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1. Introduction

Starburst Galaxies are astrophysical sources of great interest. They manifest significant star-
forming activity [1]. This means that they can considered as laboratories for many multi-messengers
studies. From the observational point of view, they are characterised by a high infrared luminosity
[2—4] (which trace the star formation rate), the Auger collaboration has find compelling evidence
of a correlation between SBGs with high-energy cosmic-rays [7, 8]. A dozen of these sources have
been also detected to be GeV gamma-ray emitters by the Fermi-LAT telescope (see for instance [2])
. Indeed, such GeV luminosity correlates with the infrared luminosity [2—4], reinforcing the idea
that star-forming processes are responsible for such emissions. Furthermore, M82 and NGC253
have also been detected as TeV gamma-ray emitters [5, 6]. In this contribution, we investigate how
different cosmic-rays transport models impact the gamma-ray and neutrino observations from local
SBGs (see [9] for more details). We quantify, using only public information, the potentiality of
the Cherenkov Telescope Array (CTA) [10] to detect local SBGs. Furthermore, we discuss the
opportunities offered by current and upcoming neutrino telescopes [11, 12]. The proceeding is
organized as follows: Sec. 2 describes the CR transport models analyzed, Sec. 3 describe the
phenomenological signature on gamma-ray fluxes of the different models. Sec. 4 shows a forecast
analysis for the CTA telescope. Sec. 5 shows the implications for the Neutrino Astronomy and
Finally, we conclude in Sec. 6.

2. Cosmic-Rays Transport Models

Starburst Galaxies are generally characterised by a central core, usually referred as starburst
nucleus (SBN) [13-16]. We model the CR transport inside this region, using a leaky-box model
approach (following the approach of Refs. [13, 14], which was also employed by Ref. [15, 16].
Also Ref. [17] has previously used a leaky-box model for SBNi). This is justified by the fact that
SBNi are usually small regions (~ 200pc) compared to the entire galaxies and we also do not
expect any time variability from these sources (this is also phenomenologically verified since these
sources do not show any statistical-relevant time variation in their light curves [2]).

The CR distribution inside can be written as [9]

f(p)=0(p)- Tpp(P)Fcal (1)

where Q(p) is the power-law injected by SNRs. 7,,, is proton-proton collision timescale

1
= 2
Tpp(p) ko_pp (p) <€ - nism ( )

where k = 0.5 is the inelasticity of the process and o, (p) is the inelastic energy-dependent
proton-proton cross section [18]. c is the light velocity in vacuum space and finally nisy is the gas
density which is the target for high-energy protons. Fy is the so called calorimetric fraction, which
physically represents the fraction (between 0 and 1) of high-energy protons which effectively end up
producing gamma-rays and neutrinos. F, depends on the different CR dynamical timescale. In this
contribution, we test two different models for CR transport inside SBNi. The first model is given
by Ref. [13, 14] (which has been also employed by Ref. [15, 16]). This model (hereafter model A)
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considers diffusion in a strong-turbulence scenario given by an external magnetic field B. Indeed, the
diffusion timescale is described by a Kolmogorov-like scenario where the timescale rgif o< E -173,
where it generally provides a very marginal contribution to the CR transport. Indeed, the transport
is mainly driven by advection phenomena which are described by an energy-independent timescale
Tadv = R/Vwing and finally the energy-losses are dominantly dominated by pp collisions. model
A usually provides a energy-independent F., which result in a gamma-ray (and neutrino) flux
following a power-law spectrum with a spectral index y = @ —2 where « is the proton spectral index
injected Q(p).

On the contrary, model B, developed by Ref. [19] (employed also by Refs. [20, 21]), neglects
any advection phenomena (this because from a theoretical point of view, the advection should be
driven by ionized gas, but SBGs are expected to be mostly filled by cold gas [19]). Furthermore,
the diffusion is not considered to be produced by an external turbulence. Indeed, it is supposed to
be driven by the self-turbulence by the alven waves generated by CRs themselves, with a diffusion
coefficient proportional to the streaming velocity of CRs [19].

Another difference between model A and model B is given by the different geometries they
take into account. In fact, model A consider the nucleus as a compact spherical region, while model
B considers it a cylinder. This induces a different form for the calorimetric fractions.

For model A [9]:
Teff

Fea =
Tef + 1

3

where 7. ¢ = Tese/Tpp is the effective optical depth of the SBN. 7 is the timescale needed for a
CR to escape from the nucleus and it physically depends on the CR model considered.
For model B [9, 19]:

1 16 3Teq 9 16
Fea=1- [OFI(E’ gTeff) + M()Fl(ga gTeff)

-1

“

where M4 ~ 2 is the Mach number. The diffusion coefficient, for model B, depends on several
parameters and it can be written as [9]

E a-3
Docvs:Min[c,val(1+2.3-1o-3-(—) X
mp

y Y 3/2 X Og
103 1074\ 10v2 Kms~!

where V, is the alven velocity, m,, and E are the proton mass and energy, y = 10~ is the assumed

&)

ionised fraction (the fraction ionised gas) and o is the dispersion velocity. Tese = Tgiff = h?/D,
where £ is the height of the cylinder.

