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Abstract

In this thesis, we investigate extragalactic star-forming environments such as Starburst Galaxies
(SBGs) and Star-forming Galaxies (SFGs) as potential gamma-ray and neutrino factories, both
as diffuse and as point-like emitters. In particular, using the state-of-the-art modelling of the CR,
transport inside Starburst Nuclei (SBNi), we develop a data-driven blending of spectral index
to quantitatively assess the diffuse gamma-ray and neutrino fluxes of these sources. We find
that this new scenario can account for a sizeable part of IceCube diffuse measurements, while
consistent with the current gamma-ray limits from non-blazar sources. We also estimate the
neutrino budget of local (known) SBGs, pointing out KM3NeT/ARCA as a crucial probe for the
star-forming activity of these sources. Indeed, we also report dedicated analysis on behalf of the
KM3NeT collaboration, evaluating for the first time, the expected quasi-differential sensitivity
and discovery potential, analysing also local SBGs. We have also performed a forecast analysis
for the Cherenkov Telescope Array (CTA), simulating mock data sets for SBNi demonstrating
that the future telescope is going to indirectly probe CR transport mechanisms inside these
sources, having also important implications for neutrino astronomy. We have also exploited such
a forecast in order to conduct a beyond standard model study to constrain exotic interactions
between light Dark Matter (DM) particle and protons.

Finally, we also analyse, in the light of the latest IceCube results, galactic star-forming
environments as quasi-diffuse neutrino emissions. We utilize the concept of discovery horizon for
a high-energy neutrino telescope in order to show that the current IceCube discovery potential
cannot disentangle a true diffuse neutrino emission from a quasi-diffuse neutrino emission from
galactic pevatrons. Nonetheless, we show that the upcoming KM3NeT/ARCA will have the

capability of probing Young Massive Stellar Clusters (YMSCs) and Hypernovae.
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Chapter 1

Introduction

In 1912 Victor Hess fortunately discovered Cosmic Rays (CRs) by analyzing how the v radiation
changed as a function of the distance from the ground [I]. Since then, the origin of these parti-
cles has been one of the most important conundrum of modern physics, although we have gain
a lot of information about them. In particular, they are charged particles with energies with a
very wide energy range ~ [102,10'] GeV [2]. Most of these particles up to ~ 1PeV(10° GeV)
are believed to originate within our own galaxy [2]. In fact, they are supposed to be powered
by supernova explosions where a lot of the realised energy goes to accelerating electrons, pro-
tons and also heavier elements [2]. This picture can also be indirect probed by gamma-ray and
neutrino experiments, in the framework of the multi-messenger astronomy. Indeed, interactions
between CRs and the interstellar medium particles nygy copiously produce charged and neu-
tral pions which in turn decay in gamma-rays and neutrinos (see for instance [3] or even the
following chapters). Therefore, measurements of galactic emission of gamma-rays and neutri-
nos are the smoking guns of the existence of galactic source of cosmic rays. The Fermi-LAT
collaboration has confirmed this picture after the 21 month of data taking [4]. On the other
hand, it is important to stress that gamma-rays can also be produced by leptonic processes
such as bremsstrahlung and Inverse Compton scattering processes and so they do not clearly
demonstrate the existence of galactic sources able to emit and accelerate high-energy protons
up to ~ PeVs energies [2]. Neutrinos, actually, are the natural smoking gun for hadronic pro-
cesses and potentially demonstrating the existence of high-energies protons and heavier nuclei
inside the Milky way. The IceCube Neutrino Observatory ([5]) has recently measured with a
~ 4.5 o significance, the diffuse neutrino flux produced in the galactic plane of the Milky Way

[6]. These measurements demonstrate that star-forming environments such as supernovae ex-
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plosions (SNe) are emitters of high-energy particles such as CRs, gamma-ray and neutrinos. By
contrast, for higher energies E > 10°PeV, CRs are expected to be powered by extra galactic
sources, whose sources are yet to be discovered. The main difficulty is given by the fact that
CRs get deflected by magnetic field, due to electromagnetic interactions, and so their measured
direction does not correspond to the direction of the source which powered them. As a result,
in order to pinpoint these sources, indirect measurements are needed. Also in this case, the
multi-messenger astronomy framework is a fundamental tool in order to discover the origin of
high-energy CRs. Indeed, The Fermi-LAT and the IceCube collaboration has respectively mea-
sured the extra-galactic component of the diffuse gamma-rays and neutrino emissions throughout
the all sky (see [7] for the gamma-rays and [5, BHI0] for neutrinos) whose emission are not com-
pletely known. What we know for the moment is that Blazars are expected to dominate the
extragalactic gamma-ray background (EGB) flux measured by Fermi-LAT [ITHI3], even though
many analyses have demonstrated that these sources do not contribute to the diffuse neutrino
measurements (see [14HI7]) for instance). An important class of astrophysical sources which can
be emitters of gamma-rays neutrinos and CRs is: Star-forming and Starburst Galaxies (SFGs
and SBGs). In fact, these sources manifest star-forming activity [I8] with a star formation rate
as high as 10?2 — 10? the star formation rate of the Milky Way [I8], which from the observa-
tional point of view, it is traced by infrared luminosity [T9H2I]. Therefore, they are expected
to produce gamma-rays and neutrinos with a flux much higher than the Milky-Way. Up to this
moment, only a dozen of these sources have been detected by the Fermi-LAT telescope to be GeV
gamma-ray emitters by the Fermi-LAT telescope (see for instance [19]). The GeV luminosity
correlates with the infrared luminosity [I9H2I], 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 [22, 23]. Furthermore, the Auger collaboration has find compelling
evidence of a correlation between SBGs with high-energy cosmic-rays [24] 25].

All of these means that SFGs and SBGs are regarded to be perfect laboratories for multi-
messenger studies. In particular, in this thesis, we exploit the state-of-the-art CR transport
modelling inside SFGs and SBGs in order to quantitatively assess the gamma-ray and neutrino
budget of these sources. We study both the diffuse fluxes (the totality of gamma-rays and
neutrinos emitted by all SFGs and SBGs distributed in the Universe) and the flux of the known
local sources. We also investigate how different cosmic-rays transport models impact the gamma-
ray and neutrino observations from local SBGs, quantifying, using only public information, the

potentiality of the Cherenkov Telescope Array (CTA) [26] to detect local SBGs. We also exploit
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the nature of CR transport inside SBGs in order to perform a beyond standard model study,
probing the properties of light Dark Matter (DM) particles showing, for the first time, how to
use the gamma-ray data of SBGs to probe DM-protons interactions.

Last but not least, we explore the capability of the upcoming KM3NeT/ARCA neutrino
detector [27] to trace TeVs neutrinos from star-forming environments, encompassing both diffuse
and point-like signals. We introduce, for the first time for the KM3NeT/ARCA detector, the
90% C.L. quasi-differential sensitivity for 10 years of the full detector operation, considering the
whole energy range observable by KM3NeT/ARCA (100 GeV-100 PeV) and selecting upgoing
track-like as well as all-sky cascade-like events. We also compute the sensitivity for several
equatorial declinations, focusing also on some particular Starburst Galaxies sources, such as
NGC 1068, the Small Magellanic Cloud (SMC) and Circinus Galaxy. The present analysis
demonstrate that KM3NeT/ARCA will be fundamental in strengthening the observations of the
IceCube experiment and also in connecting the star formation processes with the high-energy
neutrino production, within a few years of operation in full configuration.

The Thesis is organised as follows: Chapter [2]is dedicated to the astrophysical definition of
SBGs, the tracers of the star formation activity and the description of the local SBGs discovered
by the Fermi-LAT telescope. Chapter [3]is dedicated to the role of SBGs to the diffuse gamma-ray
and neutrino measurements. In chapter @ we quantify the neutrino fluxes of local SBGs and we
perform a statistical forecast for current and future neutrino telescopes to further constrain their
physical parameter space. In chapter [5 we discuss the implications for different CR transport
models in the cores of SBGs and perform a statistical forecast for the CTA telescope in order
to not only to simulate future measurements but also to quantify the potentiality of the future
telescope to disentangle between different CR transport models. In Chapter [6 we exploit the
models developed for the non-thermal emissions of SBGs in order to perform a beyond standard
model study: constraining Dark Matter and proton interactions by distortion to the gamma-ray
fluxes. Chapter [7] is dedicated to galactic neutrino emission and, in particular, on the contri-
bution of the quasi-diffuse neutrino emission from a template of a neutrino source distribution
along the galactic plane. This allows us to probe and restrict the parameter space of galactic
star-forming environments. In chapter[8] we provide details about Cherenkov neutrino telescopes
in order to clarify details used throughout the thesis about neutrino telescopes. In this chapter,
we also describe the KM3NeT /ARCA expected geometry and Monte Carlo simulation pipeline.
In the following chapter @D, we perform a sensitivity analysis for the KM3NeT/ARCA detector,

determining the quasi-differential sensitivity both for diffuse and point-like (and extended) emis-



CHAPTER 1. INTRODUCTION

sions. In particular, for the first time, we show the quasi-differential sensitivity for the expected
detector using a maximum binned likelihood ratio method. We also uses these expectations to
quantify the potentiality of this detector to trace TeV neutrinos from local SBGs. Finally, in

chapter we draw the conclusions of all these studies.



Chapter 2

Starburst (Galaxies

Star formation (SF) not only underlies the origin of planets and starts, but it is also an important
regulator of the galaxy formation and evolution [28]. Therefore, it comprises a lot of processes
and it is difficult to find descriptive path between a specific type of galaxy and a Starburst
Galaxy in the literature [29]. In general, SBGs are galaxies, that for a certain period, present
an efficiency of the star formation higher than other catalogued galaxies (at least of an order
of magnitude) [29]. As a result, the quantity of gas in these galaxies is very high and it gets
depleted due to the star forming activity [29] in a timescale which can be as long as ~ 106 yr [30].
The star formation rate (SFR) of these sources is generally of the order of ~ 10 — 100 M, yr—!
[18], 20, 21}, 29-32], which is at least an order of magnitude higher than the star formation rate
of the Milky way ~ 1 Mg yr—! [29, 33]. The star forming regions of SBGs usually coincide with
the Starburst Nuclei (SBNi) extending up to hundreds of parsecs of the core of these galaxies
[31, 32]. Furthermore, the high star formation rate mirrors a high far infrared (FIR) luminosity
[31, [34], which in turns to a high supernova rate Rgny ~ 0.1 — 1yr~! |31]. Therefore, these

sources are expected to be guaranteed emitters and accelerators of high-energy CRs at least up

to ~ 1 —10PeV [20, 21 31 32].

2.1 Tracers of the Star Formation

There are several tracers of the star formation rate, namely there are several ways to quantita-
tively infer the star formation rate of a galaxy. Indeed, the full electromagnetic spectrum has
been used for years in order to quantify star formation estimators: X-rays, ultraviolet (UV),

the optical and infrared (IR) as well as the radio with both continuous and line emissions [35].
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This is simply due to the fact that both the starlight of young stars and the reprocessed light

by interstellar gas and dust can be observed through the indicated electromagnetic bands [29].

2.1.1 Ultraviolet Light

The importance of the UV light as a tracer of SBGs has been demonstrated by the International
Ultraviolet Explorer (IUE) satellite, which have operated for twenty years [29]. In fact, young
stars predominantly emit light in the UV range (A < 0.3 pm) [35] for a timescale of ~ 10—100 M yr
depending of their O or B type [29] B5]. As a result, this kind of emission is a powerful probe
of the star formation rate over a very large timescale. Indeed, assuming a star formation rate
constant over a period of time 100 M yr, the UV luminosity (L) of the stars can be converted in
the SFR as [35]

M, [Mgyr™] =3.0-107*7 X - L(\) (2.1)

where ) is the wavelength of the radiation in 1(& and L(\) is the radiation luminosity expressed in
ergs~! [35]. The calibration factor 3.0 - 10747 (this factor also encodes the change of the unity)
has a 15% of uncertainty and it is also dependent on the timescale of the SFR constancy [35].

The brightest point of using this approach in order to estimate the SFR is that the UV light
can be relatively easily measured also for high-redshift galaxies [29]. One of the instruments
which measured and catalogued the UV light of galaxies, for almost 20 years of galaxies, has
been the International Ultraviolet Explorer (IUE) satellite [29].

