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Abstract. Experimental observations have demonstrated a strong correlation between star-forming processes
and gamma-ray luminosities, giving strong hints about the nature of the Cosmic-Rays (CRs) transport mecha-
nisms inside Starburst Nuclei. In this contribution, we discuss the imprints on nearby Starburst galaxies (SBGs)
gamma-ray spectra left by different CR transport models, quantifying the potentiality of future telescopes to
distinguish between them. We also investigate the possibility of constraining the properties of light Dark Mat-
ter (DM) particles exploiting the peculiar nature of CR transport inside SBNs. We show that the property of
scattering between high-energy CRs and DM particles leads to observable features, thereby posing stringent

constraints on the DM parameter space.

1 Introduction

Starforming and Starburst Galaxies (SFGs and SBGs) are
peculiar astrophysical sources which are expected to in-
ject and accelerate high-energy CRs in their cores (see [1—
6] and Refs. therein). Indeed, some nearby SBGs have
been discovered as a GeV gamma-ray emitters [7]. Fur-
thermore, M82 and NGC 253 have also been detected in
the TeV domain by respectively VERITAS [9] and HESS
detectors [10]. The Auger collaboration has also found a
correlation of about ~ 4 o~ with some of these sources and
ultra high-energy cosmic-rays [11]. All of these demon-
strate, to some extent, that SBGs produce high-energy CRs
(at least up to ~ 1PeV energy) and are able to confine
them for long enough to produce secondary particles such
gamma-rays and probably neutrinos. Indeed, high-energy
cosmic rays are expected to be accelerated by supernovae
explosions (SNe) and they should collide with interstellar
medium particles producing secondary particles through
inelastic p-p collisions. The spectra of secondary parti-
cles strictly depend on the parent high-energy protons dis-
tribution in starburst nuclei (SBNi)[5]. As a result, the
cosmic-ray transport mechanisms are expected to leave in-
delible signatures on the gamma-ray and neutrino spectra
which are observables. Therefore, we can use these as in-
direct tools to study the properties of the transport condi-
tions inside SBGs, which are still under debate [5, 6, 16].
In fact, while electrons are predominatly confined inside
the starburst nuclei, the high-energy protons are only par-
tially confined and it is still unclear which is the main es-
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cape phenomenon out of SBNi: advection or diffusion [5]
(see also [16]). Furthermore, it is still not completely clear
which is the source of the diffusions mechanisms. For in-
stance, Refs. [1-4] indicate external turbulence as diffu-
sion mechanism, while Refs. [13—15] have proposed dif-
fusion driven by self-induce interactions with Alfen waves
generated though streaming instability. In this proceed-
ing, we analyze the imprints left by different cosmic-ray
transport mechanisms inside SBGs on gamma-ray obser-
vations (see [5] for more details). In particular, we demon-
strate how the next-generation CTA telescope and SWGO
are going to discriminate between different cosmic ray
transport mechamisms. Furthermore, our findings suggest
that advective phemonena seem to be preferable as escape
mechanism until £ ~ 10 — 100 TeV for protons [5]. We
also exploit the nature of our results to perform a beyond
standard model study [6]. In fact, a potential interaction
between a dark-matter particle y and protons would mod-
ify the gamma-ray spectra leading to a depletion of pho-
tons, which is not currently observed. Therefore, this leads
to strict bounds on o, ~ 10732 cm? for m, < 107°GeV
[6]. The proceeding is structured as follows: in Sec. 2, we
discuss the CR transport models considered in our analysis
and how we evaluated the secondary particle production
rates. In Sec. 3, we discuss the different gamma-ray phe-
nomenology arising from the corrisponding CR transport
models and in Sec. 4 we discuss possible incoming con-
straints from neutrino telescopes. On the other hand, In
Sec. 5, we discuss the implications of scattering between
sub GeV DM particles and cosmic rays inside SBNi. Fi-
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nally, in Sec. 6 we discuss all the results and derive our
conclusions.

