrap of our galaxy. In this model,
the gas is concentrated along the galactic plane with a
thickness increasing with the distance to the galactic
centre . The column density averaged on the galactic
longitude I, is reported in Fig. [3] by the grey lines for
atomic (plain) and molecular (dashed) Hydrogen, as
function of the galactic latitude b.

The second model of interstellar gas distribution,
referred as model B hereafter, was developed by [L1].
This is a more detailed description with the modelisation
of the spiral arms as well as the wrapping of the disk,
which is useful for studying cosmic ray propagation and
traces the structure of the Galaxy. The full parametrization
of the model can be found in [[L1]. Moreover, as for model
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Figure 3. The surface density average over Galactic longitude
as a function of Galactic latitude for atomic and molecular hy-
drogen, for model A [10] in grey and in blue for model B [11].
The surface density of molecular Hydrogen as obtained from the
composite survey of [[12] is shown by the orange line.

A, the surface density averaged on the galactic longitude /
is also shown in Fig. [3| by the blue lines.

When summing the surface density of H; and H;;, we
observe a difference of the order of a few units of 10*2cm™—
in the surface density averaged over the galactic longitude.
Theses differences will be contributing in the systematics
when calculating the photon flux in section 3]

4 Production of UHE Photons

Neutral pions 7° are among the secondary particles pro-
duced following the interaction of the UHECRs with the
gas. They play a key role as their most probable decay

mode is two photons:

° — 2y

The production of secondaries such as K, p,n, decay-
ing into 7° also occurs during the interaction, resulting in
an additional flux of photons.

To obtain the inelastic cross sections o ;(Ecg) along

with the energy spectra of UHE photons ‘%”j (Ecr,Ey), we
Y

use Cosmic Ray Monte Carlo (CRMC) [13]]. This package
gives access to several cosmic ray event generators that
model the production of secondary particles following a
hadronic interaction. It also allows the follow-up of the
decays of the secondary particles that are likely to produce
photons. In this work, we chose the hadronic interaction
model EPOS-LHC [6].

Using CRMC, we simulate 100,000 collisions for
each couple (i, j) of UHECR and gas element, for different
energies of UHECR ranging from 10'7 to 10%° eV (in
steps of Alogio(Ecg) = 0.5). The spectra of the photon
energies are then produced for each cosmic ray energy,
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with a bin width of Alog;o(E,) = 0.05. 5 Diffuse Flux of UHE Photons

By combining the various ingredients introduced in the
previous sections in Eq. 2} then Eq. [} we obtain the
diffuse flux of UHE photons. The results for both models
—————————— of interstellar gas distribution are reported in Fig. [6] for
10 E - ] model A and in Fig. [7] for model B. As expected, the
________ flux is concentrated along the galactic plane, reaching

L] ~ 8.7.1072 km~2yr~'sr™! when averaged over |b| < 5°

in case of model A (=~ 3.2.1072 km~2yr~'sr™! for model B).

—— —
—— —
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Figure 6. The diffuse flux UHE photons with E, > 10"eV in

The inelastic cross sections given by CRMC are re-  Galactic coordinates, for model A.
ported in Fig. [ as function of the cosmic ray energies.
They are of the order of a couple of hundreds of mb, up
to thousands for those involving heavier elements. The
photon yields %(ECR, E,) are shown in Fig. |5| for three
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Figure 4. The inelastic cross sections o j(Ecg) obtained with
CRMC, as function of the cosmic ray energy, for each couple
(i,j) of cosmic ray and gas element.
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Figure 7. The diffuse flux UHE photons with E, > 10'7eV in
Galactic coordinates, for model B.

different comic ray energies (10'8, 10" and 10?° eV). One
can note that, as expected, for a fixed photon energy, the
photon yields increase with the cosmic ray energy. On the
other hand, for a fixed cosmic ray energy, the yields seem
to depend on the mass. Indeed, during the interaction, only
a single nucleon intervenes. The energy per nucleon be-
ing divided by the atomic number A, the number of pho-
tons produced is bigger for higher cosmic ray energies and
lighter masses.