Another way to target SFR using UV light as a probe, is using the UV absorption lines
formed in the ISM [29]. These lines are detectable in SBGs and specially in local galaxies and
give a lot of information about gas profiles, kinematics, its ionization state and also the optical
depth. For instance, they show that very fast outflows which can reach velocity ~ 103 Kms™!
(see [29] [35] for further details). In other words, the UV absorption lines test stellar feedback
and ISM enrichment rather than provide a quantitative estimation of the star formation rate,
although even these processes play important roles in the evolution of a galaxy such as a SBG.
The main problem of tracing the SFR with UV is given by the presence of the dust [35]. In fact,
the dust attenuates the UV light, thereby making over optimistic and in need for corrections
[35].
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2.1.2 Infrared Light

The dust absorbs the UV light produced by the stars and in generally it re-emits it at higher
wavelengths (IR wavelengths) [28] 29, 35]. In particular, IR light peaks at A ~ 60 g m for dust
which re-emits light from young stars and between 100 pm < A < 150 um [35]. As a result,
the IR emission (5 — 1000 pm) can be used as a tracer for the star formation rate [35]. If we
consider the total infrared luminosity L(TIR) between (5 — 1000z m), the SFR can be estimated
by [20, [35]

M, Mg yr~!] = 1.7- 10710 €,(TIR) [L ] (2.2)

where the SFR is measured in M, yr~! and L(TIR) is measured in solar luminosities Lg. € ~ 0.79
is a factor which depends on the initial mass function (IMF) [20] 21]. Eq. is used especially
for sources with a very intense IR luminosity as a proxy of the SFR, but it presents different
limitations: 1) not all the UV light emitted by stars is reprocessed in IR light by dust. 2) The
dust heating produced by multiple-age stellar populations has the effect of producing a thermal
equilibrium IR spectral energy distribution (SED) rather than a single temperature modified
black-body spectrum (see for more details [29] or even [28]). Furthermore, €, depending on the
IMF, changes as a function of the stellar population in galaxies and it might lead to a relatively
large systematic uncertainty on the SFR [28]. As a result, in order to overcome these issues, for
more precise estimates on the SFR, is to combined IR and UV observations [28]. In practice,

the UV luminosities gets corrected as [28]
LUv(COTY) = Lyv + nLir (23)

where L are the monochromatic luminosities defined as vL(v) |20, 28] and 7 is a factor which
usually depends on the wavelength of the IR luminosity [28]. One of the most common correction
uses the GALEX FUV (far ultraviolet A = 155nm) and the total IR luminosity [28]. In this
case, for instance, n = 0.46 (see also [36] for further details). On the contrary, as a proxy of the
IR luminosity, it can be used the luminosity at A = 25 um. In fact, the star formation rate can

consequently be estimated also by [20, 211, 28], [36]
logM. [Mg, yr™'] = log(Lruv + 3.98La5 ) [erg s '] — 43.35 (2.4)

Eq. is one of the most important equation when it comes to estimating the SFR of galaxy

and in particular of a SBG, although there might be other estimators of the SFR.
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2.1.3 Other Tracers of the Star Formation

The IR light cannot trace the SFR of a source, if its dust content is pretty low [28]. This is
specially the case for galaxies with a low SFR [37H39]. Therefore, other tracers are needed for
such sources. For instance, the centimeter-wavelength radio continuum emission can be used as
a proxy for the SFR, because of its tight correlation with the IR luminosity [28] (see also for
further details [40]). The reason is that radio emission should be mainly powered by synchrotron
emission by electrons accelerated and produced by SNRs [28, [40]. Consequently, a decrease in
the dust, it leads to a decrease also in the radio luminosity emitted by synchrotron processes

[28, 40]. The corrected luminosity in this case can be expressed as [28], [36]
Lryv(corr) = Lpyy + 7.2 - 10" L(1.4 GHz) (2.5)

where L(1.4 GHz) is expressed in ergs™! Hz~! [28]. The final calibration for the SFR is (see
Table 1 in Ref. [28] for more details)

logM. [Mg yr™!] = log(Lpyv + 7.2 - 10" L(1.4 GHz)) [erg s '] — 43.35 (2.6)

Also other wavelengths have been used as a proxy for the SFR, such as the x-rays. In fact, when
there is no AGN accretion disk related activity, the x-rays fluxes are dominated by supernovae
and supernovae remnants, thereby they correlated with fresh star formation [28]. However, there
is no calibration with the SFR derived from first principle, so it is generally phenomenologically
derived. On the other hand, Ref. [41] (see also [42]) has proposed that SFR is traced by the

HCN luminosity, according to ([42])

Lucn

M*M N=18-10"—~~—""
Mg yr™] 8-10 103 KmpcZs—1

(2.7)

Ref. [4I] has proposed the ratio between Lycn and Lo as a proxy for SBGs, in particular
when Lyen/Leo =~ 0.1 — 0.25. The physical reason for this calibration is given by the fact
that HCN is associated with a high gas dense region and star forming processes [43]. All of
the above-mentioned equations are used to effectively define what a SBG is and to quantify its
SFR. However, this kind of classification, as will we see in the next chapter, does not capture
one of the non-thermal property of SBGs: confining high-energy CRs inside their nuclei. As a
result, following Ref. [32], in this thesis we use an effective definition of SBG as a source which

effectively confine CRs and a star-forming galaxy, a galaxy which has a finite confinement power
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over CRs (see the following chapters for more details).

2.2 Kennicutt-Schmidt Relation

There is an important empirical relationship between the star formation rate and the gas density
of a SBG [28, 44H46]. From a qualitative point of view, a region with a very intense star forming
activity is a region full of gas, thereby leading to a somewhat proportionality between these
quantities. Schmidt in 1959 (see [47] and [48]) proposed that the star formation surface density

is a power-law of the gas density of the same region [28| 44H46]
ZSFR = AEgaS (28)

This power-law holds for over five orders of magnitude in gas density [46]; in other words, it
works both for normal galaxies, starforming galaxies as well as the ultraluminous SBGs. Data
are well fitted with a power-law whose slope is n = 1.504+0.02 [46], which is a bit softer than the
previous estimation of n = 1.40 [28] [44], 45]. From Eq. we understand why the higher the
star formation rate the higher the gas density of galaxy becomes. If, for simplicity, we assume
that a sample of galaxy has a circumnuclear SBG region of radius R ~ 200 — 500 pc [28] 32}, [44}-
46] and that for a M, = 5Me yr~t for nigy = 175 ecm ™2 (see Chapter |4f for more details and

also Ref. [32] for details about this benchmark), then we can rewrite

M* _ nism 8/2 (2 9)
5Mgyr—1! 175cm—3 ’

Eq. 2.9 can be inverted in order to estimate the gas density in a Star forming region when it is

know its SFR (see chapter [4f where we use this relation). This demonstrate how the gas density

is linked to the sta formation rate of a SBG.

2.3 Phenomenological Properties of Local SFGs and SBGs

In this section, we analyze the properties of local (known) SFGs and SBGs. For the moment,
a dozen of SBGs have been measured as a gamma-ray emitter by Fermi-LAT [I9]. Tab.
summarizes the properties of such a galaxy sample.

M 82 and NGC 253 are two nuclear SBGs which have been detected as hard power-law

between 0.1 — 100 GeV (with a spectral index respectively of v = 2.14 and v = 2.10 [19]).
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Galaxy | D(Mpc) | log(L,)[0.1 — 100] GeV | log(Lir/Le) | Mi[Mgyr—]
M 82 3.53 40.19 10.75 10.4
NGC 253 3.56 40.12 10.56 5.03
ARP 220 80.9 42.36 12.20 214
ARP 299 46.8 41.46 11.86 97
NGC 4945 3.72 40.28 10.44 1.22
NGC 1068 10.1 40.96 11.00 22.7
NGC 2146 17.2 40.81 11.10 14.0
NGC 2403 3.18 39.17 9.17 0.37
NGC 3424 25.6 41.10 10.27 1.59
M 31 0.77 38.21 9.37 0.26
M 33 0.91 38.30 9.14 0.29
SMC 0.060 37.10 7.85 0.027
LMC 0.050 37.77 8.72 0.20
Circinus 4.21 40.18 10.22 2.05

Table 2.1: Summary of the main properties of the local SFGs and SBGs discovered as GeV
photon emitters. Data taken from Refs. [20), 21].

Furthermore, these two sources are the only SBGs which have been detected as TeV gamma-
ray emitters. In particular, M 82 by the VERITAS telescope [22] and NGC 253 by the HESS
telescope [49], confirming them as emitters of high-energy photons with hard spectra. ARP 220
is an ultra-luminous infrared galaxy (ULIRG), defined as sources a IR luminosity Lig > 10'2 L
(see [B0] for more details), and it represents the most distance ULIRG ever measured as a GeV
emitter. This source also host an AGN inside so it is possible that it gives a non-negligible
contribution to its gamma-ray spectrum. In fact, Ref [I9] has confirmed that it stands above the
calorimetric limit (see chapter |4 for details). ARP 299 is another powerful galaxy with a SFR
of the order of ~ 100 My yr~—!, although it has been discovered as a source in recent times and
it spectral SED presents a lot of uncertainty. Ref. [5I] has recently discovered, with 14 years
of Fermi-LAT data, that IRAS13052-5711 may be a new GeV photon emitters. Furthermore,
the authors propose that such emission might be caused by SBG activity, making IRAS13052-
5711 potentially the most distant SBG recorded as GeV emitters thus far. However, this source
seems to substantially exceed the calorimetric limit conditions and so it is well possible that this
emission is not caused by SBG activity. Moreover, the source is spatially very near to another
source (angular distance of 0.094° [5I]), making this gamma-ray emission still controversial.
NGC 1068 is one of prototypical SBG with a high SFR (~ 20Mgyr~!). It also present a
very massive black hole in its core with a strong AGN activity, although the steady gamma-ray
emission measured by Fermi-LAT seems to confirm SBG activity as its origin (see chapter
a more detailed discussion about this source). Also, NGC 3424, NGC 2146, NGC 4945 and

Circinus galaxy have been detected as GeV emitters, although with hints of variability of this
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flux. Consequently, their AGN activity might well contribute to such emissions. Finally, the
local group of galaxies near the Milky-way, M 31, M 33, the Small Magellanic Cloud (SMC) and
the Large Magellanic Cloud (LMC) have been detected as steady gamma-ray emitters. Even
though their intrinsic luminosities are pretty low, their gamma-ray flux are pretty high given
their vicinity to our galaxy. SMC, LMC and M 31 have also been detected as extended sources
[19].

this sample is still limited compared with other astrophysical sources such as Blazars, im-
peding to draw robust conclusions on the general properties of SBGs. Nonetheless, it clearly
demonstrates that SFGs and SBGs are able to emit non-thermal radiation like GeV photons and
in some cases TeV photons. As a result, they are bound to produce and accelerate high-energy
CRs in their nuclei. In the next chapters, we are going to build a model in order to quantify the

theoretical budget for these kinds of emissions for these sources.
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Chapter 3

Starburst Galaxies Role on Diffuse

Gamma-ray and Neutrino Emissions

In this chapter, we discuss the role of starburst galaxies (SBGs) on the diffuse gamma-ray
and neutrino observations and the importance for a more complete catalogue of sources in the
gamma-ray range in order to get a precise evaluation of their spectra. The chapter is based on

our analysis published in Ref. [52].

3.1 Introduction

In this chapter, we discuss the contribution of starburst galaxies to the high-energy neutrino
spectra obtained by the IceCube Neutrino Observatory after a decade of data taking [8] O] 53}
57). Indeed, these observations clearly reveal the presence of high-energy neutrino emitters in the
Universe. At the moment, there are only two clear indications of point-like sources: a powerful
blazar, TXS0506+056 [58](possible source of the 290 TeV track-like event IC170922A and the
TeV neutrino flare measured in 2014/15 [59]) and a starburst galaxy with a AGN activity, NGC
1068 [60]. By contrast, the galactic contribution to these observations is strongly constrained
to be less than 10% [61H65], pointing towards a extra-galactic dominance of such emissions.
Several models and source classes have been proposed in order to explain these data. For
instance, Refs. [6670] have fitted the electromagnetic spectrum of TXS0506+056 and tried to
assess the hadronic component for this cosmic-ray “accelerator” during the neutrino observations.
Nonetheless, the IceCube collaboration has performed a dedicated stacking analysis which has

constrained the contribution of 2LAC blazars (belonging to the 2nd Fermi-LAT AGN catalog)
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to less than 27% of the HESE neutrino flux, when taking into account an unbroken power-law,
®,(E,) o< E,;25 [14] (see also [I5HIT]). However, since such a limits weaken when assuming a
harder power-law [14] [59], these sources are allowed to account for the diffuse neutrino flux above
200 TeV |71, [72]. The lack of spatial and temporal correlations between high-energy neutrinos
and known gamma-ray sources has also led to upper limits on other classes of astrophysical
objects [[3HTT]. For example, gamma-ray bursts [78] have been constrained to contribute up
to a few % to the diffuse neutrino flux [79-82]. Moreover, the analyses [83H85] have pointed
out that starforming (SFGs) and starburst (SBGs) galaxies, where neutrinos and gamma-rays
are produced in hadronuclear proton-proton interactions [86], cannot be the dominant source of
the whole TeV-PeV diffuse neutrino, because they would exceed the actual limits of the of the
extragalactic gamma-ray background (EGB) measured by Fermi-LAT [7] principally attributed
to blazars. Hence, the origin of high-energy neutrinos is still unclear. All these constraints, along
with the tension among different IceCube data samples, point towards the presence of multiple
different components in the diffuse neutrino flux [87H90]. Many analyses have also highlighted a
tension between the diffuse neutrino and gamma-ray data, especially driven by the large neutrino
flux observed below 100 TeV [9IHI6]. This has triggered the scientific community to investigate
hidden cosmic-ray accelerators with a highly suppressed gamma-ray emission [96HI03], invisible
decay of active neutrinos [104] [105] and leptophilic decaying dark matter [T06HIOS]| (see [T09HI12]
for more recent analyses on dark matter neutrino signals).