2 Cosmic-ray Mechanims Models and
Secondary Particles

Many authors have described the cosmic-ray transport
mechanisms inside SBGs [1, 2, 13, 16-18, 22](see also
[4, 5] and Refs therein for more details ). In particular,
we work in a steady-state assumptions, leading to a bal-
ance between the high-energy cosmic rays injected by SNe
and all the mechanisms such as p-p interaction, advection
and diffusion occuring inside Starburst Nuclei (SBNi) [5].
Therefore, the proton distribution f(p) inside the nuclei
can be written as [5]

f(p)=0p)-1pp - Fea(p) )]

where Q(p) o« (p/mp)~%xe P/Prax is the injected amount of
high-energy cosmic rays from SNe with p,,,, ~ 1—-10PeV
[1-6]. 7, is the proton-proton interaction timescale:

1
k'l’lISM'O'pp'C

@

Tpp

where k = 0.5 is the inelasticity of the process. c is the
light velocity. nysym is the interstellar medium density. o,
is the inelastic cross section [20]. Fcq(p) is the calori-
metric fraction, namely the fraction of high-energy pro-
tons which effectively lose energy inside the nucleus pro-
ducing gamma-rays and neutrinos rather than escape via
advection or diffusion. F,(p) theoretically depends on
the geometrical assumptions of the system (e.g. spherical,
cilindrical or even toroidal). This is because under a dif-
ferent geometries, protons can escape differently from the
nucleus. Secondly, different assumptions on the escape
mechanisms can affect the energy-dependency of F,. In
this proceeding, along with Ref. [5], we quantify the dif-
ferences between the CR model developed by Ref. [1, 2]
which was also used by Ref. [3-6] and the model put for-
ward by [13] which was also used by Ref. [14, 15]. The
former, which we call model A (see also [5] for more de-
tails), assumes that the nucleus is spherical and the dif-
fusion is described by a Kolmogorov-like scenario in a
regime of strong turbulence with an external magnetic field
B. Given R as the dimension of the nucleus, the diffusion
timescale 74 = R?/D where D is the diffusion coeffi-
cient (see [1] for more details). The model takes also into
account the advection phenomen which consist in cosmi-
rays driven by the motion of the interstellar medium. In-
deed, given v the wind velocity, the advection timescale
Tadv = R/v. In this model, the escape mechanims is given
by the competition between 7,4y and 7g;g. In fact, the es-
cape timescale is (r_! + 7=1)7! [5]. For this model the

adv diff
calorimetric fraction can be express as [5]:

Tesc/Tpp
Fog = —cc/ T 3
cal Tesc/Tpp 1 ( )

where Tef = Tesc/Tpp. In this model, Tgig > Taav, hence
the escape timescale is driven by the winds. The latter,

namely model B, on the other hand, assumes a cilindrical
geometry and, consequently, the calorimetric fraction is
given by [5, 13-15]:

1 16 3Teft 9 16
Fea = 1_[0F1(§a g‘reﬁ)‘}' 4MZ ()Fl(g’ ETeff)

-1

“4)

where M, =~ 2 is the mach number and F is the gener-
alized hypergeometric function [13-15]. The cosmic ray
transport description, in this model, is different since ne-
glects advection phenomena arguing that they could only
affect the ionised gas and it is still not clear whether they
could also affect the cold interstellar medium gas or not.
Furthermore, it considers diffusion driven by the self-
turbulence by the alven waves generated by CRs them-
selves. In this framework the diffusion coefficient is pro-
portional to the streaming velocity of cosmic rays [5, 13—
15]:

E a-3
DoV, = Min[c, Va(1+23-107 (—) x
mp

X(’/;I(S)hsd )3/2( o )( " \,;;ms_l )] 5)

where o, is the dispersion velocity, y is the ionisation frac-
tion. E and m,, are respectively proton energy and mass.
Tqifs in model B is defined as h?/D where h is the height of
the galatic disk. One of the differences between model A
and model B is that in the former the calorimetric fraction
is practically energy independent up to ~ 1 PeV, while for
the latter it has a strong trend with energy. Indeed, above
~ 100 GeV — 1 TeV SBGs stop being calorimetric leading
to a suppresion to the consequent gamma-ray and neutrino
production.

In both models, the main contribution to the gamma-
ray and neutrino production is given by hadronic pro-
duction, which we evaluate using the delta-function ap-
proximation following [20]. We also take into account
bremsstrahlung and Inverse Compton contributons follow-
ing [4, 5]. We finally emphasize that we neglect gamma-
ray and neutrino production due to photo hadronic (py)
collisions due to the fact that the energy threshold for such
process requires CR energy to be greater than ~ 150 PeV
which is a scenario which we do not consider. Further-
more, Refs. [18, 19] have demonstrated that their con-
tribution is completely negligible with respect to the p-p
collision component.