10g10(®y (km™2 srt yri))

The energy spectrum has a similar slope as the
] UHECR spectrum, but is shifted a decade down in energy.
] When averaged over a 5° band around the galactic plane,
] we find that its value is about 107> that of the UHECRs
when considering energy thresholds between 10'7 to 10'®
eV. For higher thresholds however, the spectrum of UHE
] photons becomes steeper, and this ratio decreases to 107°
. for thresholds above 10'° eV, before dropping sharply at
] highest energies.

log1o(EydNy;/ dEv)

8 85 9 9.5 10 10.5 1
logjg(Ey/GeV) ) = 1
vy = 2.5in(5°)
Figure 5. The photon yields %(ECR, E,) obtained with CRMC, f d E’y f dsin(b) f dn’ fﬁo (n,n’) ¢y(Ey, n 3)

for different cosmic ray energies and UHECR masses.

The calculated photon fluxes can be compared to searches
for UHE photons fluxes above 10'7 eV. The directional
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limits reported in [14], for energies ranging from 10'7-3

to 1083 eV, come from a search for point-like sources in
the exposed sky of the Pierre Auger Observatory (zenith
angles below 60°). These limits averaged over a 5° band
around the galactic plane are reported as the red line in
Fig.[§] as function of the galactic longitude /. To compare
our work to these results, we convert our directional fluxes
into a collection of point-like sources detected through
the point-spread function of the Pierre Auger Observatory
Jo,- This is equivalent to applying a Gaussian filter on the
sphere with an angular scale of 6, = 1°, as seen in Eq.[3]
The integration range of the photon energy is the one
mentioned before, and b ranges from -5 to 5°. The limits
in this work were computed with the EPOS-LHC hadronic
interaction model. However, the choice of the hadronic
interaction model when creating the photons energy
spectra with CRMC only intervenes at the second order
in the computation, thus it does not impact the results.
They are reported for model A and B by the grey and blue
bands respectively, and are about 3 orders of magnitude
below the limits reported in [14]. The bands depict the
systematics coming both from those in the UHECRs
sprectrum and in the different hadronic interaction models
used in the determination of the mass composition. The
propagation of uncertainties can be found in [I]. One
can conclude easily that these limits cannot be reached
with current observation capabilities. Although these
limits could be improved by a factor 2 or 3 by collecting
more data at the Pierre Auger Observatory, the conclusion
would be the same. Moreover, the limits reported here are
for a E;z photon spectrum, the difference would be higher
for steeper spectra.
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Figure 8. The directional photon fluxes averaged over an 5°-
band along the galactic plane, when converting the fluxes into a
collection of point-like sources detected through the point-spread
function of the Auger Observatory. The energy range considered
ranges from 10'73 to 10'®3 eV. Dashed: gas model A. Dotted-
dashed: gas model B. Continuous red line: upper limits at 95%
confidence level obtained at the Pierre Auger Observatory [14].

The UHE photons fluxes obtained can also be com-
pared to other searches for a diffuse flux above 107 eV,

performed by several experiments like EAS-MSU [13],
KASCADE-Grande [16], Telescope Array [17], and the
Pierre Auger Collaboration [18]. The upper limits for
each of them are reported of Fig. [0 by an orange dot, a
black dot, a pink triangle and a blue square respectively,
while our results correspond to the blue and grey bands.
One must note that, to compare to upper limits on the
diffuse fluxes illuminating the whole field of view of
the observatory considered, it is needed to calibrate the
expected fluxes on the whole sphere, as showed in Eq. ]
The limits obtained by the different observatories appear
to be between 2.5 to 3 orders of magnitude above our
expectations for energy thresholds between 10!” and 10'8
eV, and even higher for larger thresholds.
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Figure 9. Upper limits on diffuse photon fluxes reported

by [15] (pink triangles, EAS-MSU), [16](filled orange cir-
cles, KASCADE-Grande), [17](open circles, Telescope Array),
and [[18](dark blue squares, Auger). Expected fluxes from UHE-
CRs interactions with the gas distribution in the Galaxy are
shown as the grey dashed line (model A) and grey dashed- dot-
ted line (model B), as well as from UHECRSs interac tions with
background photon fields (GZK mixed) estimated by [19]].

In Fig. [0 the orange band represents the expected
GZK photon flux reported in [19], a cosmogenic photon
flux arising from the interaction of UHECRs with the
photon fields present the universe. This flux depends on
the nature of the UHECR and it is reported here for a
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mixed composition fitting the Pierre Auger Observatory
data, namely the measured energy spectrum and mass
composition. The systematic uncertainties arising from
these measurements lead to the orange band.