Despite the existing limits, starburst galaxies (SBGs) are well-motivated candidates for the
diffuse neutrino flux, since they are guaranteed high-energy cosmic-ray “reservoirs” with enough
interstellar gas to be considered as good calorimeters. Observed and catalogued mostly through
their infrared emission, denoting an intense star formation rate, gamma-ray observations for few
of them point out their capability to emit non-thermal component above the TeV energy. The
possibility of confining cosmic-rays in a core with the high-density interstellar matter guarantees
an effective hadronic contribution to the observed gamma-ray emission. However, the gamma-
ray observations from these galaxies are available just from few of them, confirming their low
luminosity at high energy and making it difficult to assess an exhaustive prediction of the neutrino
counterpart. Refs. [31], [32] 113] have recently reexamined the neutrino and gamma-ray emissions
from SBGs pointing out that these sources can indeed account for most of the IceCube through-
going muon neutrino flux at hundreds of TeVs in agreement with gamma-ray data. In particular,
Ref.s [31], B2] have proposed a prototype-based method to compute the cumulative neutrino

and gamma-ray fluxes emitted from the SBGs population. In this approach, the galaxy M82
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is considered as a reference SBG for setting the physical parameters such as supernovae rate,
magnetic field, velocity of the wind, density of the interstellar medium. Most importantly,
Ref.s [31],[32] assume that the cosmic-ray spectrum injected in all the SBGs is fixed to be a power-
law with spectral index of 4.2 E| and cut-off energy of 100 PeV. Although this scenario provides a
good description of the through-going muon neutrino flux, the astrophysical neutrino flux below
100 TeV remains still unexplained. Moreover, at higher neutrino energies, a contribution from
blazars to the diffuse neutrino flux is physically motivated [71].

In this analysis, we relax the assumption of a single power-law and consider a more realistic
scenario where the cosmic-ray spectra of each starburst galaxy can have different spectral indexes.
In particular, we go through the recent study [19] that considers ten years of Fermi-LAT data for a
sample of 12 starforming galaxies making a statistical analysis with the spectral features of these
astrophysical objects. Differently from [3T] [32], we take into account the distribution of spectral
indexes from this sample and consider it as representative of the whole SBGs population. Such
a data-driven blending of spectral indexes has the remarkable results of increasing the neutrino
flux at 100 TeV without enlarging the gamma-ray flux below 1 TeV. This is the multi-messenger
requirement to potentially explain IceCube low-energy events and alleviate the tension between
neutrino and gamma-ray data. To further investigate this result, we perform a multi-messenger
likelihood analysis of the extragalactic gamma-ray background (EBL) measured by Fermi-LAT
and the neutrino flux observed by IceCube, considering both the contributions of SBGs and
blazars. For the latter, we follow the model [7I] that, using the TXS0506+056 as a standard
candle, describes the neutrino and electromagnetic emission satisfying the IceCube stacking
limit [I4]. For both the two classes of sources, we include the secondary gamma-ray emission
from electromagnetic cascades using the public code y-Cascade [114]. Regarding neutrino
data, we examine the latest 7.5-year HESE data [8] as well as the 6-year high-energy cascade
ones which probe the neutrino emission at lower neutrino energies [9]. In order to analyze the
whole EGB spectrum, we also take into account the diffuse gamma-ray emission from radio
galaxies dominating the Fermi-LAT observations below 1 GeV [II]. Along with the three overall
normalizations for the SBGs, blazars and radio galaxies components, we leave as a free parameter
the maximal energy reached by the cosmic rays accelerated from supernovae remnants (SNRs)
inside of the nucleus of starburst galaxies. In this analysis, we focus on the differences obtained
with the two different models for the SBG emission: the standard prototype approach resulting in

a single power-law behavior and the more realistic data-driven blending of spectral indexes. We

11t is important to remark that, in general, when we are referring to the spectral index, we usually refer to
the index of high-energy protons.
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find that, independently of the data-sets considered in the multi-messenger analysis, the former
is more constrained by data and implies an almost negligible SBG contribution to the diffuse
neutrino flux. On the other hand, the latter is in better agreement with data and a sizeable SBG
neutrino component is allowed at 100 TeV. Moreover, the SBG model with blending generally
requires a cut-off energy smaller than few tens of PeV, in agreement with the expected SNRs
acceleration description for SBGs [83] [84] [115] (see below for further discussion) and with an
expected dominant neutrino emission from blazars above 200 TeV [71], 1T6]. Finally, we point
out that our model for the SBG component is can account for the 40% (50%) of the total 7.5-
year HESE neutrino events at 95.4% (99.7%) confidence level, while being compatible with the
existing limits on the non-blazar EGB component and on the contribution of nearby SBGs to

the diffuse neutrino flux [75], TT7HI20].

3.2 Cosmic-Ray Transport in a Single Starburst Galaxy

SBGs are endowed with a high star formation rate (SFR), which can as high as(¢ ~ 10 —
100 My, yr—1) [I8]. Consequently, the rate of supernovae explosions is pretty enhanced with
respect to the one of normal galaxies such as the Milky Way, leading to an abundance of cosmic-
ray accelerators as well as a higher density of interstellar gas which represents the target for
inelastic collision of accelerated particles. Since interstellar gas efficiently absorbs star emission
and re-emits it in the infrared (IR) band [I2I], the IR emission of SBGs, usually 10 — 100
times greater than normal galaxies [I13], can be considered a good tracer for the SFR. These
characteristics, in principle, favour the production of high-energy gamma-rays and neutrinos
through the hadronic proton-proton interaction and explain the almost linear relation between
gamma-ray luminosity and infrared emission observed by [I2I]. Beside an interstellar medium
density of nign ~ 10% cm ™3, these sources present also a strong magnetic field (102 —103uG) [18]
which plays an important role in the CR confinement. In fact, as explained by Ref. [31 32], a
regime of strong turbulence lead to a small diffusion coefficient throughout the galactic plane and
this makes the role of diffusion very marginal in SBG environments. Furthermore, the episodes
usually occur in small circumlinear regions within the SBGs, which are called starburst nuclei
(SBNi). In particular, SNRs are expected to inject a massive amount of gas and this becomes a
supersonic wind flow [122] [123]. Hence, winds and turbulence play a decisive role in the motion
and interaction of CRs. If these high-energy CRs are confined inside the central part of these

galaxies, SBGs may be thick enough to efficiently produce neutrinos and non-thermal radiation.
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This calorimetric condition can be expressed by

j—iOSS < TESC7 (3'1>

where Tloss is the typical CR timescale for interactions and T is the timescale taken for a CR
to escape the source. Many authors focused on CR spectral features of SBGs [31], 113}, [124H133]
inferring that CR electrons are well confined inside SBNs, while the calorimetric condition for
high-energy protons strictly depends on the ISM density and the wind flow velocity inside a
SBG (see also [32]). In this thesis, we follow [3I] to describe CR timescales. We consider the
SBNi are spherical regions with the advection time T,gy = R/vwina depending on the radius
(R) of this region and on the wind velocity (vwina). On the other hand, for the time loss of
CR we take into account proton-proton (p-p) interactions, ionization and Coulomb interactions,
even though for £ > 1GeV the p — p timescale dominates over the others (see appendix [Al for
details about the actual formulae used). We describe CR diffusion using the quasi-linear theory
framework, where the diffusion coefficient is related to the power spectrum of the magnetic field
irregularities, which describes how the magnetic field strength varies at different spatial scales.
In particular, we choose a Kolmogorov-like scenario, assuming a density of the magnetic field
F(k) o< k=9+1 with d = 5/3 and a regime of strong turbulence inside the SBN [31] [32]. These
assumptions lead to a diffusion coefficient D(p) o p'/3, which implies Tyig(E) o< E~Y/3. For
a magnetized fluid the Kolmogorov scenario should in principle be replaced by the Kraichnan
model [I34] for turbulence. However, as shown by [3I], 2], the diffusion timescale is always
larger than all the other timescales, so that the details of the turbulence model do not influence

our conclusions. The escape time Tese in Eq. (3.1)) is given by

—1
1 1

Tosc = + . 3.2

(Tadv Tair ) (32)

For SBG typical values (R ~ 102 pc and vyinas ~ 102 — 103 km/s, see [I8]), we have that
Tagy ~ 10° — 105 yr. On the other hand, the high level of turbulence and interstellar medium
density makes the diffusion timescale much greater than this timescale (see [31]); consequently,
escape phenomena are principally dominated by advection and therefore Tose ~ Ta.gqv. The
timescale Tjoss depends on the proton energy and in particular, for energies much greater than
the proton mass, it is mainly driven by the timescale of p-p interactions. As shown in [3T], Tioss
usually becomes less than advection timescale for energy higher than 10 TeV. On the other

hand, electrons are always confined inside the SBN and therefore, they always lose efficiently
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their energy. The most convenient way to study the CR distribution (high-energy protons and

primary electrons) inside SBNs is to use the leaky-box model equation

-1
1 1 1
Fo=0Q,. + + , 3.3
P Q;D, (Tadv ﬂoss Tdiff) ( )

where F), . and @, are respectively the distribution function and the injection rate of protons
and electrons. Eq. physically represents the balance between the injection and CRs loss
terms. Indeed, the high ISM density, from one hand, fuels the star forming activity and at the
same time, it is heated by supernovae explosions. Hence, a balance between the injection and the
winds phenomena is expected in a generic SBN. The injection of CRs arises directly from SNRs,
consequently @, (p, Rsn, o, p™**) depends both on the rate of supernova explosions Rgn and
on the spectral shape originated in a single SNR. In particular, it is assumed to be a power-law

with spectral index « and high-energy cut—offﬂ For protons, we have

Np RSN —a _p/pmax
—~,___ Db ¢ )
VsBN

Qp(paRSN7aapmax) = (34)

max

where Vggn is the volume of the starburst nucleus, the cut-off energy p is taken to be a
free parameter in the range 1-100 PeV, and the normalization N, is fixed by requiring that
each supernova releases into CRs only a fraction £ = 0.1 of its total explosion kinetic energy

Egn = 10°! erg. Hence, we consider the following constraint on the cosmic-ray spectrum:

/ T ar 2 T() (VSBN Qp(p)> dp = € B, (3.5)

0 Rsn

with T'(p) being the single particle kinetic energy. For primary electrons, we take

Ne RSN —ao~(o/p™)?

3.6
VsBn (3:6)

Qe(p7 7e’SNa Oé) =

with p®* =10 TeV and N, = N, /50 according to |31 [32].

(&

3.3 Secondary Particle Production

Neutrinos and gamma-rays are mainly produced inside the SBNs through charged and neutral
pion decays (m — p vy, p— e ve v, and mg — 27y) (produced in pp interactions). To determine

the pion injection rate @Q,, we assume that any produced pion carries a fixed fraction of the

2Throughout the chapter, we consider natural units for which the cut-off momentum and the cut-off energy
coincides in the highly relativistic regime.
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kinetic energy of the high-energy proton (K, ~ 0.17) [I35]. Under this assumption, we have

CNISM

QTK‘ (Eﬂ') = Kﬂ-

Opp (E) p (E) ) (3.7)
E'=mp+E. /K,

where o0, is the proton-proton cross-section, n, denotes the energy distribution function of
injected high-energy protons obtained by solving the leaky-box model equation, and m,, is the

proton mass. The secondary electron (and positron) injection term is given by [31]

—+oo

Qe(Ee) =2 - Qﬂ(Eﬂ)fe(Ee/ETr)dETr (3'8)

where f.(z) is defined in Appendix [A] Then, we compute the neutrino production rate @, from

pion decays as

QV(EV):2/01 (fue(x)+fu;(w)+fua(x)> 0. (E> do (39)

3 T T

where the function f,(x) encode the probability distribution according to which neutrinos carry
a fraction of the pion energy (see appendix |[A| for the formulae of these functions). We directly
take into account the effect of neutrino oscillations changing the flavour ratio (1:2:0) at the source
into (1:1:1) at the Earth; by virtue of the low magnetic fields inside the SBN, we only consider
a pion beam flavor composition for the neutrino fluxes. Hence, the single flavour neutrino flux

at the Earth is given by

0,(B.2) = TS Qu (B(1+2) (310)

where d.(z) is the co-moving distance between the source and the Earth as a function of the
redshift z. To compute the gamma-ray emissivity, defined as the number of photons produced
per unit energy, time, and solid angle ¢, we account for to the dominant pion decay component
the bremsstrahlung, synchrotron and inverse Compton scattering (ICS) photons emitted by

both primary and secondary electrons as explained by [3I]. In particular, for the pion decay

component
+oo E
e By —2 [ @D (3.11)
Emin V Egr - m,%.c4
where Eyin = E +m2c¢t/(4E). For bremsstrahlung, we have
+oo
dme, = ISMTbreme / ne(E.)dE, (3.12)
E B
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2. For the inverse compton scattering emissivity, to simplify the

where oprem =~ 3.4 - 10726 cm
calculation and to avoid the double integration over the electron and the photon energies, we
replace the physical target of photons by an effective monochromatic spectrum centered around
the peak energy ~ 0.1eV of the photon target and normalized to the same total energy density
Uvrad- This procedure is pretty similar to the one implemented by Ref. [3I]. We verified that
we obtained the same results. Nonetheless, as already explained by Ref. [31I], this leads to an

uncertainty of a factor 2 to IC emissivity which is acceptable since SBNi are predominantly

hadronic.