3 Gamma-ray Phenomenology

In order to analyze the different phenomenology arising
from model A and model B, we fit gamma-ray data of
known SFGs and SBGs (see [5] for more details). The
gamma-ray data analized are the Fermi-LAT data from
[7, 21]. For M82 and NGC 253, we also take into ac-
count VERITAS [9] and HESS [10] data. We consider as
free parameters the star formation rate M of the source as
well as the spectral index « (see [5] for details about the
values of the other structural parameters used). We stress
that we impose the star formation rate of the source to be



EPJ Web of Conferences 283, 04007 (2023)
UHECR 2022

https://doi.org/10.1051/epjcont/202328304007

consistent with the one inferred by experimental data [16]
within a factor 3 [5].

Fig. 1 shows the comparison between the best-fit ob-
tained from model A and B and its current gamma-ray data
[7,9].
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Figure 1. Comparison between the gamma-ray best fit from
model A and model B for M82 and its gamma-ray data [7, 9].
Figure taken from Ref. [5].

Interestingly, model A seems to slighly fit better the
gamma-ray data. Indeed, model B seems to be disfavoured
at 20 level [5]. This seems to slightly point towards
the conclusion that phenomenlogically advection phenom-
ena might be important for describing the escape mech-
anisms inside starburst nuclei (SBNi). Indeed, the fact
that gamma-ray data are compatible with a simple power-
law spectrum might be indicative of CRs dominated by
energy-independent timescales [22]. Future experimen-
tal campaigns will be fundamental in order to get more
and more precise data. In particular, the CTA telescope
[26] will provide measurements increasing the statistical
power in order to distinguish between model A and model
B [5] (take a look also at Refs. [27, 28] the potentiality of
the ASTRI-mini array to fully understand the potentiality
of Imagine Atmosphere Cherenkov Telescopes (IACTS).
We end this section by saying that also other experiments
could be able to constrain phenomenological properties of
SBNi such as SWGO [29].

4 (Potential) Future Neutrino Constraints

Different CR transport descriptions lead to different neu-
trino spectra expectations as well. In this section, focus-
ing on model A, we show the prospects for future con-
strains from current and upcoming high-energy neutrino
telescopes (following Ref. [4]). Fig. 2 shows the com-
parison between the expected 1 TeV neutrino normaliza-
tions from nearby SFGs and SBGs with the point-like Ice-
Cube sensitivity [23] and the expected sensitivity of the
KM3NeT/ARCA [24] detector and ICeCube gen 2.
Interestingly, KM3NeT/ARCA [25] could constrain
the hadronic emissions of the cores of Small Magellanic
Cloud (SMC) and Circinus Galaxy in 6 years of data
taking. It is important to say that the sensitivities re-
fer to E~2 spectra while the neutrino expectations of the
sources might be slightly softer (see [4] for more details).
Nonetheless, the emission of the core of SMC could be
constrained in 6 years of data taking. The next decade
will be fundamental for constraining the property of SFGs

10-10 1 1 L

D 1
5 10 E 10-yr IceCube

£ 102 Jgue 10-yr IceCube-Gen2

ARE

= uic NGC253
— 1071 4 scowd  Nocs

Sz —
L2107 4 g <

10-16

+

T T 1
-1.0 —-0.5 0.0 0.5 1.0
sin o

Figure 2. Comparison between the 1 TeV neutrino normaliza-
tions according to model A (see [4] for more details) and the Ice-
Cube, KM3NeT and IceCube Gen 2 sensititivies for E~2 point-
like sources. Figure taken from Ref. [4].

and SBGs. Indeed, a potential neutrino emission measure-
ment from these sources not only would demonstrate that
star formation processes can emit neutrinos but also they
will allow incredible step forward for understanding the
CR transport inside these sources.

5 DM-p Interactions

In the previous sections, we have analized the CR trans-
port mechanisms inside SBGs. It seems that current data
slightly favour model A. In this section, we exploit this
fact in order to search for new physics. In particular, astro-
physical and cosmological observations show that galaxies
have a halo of dark matter (DM) [34—41]. Therefore, a po-
tential interaction between a DM particle (y) and protons
could modify the CR transport inside the SBGs leading
to a suppression of the secondary particles fluxes. For in-
stance, a further a loss timescale T}, modifies 7es. in Eq.
3 leading to a different F,. The new timescale is

-1(dE -1
el

=|—|— 6

=% (), ©

which represent the elastic timescale between y and pro-
tons. dE/dt is the time rate with which CR exchange en-
ergy with dark matter particles. It strictly depends on the
DM density p, as well as on the elastic cross section o