3. Differences between model A and B onto Gamma-ray Spectrum

In this section, we report the phenomenological signatures of model A and model B in the
gamma-ray spectra.
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Figure 1: Left: Comparison between the best-fit spectra for M82 for model A (blue) and model B (orange).
For reference current data are shown [2, 5] Right: Gamma-ray integrated luminosity between [0.1—100] GeV
for model A (blue) and model B (orange) as a function of the star formation rate. The black data points refer
to the local SBG data reported by Ref. [3]. Images taken from Ref. [9]

Fig. 1 shows difference in the gamma-ray spectrum for model A and model B. In particular,
on the left, the best-fit values to the current M82 data [2, 5] both for model A and model B are
shown. On the right, the integrated between [0.1 — 100] GeV for model A and model B, is shown
as a function of the star formation rate. It is compared with the data from local SBG reported by
Ref. [3]. Interestingly, model B struggles to accommodate TeV data from the source [9]. In fact, for
this model SBG stops being calorimetric for £, > 100 — 1000 GeV, being dominated by diffusion
escape. On the other hand, model A provides a pure power-law spectrum since the CR transport is
dominated by time-independent timescales and F' is energy-indepedent.

The integrated luminosity is evaluated injecting a E~*2 proton spectrum for both models [9].
We notice that for M, < 10Mg yr~!, the luminosity of model B is higher than the luminosity of
model A. This is due to the different geometry considered by the two models. By contrast, for higher
SFR the luminosity is same because the SBGs start being totally calorimetric. These examples show
that the major difference between model A and model B stands for the TeV data. In the following
section, we show the results from a forecast from the Cherenkov Telescope Array (CTA) [10].

4. Simulated Data for CTA

In the previous section, we argued that the biggest difference between model A and model B
reside in the TeV gamma-ray data. Therefore, here, we report the results of a forecast (for the CTA
telescope [10]) we performed over starburst nuclei (In this proceeding we report results for M82
and NGC253). Since model A provides higher fluxes at higher energies, it consequently provides
better expectations for CTA. Under the hypothesis of model A being true, we generate 10* pseudo
mock data sets for the CTA telescope and we quantify the statistical confidence to reject model B
(see [9] for the full treatment).

We consider the energy bins where the expected flux are above the sensitivity. Then, we
evaluate the expected number of signal events through [9]:

ne =T, / At (E)é5(E)dE ©)
AE
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Figure 2: Left: mock dataset for M82 (black data points) compared with model A and current data [2, 5]
(grey data points). We also impose model B. Right: Mock dataset for NGC 253 (black data points), compared
with current data [2, 6] (grey data) and with model A and model B. We also impose the expected SWGO
sensitivity [22, 23]. Images taken from Ref. [9].

T, is the observation time, which we consider to be 50h. A.s(FE) is the energy-dependent effective
area after the cuts are applied [10]. ¢,(E) is the signal flux according to model A. The expected
number of background events, by the public expected background rate per unit of solid angle [10].
We multiply it by T,, and by Max[AQgpN, AQyes], namely by the minimum between the intrinsic
dimension of the SBN and the expected energy-dependent energy resolution of the experiment
[9, 10]. We randomly generate 10* numbers according to a poisson distribution with a mean
number u = ng+npack. We determine the empirical number of measured signal events by evaluating
fls = Ngen — Npack. The extracted spectral energy distribution (SED) is then evaluated as [9]

0
To /AE AeIT(E) (%)

Eq. 7 assumes that the spectrum is a £~2 in each bin, but since the dimension of the bin is small,

SED; = @)

“24E

this assumption has not impact in the final result.

Fig. 2 shows a mock SED data both for M82 and NGC253 (black data points). We also
compare the best-fit for model A and model B. For NGC253, we also show the SWGO expected
sensitivity [22, 23]. This future telescope will also probe the emission of this source. We have also
evaluated the statistical confidence with which model B can be excluded considering the p-value
and the Bayes factor. We obtain that model B will be excluded at more than 2¢- C.L. [9].

S. Implications for Neutrino Astronomy

In this section, we discuss the implications for the Neutrino Astronomy for the CR transport
inside SBNi. In particular, different CR transport inside SBNi might imply a different contribu-
tion with respect to ICeCube diffuse neutrino data. Indeed, if at high energies SBN stop being
calorimetric, it means that neutrinos cannot be emitted since CRs start escaping the source. By
contrast, if SBNi are calorimetric or dominated by energy-independent, TeV neutrino can be emitted
explaining a portion of the IceCube diffuse neutrino data. Fig. 3 shows the diffuse gamma-ray and
neutrino contribution for model A (see [9] for further details). The fluxes can explain a big part of
the Isotropic gamma-ray background flux (IGRB) measured by Fermi-LAT [24] and also produce
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Figure 3: Model A diffuse gamma-ray (orange line) and neutrino (blue line) diffuse fluxes. They are
compared with the Fermi-LAR IGRB data [24] and the 7.5 yr HESE data [12]. Imagen taken from Ref. ??.

~ 20% of the HESE events registered by the IceCube collaboration [12] (HESE data are also shown
in the figure).

6. Conclusions

In this proceeding, we have studied how extra galactic gamma-ray data can be used to discrim-
inate different CR transport models inside SBNi. We have found that current data slightly prefer
time-independent CR timescale (as already pointed out by previous publications). We have also
produced mock data sets for the Cherenkov Telescope Array and showing that it will unequivocally
distinguish between differet transport models. Also other future telescopes are expected to probe the
emission of local SBGs, such as SWGO and Astri-mini Array [22, 23, 25]. Further measurements
will provide a clear understanding of the non-thermal emissions of SBGs. We have also argued
how crucial this will be for neutrino astronomy and in particular for unveiling the origin of the
extragalactic HESE spectrum. Finally, we also comment that upcoming neutrino telescopes such
as KM3NeT [11, 26] are also expected to probe neutrino emission from local SBGs [27-30] (as
pointed out by Ref. [16]), proving that these sources are definitely neutrino emitters.
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