') 2
tre(5) = 222 S [ £.0) (m) Glq, A)dmpdp., (3.13)

4 €peak Jpmin(E,epeak) Ee

with pmin (E, €peax) being the momentum corresponding to the electron energy

E m2c 1/2
E.=—|1 1+ —— 3.14
2 |: + ( + Eepcak :| ( )
and also [31]
E
=— 3.15

where A and G(g, A) are defined in appendix [Al An important process to be taken into account
is the internal absorption of gamma-rays after collision with the low-energy photons (optical and
IR photons) present in the Starburst Nuclei. Over each line of sight, parametrized by the path

length s, the intensity I(FE, s) of gamma radiation obeys the transport equation

dr
d—(E, s)=¢(E)—-I(E,s)n(E), (3.16)

s
where €(F) is the gamma-ray emissivity and n(E) is the absorption coefficient, which can be
written as 9(E) = [ 04y (E, E')npke(E')dE’: here 0., (E, E’) is the photon-photon cross-section
for photons of energies E and E’ and npkg(E’) is the background photon density at low ener-
gies. For this work, we choose the M82 best-fit background spectrum reported by [3I] for the

background spectrum. After averaging over every lines of sight, we obtain the following internal

absorption function of the gamma-ray flux at energy FE:

3 1 1—e 2BE)(1 4 2Rn(E))
Abs(E) = S BR |2~ Tn(B)? : (3.17)
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where R is the radius of the SBG. Hence, this computation of the gamma-ray flux at Earth can

be resumed by:

_ Vsn ;

X Abs (E(1 + z)) e ™ (E:2)
where 7, represents the absorption term from CMB and EBL [I36] [137]. Furthermore, we also
take into account electromagnetic cascades using the public code y-Cascade [114].

It is worth noticing that the calorimetric condition given by Eq. significantly affects
the spectrum of expected neutrinos and gamma-rays [32]. In fact, we have that Q, , o< Qr
nism opp Fp and F), principally depends on the minimum timescale in Eq. . In particular,
we get

Qp Calorimetric Scenario
Quy X (3.19)
cnism Opp@p % Wind Scenario
This equation highlights that in the calorimetric scenario the gamma-ray and neutrino emission
from a SBG is weakly dependent on the physical parameters of the source. Indeed, in this
scenario we are able to quantify the hadronic emission with three main quantities: Rgn, a and
p™®*. Furthermore, it is expected to be a tight connection between Rgn and the star formation

rate (SFR) 1, since for each supernovae remnants an equivalent mass of ~ 100 Mg, is considered

to be injected [3I]. As a result:

M., RsN
—— =100 3.20
1Mgyr—! 1yr—! (3.20)

for the rest of the work we describe the emission of the SBGs through: 1, « and p™2*.
This is a crucial observation, because the calorimetric approximation allows us to neglect all
the structural details of the sources and consequently, just like in Ref. [32], it is possible to fix
all the other parameters such as the magnetic field, the velocity of the wind, the density of the
interstellar medium, to the values of a benchmark galaxy, which is M82 in our case. Tab.

summarizes the structural parameters considered (see also [32]).

Parameters value
R (pc) 250
B uG 200
nism (cm™3) 100
Vyind (Kms™1) 700
Usaa (€Vem™2) | 2500

Table 3.1: Summary of the structural parameters used for the prototype starburst galaxy.
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Before discussing in the next section the computation of the cumulative diffuse neutrino
and gamma-ray fluxes from the population of SBGs through the spectral index blending, let us
comment on the maximum proton energy expected in SBNs, which is here considered as free
parameter in the following multi-messenger likelihood analysis. The possibility for the SNR
shock to accelerate CRs up to the knees energy is still an open question. Generally, the Sedov
phase is reached at late times, when the maximum energy is too low and the spectrum at very
high energies is very steep [I38] (see also Chapter [7] for further discussion on this topic). An
estimation of the maximal energy reached in a SN type Ia or type II shock can be written

as |83 [84) [I15):

—— nism \ Y3 B
P AL eV (1 cm_3> <10—3~5 G>

x (Eej)l/S (”ej>1/3 (3.21)
1051 erg 10° cm/s ’

where B is the magnetic field, Eq; is the ejected energy and ve; is the ejected velocity. This means
that p™®* can reach values as high as ~ 1PeV for typical values of SBNi [83]. On this regard
recent observations of possible Galactic Pevatrons with Cherenkov gamma-ray telescopes [139,
140], in the Milky Way, rise up the question about the hadronic or leptonic origin of this emission
when related to a SNR. The confirmation of the first hypothesis would be an experimental proof
that SNR shock can accelerate CRs up to few PeVs of energy. It has also been proposed that
at high redshift hypernovae could be more present than supernovae and therefore, the energy
and particle velocity injected could be higher than the typical values used above and this would
increase p™®* to ~ 10 PeV [83]. Another possibility to obtain higher values of p™®* up to
10—100 PeV [83][84] is given by higher values of magnetic field (1—30 mG) which may be typical
values for some SBGs (see [18]). In this work, we do not need to evoke these particular scenarios
since our analysis favors p™®* of the order of few PeVs from the SNR shocks inside the selected
sample of SBGs. On the other hand, the introduction of SBGs as potential emitters of ultra-high-
energy (UHE) cosmic-rays requires a completely different hypothesis for the physical processes
responsible of that emission (see [T4IHI43] for further details). Between them: extremely fast
spinning young pulsars [144], newly born magnetars [I45], gamma-ray bursts (GRBs) events [146]
or tidal disruption events (TDEs) caused by super massive black holes [147]. All these processes

can occur inside of a SBGs even though their inclusion here is behind the scope of this work.
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3.4 Diffuse neutrino and gamma-ray fluxes

In this section, we discuss the diffuse gamma-ray and neutrino fluxes. Firstly, the diffuse spec-
trum is given by the sum over all SBGs in the Universe. Therefore, a realistic computation should
both account for the distribution of these sources throughout redshift and how the individual
properties of each source change throughout the source class. For the actual calculation, we fol-
low the approach put forward to [32]. In particular, we use the method of the star formation rate
function to describe the number of starburst galaxies in the Universe. The SFR evolution with
redshift indeed provides a lot of information about the distribution of the galaxies in the Universe
and the high SFR of a generic SBG makes it a perfect tracer for identifying these objects. We
consider the modified Schecter function ®spr(z,1) reported by [32], which has been obtained
by fitting in the redshift interval 0 < z < 4.2 the IR+UV data of a Herschel Source sample [148]
after subtracting the AGN contamination [149]. Such a function represents the number of SBGs
per unit of Universe’s co-moving volume and logarithmic SFR v (see Appendix [B| for further
details of Ref. [32]). As pointed out in [32], it is then possible to define through the Kennicutt
relation [44] 45] an effective threshold value 1, = 2.6 M, yr~! for the star formation rate above
which a generic galaxy can be considered as an efficient calorimeter. Indeed, only those SBGs
that can be regarded as astrophysical reservoirs substantially contribute to the diffuse very-high
energy (VHE) flux. Some important comments are in order to justify this approach: while a
R ~ 200 pc is consistent and tuned for local known SBGs, we know that the vast majority of stars
in the Universe do not form galaxies with radii of 200 pc. Furthermore, SBGs constitute only
a small part of the total SFR of the Universe (see [I50] for more details about this). However,
this mainly come from the fact that, from the observational point of view, SBGs are classified
by their IR emission being above some threshold [32]. However, in this thesis, we define a SBG
using their non-thermal emission properties; in other words their ability to confine high-energy
CRs [32]. For such galaxies, the description of a dense core region whose density is related to the
SFR via the Kennicut relation [44], 45] should be realistic. Therefore, since our focus is mainly
to obtain a realistic estimate of the diffuse gamma-ray and neutrino flux, rather than a detailed
description of the galaxy structure, we believe a more detailed modeling would be beyond the
scope of this thesis. Moreover, as discussed in the previous section, in the calorimetric scenario
the neutrino and gamma-ray fluxes do not depend on the structural parameters of the starburst
galaxy, but rather on the SFR and on the CR spectral shape parametrized by the spectral index
a and the cut-off energy p™** (see Eq. )

On the other hand, in the present chapter, each starburst galaxy is allowed to have different
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Figure 3.1: Number of observed SBGs with different spectral indexes « according to the analy-
sis [19]. The dashed line shows the underlined Gaussian probability distribution function with
mean i, = 4.2 and variance 02 = 0.04 used in the present analysis. The vertical dotted line
displays the spectral index of M82 generally adopted as prototype [32].

values for the individual parameters describing its emission. This is the main novelty with
respect to the one reported by [32], where instead all the SBGs have been assumed to have the
same properties of the prototype galaxy. In particular, because of the discussion of the previous
section, we focus on the range of possible spectral indexes a originated in the core of a SBG.

Therefore, the diffuse differential neutrino and gamma-ray fluxes are given by

4.2 o . 2
BEBO (B, pme) = / dz / dlog M, C}d;(z)
0 * (Z) (3.22)

X QSFR(Z; M*) <¢)I/,’7 (Ea 2 M*vpmax)> )

«

where H(2) = Ho\/Qar(1+ 2)3 + Qy is the Hubble parameter with Hy = 67.74 km s~'Mpc ™!,
Qu = 0.31 and Qy = 0.69, and (¢, ) is the emitted neutrino and gamma-ray fluxes averaged

over the distribution of spectral indexes. We have

(60 (B2 0 5™)) = [ 406, (Bx Mo ™) ple), (323)

where p(a) describes the blending of spectral indexes and the quantities ¢, ., are given in
Eq.s and once Rgy is substituted with M,. The prototype model delineated
by [32] can be simply recovered by taking p(a) = 6(a — ange) with ayse = 4.2. To constrain
the distribution p(«), we instead consider a sample of sources as representative of all the SBGs.
In particular, we consider the 12 SFG and SBGs observed in gamma-rays for which the photon

spectral index I" have been inferred by a fitting procedure with a power-law function [I9] [I51].
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Figure 3.2: Left: comparison between the diffuse emission of starburst galaxies modeled with
the blending of spectral indexes (short-dashed lines) and with the assumption of M82 as pro-
totype [32] (long-dashed lines) for the benchmark case with p™®* = 5 PeV. The normalization
of the SBG emission is fixed to account the 30% of the total EGB integrate flux above 50 GeV
(see Eq. (3:24)). The blue (orange) color corresponds to the neutrino (gamma-ray) flux. Right:
Relative difference of the two different SBG modelings with blending (blen.) and prototype
(prot.) for the diffuse neutrino (blue solid line) and the gamma-ray (orange dot-dashed line)
fluxes as a function of energy. Below (above) the horizontal dashed line, the blending of the
spectral indexes leads to a lower (higher) flux.

Bearing in mind that ¢, < Qr < E?Q, o« E~*2  we can infer the values of a by taking I' + 2.
We report the different values of the spectral indexes obtained from [I9] in the histogram of
Figure Hence, we assume a Gaussian distribution N (a|pa,02) for the blending of spectral
indexes, whose mean and variance are deduced by this source catalog. We have u, = 4.2 and
02 ~0.04.

We emphasize that, due to the limited number of SBGs in the sample we are considering, it is
difficult to draw robust conclusions on the distribution of the spectral indexes. In particular, with
this low statistics, the estimated distribution will depend on the statistical approach with which
the data are treated. We have also tested other data-driven approaches than the Gaussian
fit to the observation: for example, assuming as a distribution a superposition of Gaussian
functions for each measuremen‘ﬂ or replacing the a-integral in Eq. with an average over the
measured spectral index values. In the former case, we have found no significant differences with
respect to blending approach defined in Eq. . In the latter, the number of neutrino HESE
events accounted for by SBGs reduces by about 70%. Hence, different statistical data-driven
methodologies could lead to different results. In this sense, only an increase in the statistical
sample of observed SBGs or in the precision of the measurements could provide definite results.