[6]:

dE Tﬂ\ﬂx d
(—) - p—*f B )
dt xr my Jo dT

where 7™ is the maximal kinetic energy allowed by
DM nparticles in a collision with a proton with energy E.
The expression of 7™ can be found in Ref. [6] and in
Refs. therein. For this contribution (see Ref. [6] for more
details), we consider the DM particle to be a fermion in-
teracting with protons through a high massive mediator. In
this context, the differential elastic cross section is [6, 30]:

20,2
dog  [7e% 5225,,1 (q* +4m2)(q? + 4m2) if T, < T™
dTy (0 if T, > T
)
where o, is the DM-p at zero CM momentum [6]. u,, is
reduced mass between y and protons. s = m2 +m>+2Em,
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is center of mass energy. F(q) = (Hqﬁ)2 (with ¢* =
2m,T,) is the proton form factor. This factor practically
implies that at high-energy the elastic collision becomes
unlikely with respect to the inelastic one. Indeed, for ener-
gies E > mf,/(2m)() the proton start being broken, pro-
ducing additional gamma-rays through pion decay. We
parametrize the inelastic collisons between y and protons,
using a simple semy-analytical approximation (similarly
to [31-33]) assuming the ovjpei p Scales as the vp (neutrino
nucleon) cross section and rescaling it to match the elastic
x P cross section [6]. This allows us to define the inelastic
cross section as a function of o, defined in Eq. 8 (see
[6] for more details). The inelastic collisions timescales
can be defined analogously to the proton proton collisions

as Tipel = (kO'ine1 -cpy/m, | , where k is the inelasticity of

the collision and p, is the DM energy density. We consider
k = 0.5 analogously to p-p collisions [6].

5.1 Dark Matter Density inside Starburst Nuclei

Each galaxy is expected to be embedded in a Dark Matter
halo [34-41]. The correct DM profile is still uncertain
because of the uncertainty in the DM distribution in the
core of the galaxies [42] (see also [6] and Refs. therein for
further details). One of the benchmarks which can be used
are the NFW profile [43]:

1
r/rs(1+r/ry)?

pPou(r) = ps ©)
Another benchmark DM density profile is the Burkert pro-
file [44]:

pory

) o

Pom(r) =
where r represents the distance between the DM halo.
We consider it to be also coincident with the position of
the Starbust Nucleus of the SBG considered. In order to
parametrize p;, rs and pg for the two cases, we follow Refs.
[37-39, 41]. In particular, we do it by means of ¢pp and
Myoo. c200 = r200/1s, Where rygo is the radius correspond-
ing to Myoo where the mean density is 200 times the critical
density of the Universe [6]. These two parameters are not
measured, but they are constrained by cosmological simu-
lations to be 7 < c¢a90 < 12 and 10'° < Mypo/Me < 1012
[37-39, 41]. Fig. 3 shows the DM density distribution
for both benchmark cases. In particular, the blue band
corresponds to the NFW profile and the orange one cor-
responds to the Burkert one. The main difference between
the NFW and Burkert profile resides in the fact that the
former is divergent for r — 0. The figure also shows the
value corresponding to r = Rsgn = 200 pc which corre-
sponds to a benchmark value of a prototypical SBN (see
also [1, 2, 4, 5)).

5.2 Signatures on Gamma-ray Spectra: M82
Example

In this section, we analyse which are phenomenological
signatures of DM-p interactions. Fig. 4 shows the case of
MB82.
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Figure 3. DM energy density as a function of r. The Blue band
corresponds to the NFW profile, while the orange one corre-
sponds to the Burkert profile. The vertical line correspond to
the dimension R of a typical starburst nucleus R = 200 pc.

In particular, on the left panel, we show the compari-
son between the standard timescales (losses, advection and
diffusion) as black lines with the elastic and the inelastic
DM-p interaction timescales for three different values of
(my,0yp). 7o), for E) < Epin = mlz,/ZmX, scales as 773,
where T is the proton kinetic energy. By constrast, for
E > Enin, ') ~ T? xLog(T) (see [6] for more details). As
a result, at high energies (E > E,), the elastic collisions
become unlikely leading to a strongly energy- increasing
timescale. The right panel of Fig. 4 shows the correspond-
ing the gamma-ray spectrum predicted. The black line
corresponds to the standard scenario (model A), while the
coloured lines correspond to the gamma-rays with DM-p
interactions. The elastic collisions clearly reduce the spec-
trum leading to a dip in the gamma-ray spectrum. This is
due to the fact that protons interacting with y reduce their
energy without producing gamma-rays. In practice this
strongly reduces F,. For E, 2 0.1Ep;, (the ~ 0.1 factor
is due to the fact that gamma-rays produced through pion
decays carry about 1/10 of the energy of the parent high-
energy proton), the gamma-rays get replenished by the
photons produced by inelastic DM-p collisions. Indeed, in
this regime, SBGs start being calorimetric again leading to
a copious gamma-rays production. It is important to high-
light that for energies greater than Eyp, Fea — 100%. On
the contrary, in the standard scenario Fy ~ 40—-50% given
the competition between advection and p-p timescales. All
of this leads to a higher normalization after the dip.