For energy thresholds between 10'7 and 10'8 eV,
we expect the cosmogenic flux originating from the
interactions of UHECRs with the interstellar gas to be
the dominant one, while the GZK takes over for higher
thresholds.

6 Implication on SHDM Searches

The region between 107 to 10'® eV, where the flux
computed in this work is dominant, is of interest. Indeed,
it can been seen as a floor that could prevent probing
sources, in particular in the galactic disk, or indications on
the presence of super-heavy darkm matter (SHDM) pro-
duced in the early universe and decaying today generating
a photon flux ¢$M in the direction of the galactic centre.
In the field of SHDM searches, a photon flux in this
peculiar direction has important implications. Depending
on the mass of the super heavy particle My, the photon
flux can be translated into a ceiling for the life-time 7x of
this particle.

The production of UHE photons following the decay
of SHMD particles can occur if these particles have a long
enough life-time. This is possible when they are protected
from decays in the pertubative domain, but disintegrate by
what is called instanton non-pertubative effects [20]. This
mechanism provides metastable particles of life-time 7x
which can produce secondary particles such as photons.
The expected photon flux from these decays can be ob-
tained by integrating the position-dependent emission rate
per unit volume and energy along the direction n as in [21]]:

1 dN [

——— | d + 5
dxMyrx dE, Jo s ppu(X +sm)  (5)

¢PM(E,).m) =

In Eq. B} ppu is the energy-density profile of dark
matter in the galaxy, and jTNy represents the energy
spectrum of UHE photons produced in the decay which
depends on the hadronization process. In this work we
considered the Navarro-Frenk-White profile found in [22]],
normalized so that p(o) = 0.3 GeV.cm™3. In [23], it is
shown that the spectra of the final state particles, varies
as E7'Y, and we used this energy dependence in the
following.

It is possible to infer constraints in the (My, Tx) plane
from the limits on UHE photon fluxes by requiring that
¢PM(E), the flux presented in Eq. |5 averaged over all
directions n, is smaller than the limits. Indeed, for an
upper limit at a certain energy threshold, one can scan
the value of My in order to obtain a lower limit on the
life-time 7x. By repeating the procedure on all energy
thresholds, we obtained a collection of excluded regions

of (Mx,Tx) whose sum is reported as the red area on

Fig.
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Figure 10. Allowed region of mass and life-time of SHDM par-
ticles decaying into standard-model ones. The filled red region
is excluded from the upper limits in UHE photon fluxes. The
hatched one corresponds to the ceiling region discussed in sec-
tion[3l

Finally, by scanning My we can also determine the
corresponding 7y for which ¢)"(E,) < ¢,(E,), meaning
that the flux originating from dark matter is overwhelmed
by the cosmogenic flux. This results in a ceiling region
showed in Fig. [I0] as the pink hatched area. The ceiling
affects masses up to 10'' GeV, which corresponds to the
cut-off in the cosmogenic photon fluxes. While masses be-
low 10'° GeV are constrained by the photon flux discussed
in this work, for masses above this threshold the GZK ex-
pected photon flux from [[19] takes over. In the end, a large
region of the plane remains unaffected by the ceiling.

7 Conclusion and Outlooks

The expected flux of UHE photons above 10'7 produced
by the interactions of UHECRs with the interstellar gas
amounts to 1.1 x 1072 /km?/yr/sr (a few degrees around
the galactic plane). It is the dominant cosmogenic one in
the energy thresholds ranging from 10'7 to about 10'® eV.
Although its detection remains out of reach for current
observatories, it is relevant for searches on SHDM in the
direction of the galactic centre, as it sets a floor below
which other signals would be overwhelmed. Indeed, the
results set a floor for a ceiling region for the life-time of
SHDM particles that seems to affect masses up to 10"
GeV.

A similar interesting study is ongoing at a lower
threshold in energy of 10'°eV, with other neutral mes-
sengers such as neutrinos produced by charged pions de-
cays. In this case, the abundances of nuclei are taken from
the GSF [9] mentioned in section 2] Moreover, when de-
creasing the energy threshold, one has to account for the
anisotropy of UHECRSs sources and add the contribution
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of galactic sources of cosmic rays. As for now, the flux
has been computed with the assumtpion of the isotropy of
UHECRSs and appears to be below current upper limits on
neutrino fluxes.
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