In order to highlight the effect of having a spectral index blending rather than a fixed power-

3This substantially amounts to a kernel density estimation with a Gaussian kernel and a width equal to the
experimental uncertainty on each measurement.
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law according to the M82 prototype, we show in the left panel Figure the neutrino (blue
lines) and gamma-ray (orange lines) fluxes obtained with the two approaches for the benchmark

max — 5 PeV. The normalization Ngpg of the SBG emission is determined so that

case of p
the SBG gamma-ray flux accounts for the 30% of the total EGB integrated flux JESB. , =
2.4 x 107%ph/cm?/s/sr [7]. A fraction of 0.3 is indeed compatible with the limits affecting the

non-blazar component of the EGB above 50 GeV [12, [13]. Hence, we require

BG 820 GeV SBG G
J>]§0 GeV — Nspa /50 Gev (I)vB (Ev)dE“/ =03 JESOBG6V7 (3'24)
e

which is satisfied for Nggg ~ 0.73. The comparison between the two approaches is made clearer
in the right plot of Figure [3.2] where we report the relative difference between the two neutrino
and gamma-ray fluxes. The spectral index blending results in the flux having a complex convex
structure than a simple power-law due to the contribution of spectra which are harder than
the "average" spectral index, leading to a reduction of the neutrino and gamma-ray emission at
low energies (E < 103 GeV), while for higher ones the fluxes are greater. Remarkably, while
the neutrino diffuse flux calculated using the M82 prototype model is almost negligible when
compared to the IceCube 7.5-year HESE and 6-year cascade data, the spectral index blending
allows for a large neutrino flux around 100 TeV. Moreover, in this benchmark scenario a cut-off
energy of p™®* = O(PeV) is enough to account for a considerable part of the astrophysical SED
measured by IceCube, bypassing the need of SNR shock that can accelerate CR up to energies of
the order of 102 PeV. By contrast, the gamma-ray contribution remains almost unchanged due
to the contribution of electromagnetic cascades. Even though the direct spectrum of photons
produced by the blending has a lower normalization than the prototype for energies below
103 GeV, the electromagnetic cascade contribution is higher because more photons are available
for reprocessing. This leads to a compensation of contributions, resulting in an almost-unaltered
spectrum. It should be noticed that this compensation is partially due to the internal absorption
phenomena that suppress the gamma-ray flux before they escape the source. Hence, the more
realistic model based on the spectral index blending has the potentiality to reduce the existing
tension of the hadronic production scenario with diffuse neutrino and gamma-ray data. In
particular, the spectral index blending allows starburst galaxies to account for ~ 26 neutrino
events (~ 25%) of the 7.5-year HESE dataﬁ In comparison, the standard prototype-based model

saturating the non-blazar EGB component provides only 8 (~ 8%) of the 7.5-year HESE data.

4For the same benchmark scenario, the alternative data-driven approach based on the average over the mea-
sured spectral indexes values predicts an SBG contribution of ~ 18% to the 7.5-year HESE data.
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In any case, other sources are in general required to account for the whole diffuse neutrino flux.
Before discussing the multi-messenger analysis we have performed, several comments are
in order: our approach delineated in Eq.s (3.22) and (3.23) could be in principle extended to

max_however, no

the other parameters describing the SBG emission. Regarding the parameter p
direct measurements of the cut-off energy exist for this class of sources and therefore a data-driven
distribution for this parameter cannot be inferred. On the other hand, several measurements
have been carried out for example to infer the magnetic field B inside the starburst nucleus.
According to the analysis [I8], the observational estimates for the magnetic field range from tens
to thousands uG. However, we have checked that the magnetic field has a very marginal impact
on the neutrino and gamma-ray fluxes as expected in the calorimeter scenario. Indeed, the
magnetic field only affects the diffusion time Ty;g that is in general much higher than the other
timescales involved [31}32]. As a result, larger values for the magnetic field than our benchmark
of B = 200 pG would slightly increase the neutrino flux at high energies where Tyqig ~ Taay-
Furthermore, other parameters such as the density of the interstellar medium only affect the
normalization of the neutrino flux without changing its spectral shape. The same effect is also
produced by taking different values for the threshold star formation rate 1,. Indeed, as shown
in Ref. [32], the diffuse fluxes asymptotically scale as @, o« 9%, Therefore, to account for
the effect of all these parameters, we simply introduce the overall normalization Nsgg as free

parameter in the multi-messenger analysis discussed in the next section.

3.5 Multi-messenger analysis

In order to quantitatively discuss the role of starburst galaxies in the production of astrophysical
neutrinos, we perform a statistical multi-messenger analysis which takes into account both neu-
trino and gamma-ray data. In particular, we analyze two neutrino IceCube data samples: the
7.5-year HESE data [§] and the 6-year high-energy cascade data [9]. The former contains neu-
trino events of all flavours with track and shower topologies above 60 TeV. The latter, instead,
only includes shower-like events (mostly electron and tau neutrino flavours) and characterizes
the diffuse neutrino flux down to few TeV thanks to the smaller background contamination.
Concerning gamma-ray data, we examine the extragalactic gamma-ray background (EGB) mea-
sured by Fermi-LAT [7]. Most of the EGB spectrum is accounted by for resolved and unresolved
blazars, while the contribution of other sources is in general sub-dominant [IIHI3]. Therefore,
in addition to the starburst galaxies, we take into account other classes of sources contributing

to the neutrino and gamma-ray skies. In particular, we have:
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e Neutrinos

— Starburst galaxies: the modeling of the neutrino flux from starburst galaxies has
been detailed in the previous sections. In particular, the shape of the SBG spectrum

strongly depends on the maximum energy p™®* of the cosmic protons in the galaxy;

— Blazars: for this subclass of Active Galactic Nuclei, we follow [71I] where the blazar
neutrino flux has been computed by assuming the baryonic loading directly linked to
the blazar sequence trend [I52] and taking the same blazar distribution as used by [11].
An early use of the blazar sequence is reported in [153]. In [71], three different models
for the blazar neutrino flux are provided according to different assumptions on the
baryonic loading. We have checked that our results do not depend on the particular
blazar model considered. Therefore, in the following we just use as a benchmark
the “scenario 1”7 (see Figure 5 in [1]) where the baryonic loading is assumed to be
constant (see also [I54]). In any case, as will be clear in the following, we check that
in our best-fit scenarios the blazar neutrino component is always compatible with the

IceCube stacking limit [14].
¢ Gamma-rays

— Starburst galaxies: the gamma-ray flux from starburst galaxies has been discussed

in the previous sections;

— Blazars: we include in this class the diffuse gamma-ray flux from BL Lacs and Flat
Spectrum Radio Quasars. This contribution has been estimated by [11]. However,
this estimate does not take into account the contribution of electromagnetic cascades
to the diffuse flux. For this reason, we have integrated the use of the y-Cascade code to
obtain the diffuse blazar flux, using the best-fit values for the Luminosity-Dependent
Density Evolution (LLDE) model provided by [I1], together with the contribution
of electromagnetic cascades. We find that the latter can enlarge the diffuse blazar

spectrum by even 20%, causing significant changes in the multi-messenger analysis;

— Radio galaxies: we take their contribution to the EGB from [I1] (see also [I55}[156]).
In these works, Radio galaxies provide a large gamma-ray flux below 1 GeV. It is worth
noticing that for the sake of simplicity we do not consider a relevant contribution from
Radio Galaxies to the neutrino flux, in agreement with analyses like [I57]. However,

recent works like [I58] have proposed radio galaxies to be an important source of
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high-energy neutrinos. Hence, a negligible high-energy neutrino emission from these

sources should be regarded as an assumption of this analysis.

For both the neutrino and the gamma-ray components, we perform a maximum likelihood
analysis using a chi-squared likelihood. For the neutrino data, we use the following chi-squared

function:

= 3.25
Xv ,1C ( )

1Z%3

2
Y Bl SBG
2 (q) ~ Notarars 007 — Nona @)1 (pmax)>
b)
7

where (I)ch is the diffuse single-flavour flux observed by IceCube in each energy interval i with

uncertainties o1, whereas ®Blazars and are the neutrino flux of blazars and SBG sources,

v,

SBG
(I)l/,i
respectively. The neutrino chi-squared function depends on three free parameters: the maximum

max

proton energy p in each starburst galaxy, and the two normalizations Nggg and Npjagars for
the cumulative contributions of the starburst galaxies and the blazar sources, respectively, which
represent two overall factors that multiply the fluxes. The normalization Nggg is mainly related
to the efficiency of SNRs energy release £ (see Eq. ), while it very slightly depends on the
threshold value v, of the SFR above which the SBG can be considered an efficient calorimeter (see
Eq. ) Both theoretical arguments and numerical simulations show that the normalization

Nsga can be expressed in terms of the physical parameters as

0.4
Ngpa = <051> [1.47—0.32 (11\/[;/)}11r_1) ] : (3.26)

Due to the very mild dependence on ¥*, the determination of Nggg through our likelihood
analysis amounts roughly to a determination of the SNRs efficiency £. For the gamma-ray data,
we follow the analyses [IT], 04, [95] based on a chi-squared function. In particular, we consider
two independent normalizations for the blazar component Ngja .5 and for the radio galaxies
component Ngg. In [11] a prior distribution was obtained for the cumulative normalization of
the whole astrophysical flux by averaging the theoretical uncertainties on the predictions for the
flux over the energy range of interest. For this work, we proceed along similar lines, separately
averaging the theoretical uncertainties of the radio galaxies and blazar fluxes. In this way we

obtain the following chi-squared for the gamma-rays

1
2 _ 2 EGB RG Blazars
Xy = oBGB 2 ((I)%i = Nra @57 = Nplazars @5+
vt

max\\ 2
—Nspa®5h% (p™™))” + (3.27)
N azars — 1 2 N -1 ?
N < BI ) N ( RG )
OBlagzars ORG
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where the quantities @ESB are the EGB data with uncertainties UE’?B, while (I)WR,?’ @E}fzars and
‘I’,SYEG are respectively the radio galaxies, blazar and SBG contributions to the EGB. The last
two terms are the priors that take into account the uncertainty on the normalization of the
two non-SBG components: the average uncertainties are estimated to be oplazars = 0.26 and
ora = 0.65 [L1].

Differently from the more recent analysis [95], we take into account a further prior distribution
from the estimate of [I3] that 0.6870:0% of the EGB above 50 GeV consists of resolved point
sources. We compute the fraction of the total blazar diffuse flux that originates from resolved
blazars, defined as the blazars with a total flux larger than 10~8 ph/cm?/s according to [11].
Averaging this fraction over the energy range above 50 GeV, we find that 81% of the blazar flux
above 50 GeV is composed of point sources. Assuming that most of the point sources detected
in the EGB above 50 GeV are blazars, we obtain that 0.8470 1) of the EGB above 50 GeV is

composed of blazars. Furthermore, we calculate the blazar gamma-ray flux normalisation which

corresponds to such values and therefore we add the following positional prior contribution

N, —-0.80\7
2 Blazars
= (Dhzars  TOF 2

to the chi-squared for the integrated contribution of blazars above 50 GeV, where the 10% of
uncertainty in Eq. comes from the uncertainty of the blazar contribution over 50 GeV
calculated by [13]. It is worth noticing that such a pull term is consistent with the similar one
in Eq.s (3.27) once the contribution of electromagnetic cascades is neglected as done originally
in Ref. [TI]. The multi-messenger analysis is therefore performed by combining the three chi-
squared functions as

X,%JFW(NRGa NBlazarsa NSBG; pmax) = X12/ + X?y + X}2)os ) (329)

which is a function of four free parameters Nra, NVBlazars, Nspa and pge. In the next section,

we discuss the main results of the maximum likelihood analysis.

3.6 Results

As mentioned at the beginning of this section, we examine the IceCube 7.5-year HESE and the
6-year high-energy cascade neutrino data, being the latter sensitive to a wider energy range. For

each of the two neutrino data-sets we consider as gamma-ray counterpart the whole Fermi-LAT
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Multi-messenger analysis: IceCube 7.5-year HESE + Fermi-LAT
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Figure 3.3: Profile likelihoods for the SBG parameters obtained in the multi-messenger analysis
of IceCube 7.5-year HESE neutrino data and Fermi-LAT gamma-ray data with energy above
0.1 GeV. The left (right) panel corresponds to the blending (M82 prototype) model for the SBG
emission. The solid, dashed and dotted lines represent the likelihood contours at 68.3% CL,
95.4% CL and 99.7% CL, respectively. The white stars display the best-fit points. The full set
of likelihood contour plots is reported in Appendix [C]

EGB spectrum above 0.1 GeV. We explore the four-dimensional parameter space by means of
the profile likelihood method on the quantity Ax? = x?2 4 —Mmin X2 4~ Trepresenting the inverse of
the log-likelihood ratio. In agreement with the Wilks’ theorem, we assume that the distribution
of Ax? is a chi-squared distribution with a number of degrees of freedom equal to the number
of free parameters. In the following discussion, we mainly aim at highlighting the differences in
the results obtained with the two different models for the SBG emission: the one based on the
data-driven blending of spectral indexes (hereafter dubbed as “blending”) and the one already
adopted in the literature and based on the prototype method resulting in a single power-law
neutrino flux (hereafter dubbed as “M82 prototpye”).