5.3 Phenomenological Constraints On o,

The signature of DM-p interaction might significantly
modify the gamma-ray spectrum of the SBG. Therefore,
current data can be used to put strict constraints on .
For this purpose, following Ref. [6], we analyze the
gamma-ray data of two nearby SBNi: M82 and NGC
253. In particular we analyze 10-year data of Fermi-
LAT data [7] as well as VERITAS [9] and HESS [10]
data respectively for M82 and NGC 253. We perform
the statistical analysis following Refs. [4-6]; indeed,
the likelihood is defined by £ = e‘%Xz, where )(2 =
YiSED; — E?¢(E;,my,0,,10))*/0?), where i runs over
all the measurments [4-6] and 6 represents all the astro-
physical parameters treated as nuisance parameters (see
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Figure 4. Left Panel The comparison between the standard timescales (losses, advection and diffusion) in black lines and three
different cases regarding m, and o,. Please be careful that in this figure the losses timescales are divided by a — 3 [6]. Right Panel
The corresponding theoretical expected gamma-ray fluxes for the source compared with the experimental Fermi-LAT and VERITAS

data [7, 9]. Image taken from Ref. [6].

[6]). The bounds on o, by means of the test statistic:
AY* = x*(my, 0yp) — x*(m,,, 0) [6], where the chi squared
is marginalised over the astrophysical parameters. The
bounds are set with Ay? = 23.6, namely at 50 level [6].

Fig. 5 shows the bounds imposed on o, on the left
regarding M82, and on the right NGC 253. The blue band
corresponds to the NFW profile and the orange band cor-
responds to the Burkert one. Indeed, the band mirrors the
uncertainty on the cosmological parameters cyg9 and Mg
of the DM halo. The shape of the bounds do not depend
on the DM profile since the gamma-ray spectrum is depen-
dent on the mean density in the SBN @, « f p);l(r)/ vdv
[6]. Indeed, the blue and the orange bands scale exaclty
with the difference of the average DM density inside SBN.
The results of the two sources slightly different because of
the difference between the two datasets. For instance, at
high energies NGC 253 has slighlty more and more pre-
cise data than M82. For m, £ 1KeV the bounds flatten
because the E, > 100TeV, corresponding to a dip in
the gamma-ray spectrum at energies E, > 10TeV which
cannot be probed for these two extragalactic sources due to
EBL absorption (see for instance [45]). The higher m, , the
bounds weaken because of the proton form factor which
make the elastic collision unlikely.

6 Discussion and Conclusions

In this contribution, we have showed several updates about
the CR transport description inside SBNi. In particular,
we have studied the gamma-ray and neutrino phenomenol-
ogy of different CR transport description. Indeed, follow-
ing Ref. [5], we have studied two different CR models:
model A [1], in which the main escape CR phenomenon
is advection, leading to a energy-independent calorimetric
fraction. Model B [13], on the contrary, neglecting ad-
vection phenomena and considering diffusion caused by
self-turbulence, leads to a energy-depedent calorimetric
fraction above ~ 100 GeV, which makes SBNi totally non
calorimetric. We have demonstrated that current gamma-
ray seem prefering model A, pointing to a simple power-
law spectrum. However, given the current astrophysical
uncertainty, it is not possible to statistically distinguish be-

tween the models at more than 1 — 2 o [5]. Future exper-
iments such as CTA [26], SWGO [29] and ASTRI mini
array [27, 28] will be able to provide us with more pieces
of information regarding these sources, solving the mys-
tery of their CR transport mechanisms. We have also used
model A in order to search for new physics. Indeed, a new
interaction between a DM particle and protons strongly
modifies the proton distribution inside the nucleus. In-
deed, this would create a dip in the gamma-ray spectrum,
namely modyfing the standard power-law spectrum. Since
in the experimental data, there is no dip, we set strong con-
strains on the cross section o, analysing M82 and NGC
253 data. The SBG bounds on light dark matter particle
pose strict bounds on o, at level of 107! — 107 cm?
depending on the source.
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