In Figures [3.3] and [3.4 we report the results for the SBG parameters, p™** and Ngpg, in case
of the two neutrino data sample considered. The plots show the two-dimensional profile likeli-
hood ratios when the remaining free parameters (Npjazars and Ngrg) are considered as nuisance
parameters (see Appendix [C| for the complete set of two-dimensional profile likelihoods). The
different contours delimit the regions at 68.3%, 95.4% and 99.7% confidence level (CL) according
to a chi-squared distribution with two degrees of freedom. The best-fit points are depicted by
the white stars. In the figures, the left and right panels refer to the SBG models “blending” and
“M82 prototype”, respectively. We find substantially different results in correspondence of the
two SBG models. Remarkably, in the case of IceCube HESE data (Figure , the blending of
spectral indexes allows for a preference of a non-zero SBG contribution at slightly more than

lo. Moreover, the SBG maximum energy is constrained to be smaller than about 50 PeV at
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Multi-messenger analysis: IceCube 6-year cascade + Fermi-LAT
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Figure 3.4: Profile likelihoods for the SBG parameters obtained in the multi-messenger analysis
of IceCube 6-year cascade neutrino data and Fermi-LAT gamma-ray data with energy above
0.1 GeV. The left (right) panel corresponds to the blending (M82 prototype) model for the SBG
emission. The solid, dashed and dotted lines represent the likelihood contours at 68.3% CL,
95.4% CL and 99.7% CL, respectively. The white stars display the best-fit points. The full set
of likelihood contour plots is reported in Appendix [C]

68.3% CL. On the other hand, the prototype-based model with a single power-law behaviour is
instead disfavoured by data, implying the presence of an upper bound on Nggg and consequently

an almost unconstrained range of values for p™&*.

In the case of IceCube 6-year high-energy
cascade data (Figure , the additional neutrino data below 100 TeV highly prefer a larger
neutrino emission from starburst galaxies. For the SBG model “blending”, a negligible SBG
component with Ngpg =~ 0 is disfavoured at more than 30, and the maximum energy p™2* is
constrained to be smaller than 10 PeV at 95.4% CL. On the other hand, for the SBG model
“MS82 prototype”, a preference for a non-zero SBG contribution is relaxed at slightly more than
lo, and no upper bound for p™?* is found.

In Table we report the best-fit points of the different multi-messenger analyses, together
with the reduced chi-squared values (last row). The second and third columns in each table
correspond to the two different models for the SBG emission, “blending” and “M82 prototype”,
respectively. For both the two neutrino data samples, the former results to be in better agreement
with data having smaller reduced chi-square values with respect to the latter. As expected
from the previous discussion, we find that the spectral index blending allows for a lower cut-off

maX and a larger normalization Ngge when compared to the prototype-based model.

energy p
In all the cases, the blazar component has a normalization smaller than the one predicted
by [II] (NBlazars = 1). This result is mainly driven by the inclusion of the contribution of

electromagnetic cascades in the blazar diffuse gamma-ray flux. In any case, the best-fit blazars

component provides the dominant contribution to the EGB above 50 GeV in agreement with
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IceCube 7.5-year HESE + Fermi-LAT

_ SBG model
Parameters Blending MS2 prototype
pmax 13.6 42.0
Nspa 0.30 0.18
NBlazars 0.72 0.77
Nra 2.24 2.19
X2 =x?/32 ] 1.39 \ 1.49
IceCube 6-year cascade + Fermi-LAT
_ SBG model
Parameters |  Blending MS2 prototype
pmax 4.0 14.0
Nsga 0.66 0.44
NBlazars 0.59 0.68
Nrg 2.24 2.15
X7 =x?/38 | 1.83 \ 2.12

Table 3.2: Best-fit points obtained in the multi-messenger analyses of IceCube 7.5-year HESE
(left) and 6-year high-energy cascade (right) neutrino data and the extragalactic gamma-ray
background data measured by Fermi-LAT. The second (third) column in each table refers to the
SBG model with the data-driven spectral index blending (a single power-law behaviour set by
MB82 prototype). The last row reports the reduced chi-squared.

the positional prior [I3]. The contribution of radio galaxies is instead required to be larger than
the one predicted by [11], leading to a slight tension with the corresponding prior on Ngg.
The neutrino and gamma-ray fluxes corresponding to the two best-fit points for the SBG
model “blending” are depicted in Figure [3:5] The contributions to gamma-ray and neutrinos are
displayed in orange and blue colors, respectively. The SBG, blazars and radio galaxies compo-
nents are represented by the dashed, dotted and dot-dashed curves, while the solid lines refer
to the cumulative flux. For both the two neutrino data samples, starburst galaxies (where p-p
interactions dominate) mainly contribute to the neutrino flux below PeV energy, while blazars
(where p-v interactions dominate) account for the PeV neutrinos in agreement with the IceCube
stacking limit (shaded grey band). The neutrino data considered in the fit constrain the maxi-
mum energy in each starburst galaxy to be of the order of ~ 10 PeV. On the other hand, the main
difference between the two analyses is a tendency toward a larger role of the SBG component
when considering the IceCube 6-year cascade data sample. Diversely, the role of gamma-ray
data is mainly to constrain the normalization of the SBG component in favour of the non-SBG
ones (blazars and radio galaxies). As expected, the predicted gamma-ray spectrum is indeed

max

almost independent from p due to the gamma-ray absorption. In the two best-fit scenarios
the blazars dominate the EGB above about 1 GeV, while at lower photon energies they give way
to a larger contribution from radio galaxies.

To further highlight the remarkable implications of using the spectral index blending, we
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Figure 3.7  Gamma-ray (orange) and single-flavour neutrino (blue) uncertainty bands at

68.3% CL (dark colors) and 95.4% CL (light colors) for the SBG component deduced by the
multi-messenger analysis in case of data-driven blending of spectral indexes. The left (right)
plot corresponds to the multi-messenger analysis with IceCube 7.5-year HESE (6-year cascade)
neutrino data. In the left plot, the solid lines correspond to upper bounds at 95.4% CL.

show in Figure [3.6] the best-fit gamma-ray and neutrino fluxes obtained for the SBG model
“M82 prototype”. As can be seen in the plots, the single power-law model is highly constrained
by gamma-rays data, thus leading to an almost negligible contribution from starburst galaxies
to the diffuse neutrino flux. As already shown in Figure [3:2] the assumption of a distribution
for the spectral indexes causes the diffuse SBG neutrino spectrum to behave differently from a
simple power-law with a higher cut-off, but rather as a more complicated function of the energy.
Such a behaviour is a key feature, allowing starburst galaxies to provide a larger contribution
to the neutrino flux without exceeding the corresponding EGB limits. Our results point out
that the existing strong limits [83H85] affecting starburst galaxies and in general p-p interaction-
dominated sources could be due to a too simplistic modeling of their gamma-ray and neutrino
emission. On the other hand, better and more realistic models capturing the different properties
of individual emitters within the same class of astrophysical sources seem to be required to
explain the data and potentially alleviate the claimed tension between neutrino and gamma-ray
observations.

Focusing only on the more realistic SBG model “blending”, we visibly quantify the allowed
SBG contribution to the gamma-ray and neutrino data in Figure In particular, we show
the 1o and 20 uncertainty bands at 68.3% CL for the SBG contribution to the extragalactic
gamma-ray background and the diffuse neutrino flux, according to the results displayed in the
left panels of Figures and In the left plot, the solid lines represent the upper bound on
the SBG component at 95.4% CL. It is worth pointing out that a large SBG neutrino component

dominating the neutrino flux below 100 TeV is therefore allowed at 20. This is especially true
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Figure 3.8: Percentage of IceCube 7.5-year HESE neutrino events above 30 TeV accounted for
by starburst galaxies with blending (left plot) and M82 prototype (right plot) models. The solid,
dashed and dotted lines represent the likelihood contours at 68.3% CL, 95.4% CL and 99.7% CL,
respectively, according to the corresponding multi-messenger analysis (see Figure. The white
stars display the best-fit points.

in case of the IceCube 6-year cascade data (right plot) for which smaller uncertainty bands are
obtained. On the other hand, in neither case starburst galaxies are allowed to saturate the
low-energy neutrino data.

Finally, in Figure [3.§] we report the percentage of HESE events that can be accounted for
by starburst galaxies modelled with the spectral index blending (left plot) and M82-prototype
(right plot). The number of neutrino events after 7.5-year of data taking is simply computed by
convolving the SBG neutrino flux above 30 TeV with the HESE effective area [53|. Remarkably,
in the “blending” scenario, starburst galaxies are allowed to account for the 40% (~ 50%) of the
total HESE events at 95.4% (99.7%) CL. On the other hand, in the “M82 prototype” scenario,
they can only explain no more than 20% (~ 30%) of HESE events at 95.4% (99.7%) CL. Such a
comparison further highlights the impact of the spectral index blending in quantifying the SBGs
contribution to the diffuse neutrino flux measured by IceCube. These results are in agreement
with the constraints placed on the contribution to the IceCube neutrino events from nearby
starforming and starburst galaxies [75], TI7HI20]. We find that in all the SBG parameter space
explored, the contribution of nearby starburst galaxies within a distance of 250 Mpc (redshift
z < 0.06) is smaller than 1%. Hence, it is worth observing that, although starburst galaxies
can provide a significant contribution to the diffuse neutrino flux, other components seem to be
required to fully explain the data below 100 TeV. In particular, the addition of a diffuse Galactic
component as the one recently introduced by [6I] and constrained by IceCube and Antares
experiments [63] [64] would probably describe the portion of HESE flux at 100 TeV unfilled by

the SBG “blending” scenario. Interestingly also the analyses done about the Galactic diffuse
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max

component indicate as a preferential p at about 5 PeV, in accordance with the favourite p™a*

range obtained in this work for the SNRs inside the SBGs.

3.7 Discussion and Conclusions

The astrophysical origin of cosmic neutrinos has still not been determined, even though many
candidate sources have been proposed. Therefore, it is important to understand the role that
each such candidate plays. In this chapter, we have analysed the neutrino and gamma-ray
hadronuclear production of SBGs. We have exploited a recent review of SBG gamma-ray spec-
tral features, based on 12 objects, in order to go beyond the usual simplifying assumption that
the diffuse flux from SBG is a superposition of identical unresolved sources and consider a dis-
tribution of SBG varying parameters. In particular, our analysis shows how the variability of
the spectral index of the hadronic emission of SBGs leads to drastic changes in the expected
diffuse neutrino flux. As a result, we find that the diffuse neutrino production from SBGs, at
the energies observed by IceCube, under this spectral index blending assumption is larger than
what would be expected for a simple power law spectrum. On the other hand, the gamma-
ray production is very weakly sensitive to the introduction of the blending, allowing this larger
diffuse neutrino component without exceeding the diffuse gamma-ray constraint known for this
astrophysical class. In order to verify this assertion, we have proceeded to a multi-messenger
statistical analysis, using the up-to-date EGB data from Fermi-LAT and the 7.5-years HESE
and 6-years high-energy cascade data from IceCube. We have tested the hypothesis that these
data can be explained by the simultaneous emission of the SBG component plus additional
astrophysical components from blazars and radio galaxies. Moreover, differently from the previ-
ous literature, we have fully taken into account also the gamma-ray radiation produced by the
electromagnetic cascades both for SBGs and blazars. At the same time, we have considered as
prior information the limit of resolved sources contribution to the EGB above 50 GeV. Previous
analyses, based on a single power-law assumption for the SBG flux, strongly disfavored this
component in the neutrino sector, due to an overproduction of gamma-rays. We have shown
that the improvement in the description of the hadronic fluxes due to the blending of spectral
indexes leads to a non-vanishing best-fit SBG neutrino flux. Our analysis leads to the conclusion
that SBG and blazars cannot fully explain the IceCube data while complying with the gamma-
ray constraints, leaving space for another component which could possibly be associated to the
diffuse Galactic neutrino emission or other extra-galactic sources.

Finally, our statistical analysis indicates as a maximal energy reached by astrophysical ac-
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celerators within SBGs a value that lies below 50 PeV, reconciling this result with the physics
of the potential Galactic Pevatrons. This conclusion is strongly driven by the multi-component
description of IceCube data taking into account blazars and SBGs. In fact, in our benchmark
scenario we assume the PeV neutrinos are mainly produced by blazars. Our results may vary
depending on the specific assumptions behind the analysis, including our treatment of the EM
cascades, the EBL function and our analytical modeling of SBG neutrino and gamma-ray pro-
duction; more details are reported in the appendix [C] including the case without EM cascades.
Another source of uncertainty comes from the limited number of sources in the sample which
does not allow for a conclusive spectral index distribution. In this regard, future and improved
~v-ray catalogue of SBGs will unveil the potential importance of the spectral index blending and
its consequence for multi-messenger astronomy. Nevertheless, we are led to the conclusion that
SBGs may play a rather important role in the description of IceCube and Fermi-LAT observed
diffuse fluxes. In particular, the introduction of this new data-driven statistical analysis high-
lights how this class can be crucial to describe the low-energy part of the IceCube HESE and
cascade fluxes. Future observations of the Global Neutrino Network (GNN) and in particular
KM3NeT [159], Baikal-GVD [I60], P-ONE [I61] and IceCube-Gen2 [162] will shed more lights

on this astrophysical component.
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Chapter 4

Gamma-ray and Neutrino Prospects

for Nearby Star-forming Galaxies

In this chapter, we assess the possibility for current and future gamma-ray and neutrino tele-
scopes to constrain the non-thermal emissions of nearby, known SBNi. The chapter is based on

the analysis published in [163].

4.1 Introduction

In the last chapter, we assessed the possibility of SBGs explaining the diffuse neutrino emissions.
The rationale of the main finding is that, indeed, they can provide a non negligible contribution.
However, in order to explain a sizeable portion of measured high-energy neutrino flux with SFGs
and SBGs, the deep Universe must be considered up to redshift ~ 4-5, because of their dim-
ness [19, 82, [52]. In fact, the low gamma-ray luminosity of SFGs and SBGs typically represents a
bound for their contribution to the observed astrophysical neutrinos as a point-like component.
For the moment, as emphasized in Sec. only a dozen of these sources have currently been
catalogued as gamma-ray point-like sources using the Fermi-LAT data and only few of them
have been observed through Imaging Cherenkov telescopes [19].

In this chapter, we employ a multi-messenger and multi-wavelength approach to assess the
ability of current and upcoming neutrino telescopes to observe such galaxies as neutrino point-
like sources. This is significantly important after the IceCube collaboration, analyzing 10-year of
tracks (from April 2008 to July 2018), reported a 2.90 excess of signal neutrino events from the

direction of NGC 1068 [76]. Recently, the excess has increased to an overall significance of 4.20,
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analyzing track events from 2011 and 2020 [60]. Even though additional Active Galactic Nuclei
(AGN) activity could be present, observations like this one suggest that star-forming activity
could trace the hadronic emission and produce point-like excesses in the TeV sky observed by
IceCube as well as in the future skymap of the upcoming KM3NeT/ARCA and IceCube-Gen2
telescopes.

We follow the scenario described in the last chapter which consider the transport of high-
energy protons and electrons in the SBNi and analyze the 10-year Fermi-LAT data provided
by [19], taking into account the spectral energy distributions (SEDs) of 13 SFGs and SBGs
presented in Sec. We describe these gamma-ray observations through the hadronic and
leptonic processes at work in the star-forming regions and determine the corresponding neutrino
fluxes. For each source, we require the star formation rate (SFR) to be consistent with the one
derived from infra-red (IR) and ultra-violet (UV) observations [20] within a maximal level of
discrepancy, thus making sure that our predictions are consistent with the star forming activity
of the sources. Hence, we compare the most-likely point-like neutrino flux normalizations at
1 TeV with IceCube, IceCube-Gen2, and KM3NeT sensitivities (see Figure . Besides, for
the brightest sources we also show in Figure [£.2] the prospects of the Cherenkov Telescope Array
(CTA).

4.2 Modelling the emission from nearby sources

In this section, we describe how we model the gamma-ray and neutrino emissions of the sources.
Firstly, we make use of the same CR transport model described in the last chapter. In this
context, the neutrino and gamma-ray emissions mainly depend on the gamma-ray spectral index
I’ = a — 2 and on the star formation rate. For the density nigy of the interstellar gas (target of
the proton interactions), we rely on the Kennicutt relation (Eq. [28, 45 [46].

For simplicity, we consider for all the galaxies Rggn = 200 pc, which is an average size of
the circumnuclear regions [31]. By using the benchmark value nigy = 175 cm =2 for M, =

5 Mg yr—! [31], by inverting Eq. we obtain the scaling relation

A 2/3
=175 ————— -3, 4.1
nisMm (5 Mg yr—1 > cm (4.1)

For the background photon density U,,q, we assume a direct proportionality to the SFR, which is

expected to be tightly related to the infrared (IR) luminosity [28] [45] [46], [164HI66]. In particular,
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we consider the scaling relation

M
Upad = 2500 | ———— ] eVem ™3, 4.2
d <5 Mg yr—1! > ey (4.2)

where the reference values, Uaq = 2500eVem™ and 1) = 5Mg yr~!, are obtained from what
has been inferred for M82 by [31], [32]. Such a relation is generally satisfied by high-SFR galaxies
which behave as good calorimeters. On the other hand, low-SFR galaxies have been shown
to deviate from the assumed linear SFR-IR relation, as also recently pointed out by [20, B7].
Nevertheless, for

these galaxies we have verified that Eq. is a good and conservative approximation: in-
deed the gamma-ray emission depends only slightly on U,,q since the leptonic component is in
general subdominant in our model. Moreover, a smaller value for U,.q4, as observed for low-SFR
galaxies [20], would further reduce the leptonic production in favor of the hadronic one. Finally,
for all the galaxies, we adopt the average values B = 200 puG [I8] and vyinga = 500 km/s [32] for

the magnetic field and the dust-wind velocity in the SBNi, respectively.

4.3 Data Analysis

Our main purpose is to determine the high-energy neutrino emission from SFGs and SBGs
based on a likelihood analysis of gamma-ray data. A crucial observation must be made: for
some of these galaxies, a possible additional source of gamma-rays may be related to AGN
activity [19,[167HI73], which is not included in the following analysis. Thus we test the hypothesis
that the observed gamma-ray SEDs are saturated by star-forming activity only, and determine
the most-likely neutrino emission under this assumption. We analyze the gamma-ray SEDs of
13 galaxies observed by Fermi-LAT with 10 years of observation [19]. These data correspond to
the Pass 8 data passing the quality data selection in the energy range 0.1 — 800 GeV [19]. The
data reported in [I9] are normalized to a constant value at an energy of 1 GeV. Therefore, we
have suitably rescaled them using the reported best-fit parameters of the power-law model. Tab.
reports the scaling factor for the sources.

For M82 and NGC 253 we make also use of the data provided by VERITAS [22] and
H.E.S.S. [23], respectively. For each galaxy, we pursue a Bayesian approach to assess the most-
likely values for the two free parameters of the model: the star formation rate M, and the

spectral index I', where I' = o — 2, with « being the spectral index of injected protons and
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Source Scaling Factor
M31 0.67
NGC 253 0.88
SMC 2.89
M33 0.22
NGC 1068 0.73
NGC 2146 0.25
M82 1.15
ARP 299 0.13
NGC 4945 1.22
ARP 220 0.36
NGC 2403 0.14
NGC 3424 0.15

Table 4.1: Scaling factor from the spectra of Ref. [19].

electrons. We determine the posterior distribution as

p(M.., T|SED) o p(SED|M.., T) p(M.) p(T), (4.3)

with a Gaussian likelihood function

2 P 2
iy SED; —EZ®~ (E;| M, T)
2 244 G2

p(SED|M,, T) =e (4.4)

Here, SED; are the measured data, where ¢ runs over the energy bins centered around the
energy F;, and o; are the observational uncertainties. The data are compared to the gamma-ray
emission CID,Y(EAM*, ') predicted by our model. We adopt the source distances provided by [20]
and neglect the uncertainty on such values. For all the galaxies we consider the same uniform
prior on the spectral index in the range 1.0-3.0. For the SFR, we instead adopt a different
uniform prior distribution for each source. We require M, to be consistent within a factor of 3
with the corresponding values reported in [20]. This choice is made to cover the wide variety of
SFR estimates presented in the literature [19, [32] 168, [I74HI77] as well as to cover the distance
uncertainty on these sources which is degenerate with the SFR (influencing only the spectra

normalizations).

4.4 Results

The results of the analysis are summarized in Table For M82, NGC 253, NGC 2146,
NGC 2403, Circinus galaxy, M31, M33, and SMC, we find a reasonable agreement both with

the data and the measured SFR values. We emphasize that in our model all the galaxies are
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approximated as point-like sources with a dominant emission limited to the SBN. Hence, the
SBN extension intrinsically defines the extension of the gamma-ray source emission. Most of
the sources have not been resolved and therefore they are consistent with our starburst nucleus
approximation. On the other hand, SMC and M31 have been observed by [I9] as extended
sources with an angular extension of 1.5° and 0.45°, respectively. Thus, for these sources we
have also performed our analysis by assuming a different core radius in agreement with these
observations (i.e. 800 pc and 3000 pc, respectively) and have obtained results similar to the ones
reported in Fig. Indeed, the most likely values of the neutrino flux normalizations change
less than a factor of two, thereby making our predictions unchanged. We stress that our main
goal is to assess the possibility for future neutrino telescope of singularly observing these sources,
only using their gamma-ray data and the star formation rate as constraints for their neutrino
emissions. In order to robustly constrain the parameters of these extended sources, it would be
necessary a numerical simulation of their astrophysical environment, which we leave for future
work.

Table 4.2: Results of the likelihood analysis of current gamma-ray data. The columns report the
source name, the SFR prior, the most-likely values of the two parameters, the 68% maximum

posterior density credible intervals of the marginal distributions, and the reduced chi-squared
values considered as an estimate of the goodness of the fit.

Source Uniform Most-Likely 68% Credible Intervals x2/dof
Prior M* Values
(M., T)
M, r
M82 3.0-30 (4.5, 2.30) [4.3, 4.6] [2.27, 2.33] 1.24
NGC 253 1.4 - 17 (3.3, 2.30) [3.14, 3.40] [2.28, 2.32] 1.32
ARP 220 60 — 740 (740, 2.66) [492, 740] [2.51, 2.68] 1.52
NGC 4945 0.35 —4.15 (4.15, 2.30) [4.05, 4.15] [2.23, 2.32] 1.52
NGC 1068 5-93 (16, 2.52) [13, 20] [2.45, 2.65] 0.65
NGC 2146 3-57 (15, 2.50) [9, 27] [2.44, 2.88] 0.50
ARP 299 28 — 333 (28, 2.15) [28, 200] [1.40,1.90] U | 0.18
[2.77, 3.00]

M31 0.09 — 0.90 (0.34, 2.40) [0.31, 0.40] [2.29, 2.61] 0.52
M33 0.09 - 0.90 (0.44, 2.76) [0.19, 0.56] [2.57, 2.96] 0.44
NGC 3424 0.4-54 (5.4, 2.22) [2.5, 5.4] [1.92, 2.67] 1.63
NGC 2403 0.1-1.2 (0.75, 2.12) [0.58, 0.96] [1.92, 2.36] 0.38
SMC 0.008 — 0.090 | (0.038, 2.14) | [0.037, 0.039] | [2.13, 2.16] 1.90
Circinus 0.1-8.1 (6.6, 2.32) [6.2, 7.8] [2.15, 2.45] 0.92
Galaxy

For NGC 4945, NGC 3424, and ARP 220, we find a lower limit for the SFR, implying the
need for additional contributions to explain their gamma-ray observations. Indeed these sources
host an AGN [19] [I68] [I72]. A special case is ARP 299, for which we find an upper limit for the

SFR. This is due to the fact that most of its the gamma-ray measurements are only flux upper
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Figure 4.1: Muon neutrino flux normalizations at 1 TeV predicted by the source star-forming
activity as a function of source declination. The diamonds correspond to the most-likely val-
ues of the source parameters deduced by current gamma-ray data (see Table , while the
bands represent the 68% credible intervals of the marginal flux distributions. The lines shown
the point-like sensitivity of different neutrino telescopes as functions of declination: 6-year
KM3NeT/ARCA [I79], 10-year IceCube [76], and 10-year IceCube-Gen2 estimated according
to [162].

limits, thus jeopardizing the likelihood procedure, leading to a vary poor parameter constraints.
Finally, for NGC 1068, we find a good agreement both with the data and the SFR value given
by [20]. However, as will be discussed later, the corresponding neutrino emission predicted by
our model is much lower than the one released by IceCube as a 2.90 excess [76] and to the
more recent one by Ref. [60]. Therefore, while the gamma-ray flux could well be explained by
the star-forming activity of the source, the explanation of its potential neutrino emission might
require an intense AGN hot corona activity [19, [I70} [I73] [I78] (see further sections for more

details).

4.5 Prospects for multi-messenger observations

The results of the likelihood analysis of current gamma-ray data are hence employed to estimate
the high-energy muon neutrino flux from each source. The normalization of such fluxes at 1 TeV

are shown in Figure [f.I] where the diamonds represent the predictions for the most-likely source
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parameters and the bands cover the 68% interval of the marginal flux distributions. In the
plot, our predictions are compared with the IceCube point-like sensitivity [76], as well as with
the ones of the upcoming neutrino telescopes KM3NeT/ARCA [I79] and IceCube-Gen2 with
different observation times. The latter is estimated to be at least five times better than the
current IceCube one [162]. Remarkably, we find that SMC could well be a perfect target for
futures constraints by KM3NeT, in the assumptions that neutrinos mostly are emitted by its
core. On the other hand, if the emission is more diffuse to the entire galaxy then it is needed a
dedicated analysis by the collaboration (see chapter@[). This is due to the fact that the sensitivity
of the detector will get worse proportionally to the angular size of the source. In particular, in a
conservative approach (background-dominated data), the sensitivity will be rescaled for ;;—;‘F,
where ooy is the angular extension of the source and opgp is the extension of the point spread
function (PSF) [180]. Indeed, the median angular resolution of KM3NeT is expected to be
~(.1° — 0.2° ([159, [I79]) and therefore emission from an extended source of ~ 1° will inevitably
worsen the sensitivity of the experiment by an order of magnitude, leading to more time needed
for a 90% C.L. constrain of this modelling. Also, From a theoretical point of view, it is still
unclear if SMC gamma-ray data might have a leptonic contamination due to point-like source
emissions such as Pulsar Wind Nebulae (PWN). Indeed, such a contamination might make the
flux hard at £, ~ 1 — 10TeV. Furthermore, SMC— due to its low SFR~- is likely to have a
CR transport similar to the Milky-Way, namely driven by diffusion rather than advection. As a
result, only future dedicated KM3NeT and CTA studies (see also the following discussion) might
critically test the hadronic budget of this source, unveiling the origin of its gamma-ray spectrum.
Circinus Galaxy is also potentially detectable by KM3NeT due to its location in the southern
sky where the experiment has full visibility [I79]. We emphasize that this source is also an
AGN characterised by Seyfert-II activity, similar to NGC 1068. Indeed, such an activity might
lead to an further contribution into the neutrino flux increasing the prospects of constraining
this source. Although, without dedicated estimates, would be daunting to disentangle different
contributions. In the northern sky, a promising source seems ARP 299 which might be within
reach of IceCube-Gen2. Other galaxies such as NGC 4945, M31, NGC 2403 and M8&2, are instead
just a factor of ~ 3 below the KM3NeT and IceCube-Gen2 point-like sensitivities within their
68% credible intervals. These considerations are likely to be representative of the real detection
potential for these sources, although the experimental sensitivities are determined for an E~2
neutrino spectrum, and therefore the conclusions might change for softer spectra. However, as

reported in Table the most-likely spectral index for most galaxies is close to 2. Moreover, the
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Figure 4.2: Most-likely gamma-ray spectral energy distributions of different galaxies as a function
of gamma-ray energy, in agreement with their star-forming activities and current gamma-ray
observations. The left (right) panel collects the galaxies of the southern (northern) sky. The
thick lines show the CTA differential sensitivity for an observation time of 50 hours [26].

largest values for the neutrino flux normalization reported in Figure are obtained in case of
hard spectra, thus supporting the comparison with the reported point-like sensitivities. However,
the sensitivities are obtained assuming that the sources have no high-energy cutoff. Indeed, a
high-energy cut-off above hundrends of TeVs might slightly increase the sensitivity normalization
given that under the same spectrum normalization, a spectrum with cut-off would induce less
neutrino events into the detector, leading to slightly worse expectations.

For the brightest neutrino galaxies, we also show in Figure the most-likely very-high-
energy gamma-ray flux to be compared with the CTA differential sensitivity, for which we con-
sider an observation time of 50 hours towards the direction of the galaxy [26]. The cutoff of the
gamma-ray flux is due both to internal and external absorption. A few sources are expected to
be above the CTA sensitivity in the range between 100 GeV and 10 TeV; for SMC this range
might extend up to ~ 100 TeV, in the same assumption discussed above. Otherwise, it will take
more time for the CTA telescope to probe such high-energies from the SMC. This is particularly
relevant, since one of the main limitations in our study is the lack of gamma-ray measurements
in the range above 1 TeV (apart from the VERITAS and H.E.S.S. data on M82 and NGC 253).
Therefore, our results suggest that CTA will allow us to draw more robust conclusions on the
gamma-ray (and neutrino) production in SFGs and SBGs. It is worth emphasizing that, under
the assumption of a dominant hadronic production linked to the star-forming activity, at high
energies the gamma-ray and neutrino emission are directly related each other through the SFR

which is derived from the UV and IR observations.
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4.6 Focus on NGC 1068

NGC 1068 is a powerful starburst galaxy located at ~ 10 — 14 Mpc away from the Earth at
equatorial coordinates (J2000)(40.68°, —0.01°) [I9]. It is classified both as a starburst galaxy
and as a seyfert galaxy 2, where the starburst activity is exhibited by its high star formation rate
and the presence of a starburst ring [I81], while the Seyfert activity is exhibited by the an active
nuclei in its very core [19}[182], with a very hot corona and a dusty torus [19} 170, 173} 178 [181].
There has been also some indication of a powerful radio jet which extends up to ~ 1 Kpc away
from the core [I81], [183] as well as the very recent detection of parsec-scale blobs in the jet in the
radio band by ALMA [184]. Furthermore, Ref. [I85] has reported an hint of an ultra-fast outflow
(UFO) in the core of the source, analyzing X-ray blue shifted absorption lines. In this regard,
Ref. [186] has studied its multi-messenger implications, showing that an UFO might contribute
to the ~-ray spectrum of the source. All of these implies that a comprehensive study on NGC
1068 emissions requires many details in order to disentangle the contribution of each component
in each energy band. From the phenomenological point of view, this source has been observed
by Fermi-LAT [I9] in the energy band ~ [0.1 — 30] GeV with actual measurements and with
upper limits above this energy. Furthermore, the MAGIC collaboration has also reported strict
upper limits from this source [I87] strongly limiting the emission above ~ 1TeV. Recently, as
mentioned above, the IceCube collaboration has reported a 4.20 excess of 79 neutrinos above the
hypothesis of only-background events from the direction of NGC 1068 [60]. They inferred a very
soft spectrum ~ E~%2 with a normalization at 1 TeV of ¢,, 45, = 5-107 TeV ™" em=2s~! [60].
This normalization is an order of magnitude higher than the normalization of the gamma-ray
spectrum reported by Fermi-LAT and MAGIC. Therefore, the neutrinos should be emitted by
a region which is gamma-ray opaque in order not to overshoot the bounds coming from the
gamma-ray experiments.

Fig. [£.3] shows the gamma-ray and neutrinos predictions coming from the Starburst galaxy
activity according to the analysis performed in the previous section.

In particular, on the left, the gamma-ray best-fit obtain in Sec. [£.4]is compared with Fermi-
LAT data [19] and with MAGIC upper limits [I87]. On the right, the corresponding 1o most-
credible band for the neutrino spectral energy distribution (SED) is compared with the 20
confidence region published by IceCube [60]. Several comments are in order: firstly, since NGC
1068 is a full proton calorimeter, the (simplified) value of the radius R ~ 200 pc has not impact in
the spectrum result. Indeed, in such a regime the structure parameters of the SBG do not influ-

ence the gamma-ray and neutrino production rates. This results is also consistent with previous
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Figure 4.3: Left:The gamma-ray data from Fermi-LAT [I9] and MAGIC upper limits [187]
compared with the best-fit obtained following the analysis of Sec. [£.4] Right: The right panel
shows the prediction of the 1o credible intervals of the one-flavour neutrino spectrum from the
SBG activity of NGC 1068 compared with the spectrum recently inferred by IceCube [60].

analyses. In fact, in Ref. [I9] has been shown that NGC 1068 is at the limit of the calorimetric
assumption by analyzing the correlation between IR and 7-ray luminosity. Another important
point is that the Fermi-LAT gamma-ray data do not shown any time variation along 10 years
of observations, pointing towards starburst activity as one of the best candidates to explain
its gamma-ray data. Anyway, this argument cannot completely exclude further contamination
on the gamma-ray spectrum from an UFO as well as from the jet. These components are not
modelled in this work and we leave them for future investigations. Nonetheless, the neutrinos
produced by the starburst activity cannot explain the excess inferred by the IceCube collabora-
tion. Therefore, a single one-zone model is not sufficient in order to explain the multi-wavelengths
observations of this source. A region which has been proposed to explain the IceCube data is the
so called hot corona which surrounds the core. In this place, stochastic acceleration processes
might occur, leading to protons up to ~ 100 TeV, with a corresponding neutrino production
at TeV energies [19] 170, 173] 178, 181]. The corona is expected to be compton-thick, thereby
trapping the x-ray radiation. Therefore, gamma-rays at tens of ~ GeVs get reprocessed to lower
energies through the Beithe-Heitler pair production [19, 170, [173] 178, I81]. This shifts the
gamma-ray flux to the MeV range, where at the moment there is no experimental bounds. As
a result, future and upcoming experiments will be able to shed light on the hadronic emissions

of this source.
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4.7 Conclusions

In the near future, upcoming neutrino telescopes will potentially observe nearby star-forming
and starburst galaxies as point-like sources. In particular, they could pose a solid link between
the hadronic emission of these sources, supposed to dominate the GeV-TeV gamma-rays, and
the expected intense star-forming activity as obtained from IR and UV observations.

As the brightest sources predicted by our emission model are in the southern sky, a leading
role will be played by neutrino telescopes located in the northern hemisphere. They include
KM3NeT/ARCA as well as the planned Baikal-GVD [188] and P-ONE [I61] telescopes. On
the other hand, IceCube-Gen2 will have a better point-like sensitivity in the northern sky, thus
remaining a crucial observer for the sources positioned in this portion of the sky. In any case,
the advent of a Global Neutrino Network would be necessary to observe most of the point-like
emission from SFGs and SBGs predicted in this work, by increasing the available worldwide
effective volume of neutrino telescopes.

While our results are mainly derived from the star-forming activity, we cannot exclude a
possible AGN emission counterpart for some of the galaxies selected. However, an additional
AGN activity would typically exhibit a flaring behaviour, unless the related duty cycle is very
high. Therefore, the neutrino measurements over large observational periods would be dominated
by the star-forming steady component, thereby making our detection prospects more robust. In
this regard, a crucial role will be also played by CTA that will potentially measure the gamma-
ray emission above tens of TeV energies for some of the galaxies investigated. This will allow us
to place better constraints on the sources production mechanism as well as on the parameters
of the emitting SBNi.

This work indicates that the next decade will be decisive to assess whether the local star-
forming activity can be a tracer of point-like neutrino production, and it highlights the impor-

tance of pivoting the presented scenarios through the low-energy thermal emissions.
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Chapter 5

Probing Cosmic-Ray Transport in
Starburst Galaxies with Gamma-ray

and Neutrino Observations

In this chapter, we assess the possibility of current experiments as well as the prospects of future
experiments to indireclty probe the cosmic-ray transport mechanisms inside local Starburst

Galaxies. The chapter is based on our analysis published in Ref. [I89].

5.1 Introduction

In chapter 3] we studied the implications on the diffuse gamma-ray and neutrino observations,
exploiting the calorimetric behaviour of starburst galaxies. By constrast, on chapter [4] we
assessed the gamma-ray and neutrino prospects for current and future experiments, using the
cosmic-ray transport mechanisms following Refs. [31], [32]. However, a quantitative description
of CR transport mechanisms inside SBGs is not finalized yet, since it is not completely clear how
big is the fraction of cosmic rays lose their energy inside the source, producing secondary particles
such as neutrinos and gamma-rays. This is because it depends on the interplay between different
phenomena like diffusion, wind advection and energy losses, which are difficult to reliably model
for galaxies different than the Milky Way. Different CR transport scenarios have been used to
describe the observed gamma-ray emission from nearby SFGs and SBGs, trying to disentangle

a calorimetric behaviour from a diffusion-dominated regime (Taig < Tioss, Tadv) [20, 2], 311 37,
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39, (93, 131} (132}, [(14T], [190-194].

For instance, some models suggest Kolmogorov-like diffusion from magnetic field turbu-
lence [31), 32, [129], others self-generated diffusion generated by the streaming instability [I3T,
1941 [195]. Uncertainty comes also from the fraction of ionized gas, which can vary from 1074 to
10~ [31L[I31]. This might lead to a different role for the advection phenomena, which, according
to Ref [131], should predominantly affect the hot ionized gas and not the cold molecular gas.

In this framework, current measurements make it challenging to quantitatively discriminate
between different scenarios, leading to a significant uncertainty in the gamma-ray and neutrino
fluxes expectation from SBGs. In fact, as we saw in the previous chapters, only 13 SFGs
are observed through gamma rays and just a few of them are observed at energies greater
than 10 GeV [19, 20]. In fact, major discrepancies between different CR transport mechanisms
arise at higher energies (E 2 100 GeV). This points out the importance for future gamma-ray
experiments [26], [196] [197] as well as possible neutrino point-like observations [27] [60} [76, [179] to
better constrain the characteristics and the CR transport scenario for the nuclei of SBGs. In this
chapter, we assess the signatures of different cosmic-ray transport mechanisms on point-like and
diffuse gamma-ray and neutrino contribution of SFGs and SBGs, and exploit them to understand
which model can explain better the data. In particular, we consider both an advective model
adopted, e.g., by [32], and the model provided by [131], which considers CR transport in the
nucleus dominated by diffusion on self-induced turbulence. Following the analysis described in
the previous chapter, we compare the gamma-ray predictions of the two CR transport models
with 10-year Fermi-LAT data [I9] as well as H.E.S.S. [23] and VERITAS [22] collaborations
data for 13 known SBGs (VERITAS data are available only for M82 and H.E.S.S. data are only
available for NGC 253).

We show that current data are slightly better accommodated by the model developed by [31],
suggesting advection to be important for high-energy CR transport in SBNi. Then, we investigate
the ability of future gamma-ray telescopes sensitive to O(10 TeV) photons, such as CTA [26]
and SWGO [196] [197], to further discriminate between the different CR transport models. We
perform a forecast analysis by means of mock data generation for the most promising sources
using the public instrument response functions of the CTA telescope. In particular, we determine
the statistical confidence at which the diffuse-dominated model [I31] might be excluded in the
near future in favour of the advection-dominated one [32]E| We report the p-values and the

Bayesian factors obtained in case of Frequentist and Bayesian approaches, respectively. We

1By diffusion or advection dominated models, we mean that diffusion and advection are respectively the main
escape processes for those particular models.
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hence emphasize the importance of future gamma-ray telescopes for constraining the SFGs and
SBGs emission properties.

Finally, we calculate the diffuse neutrino and gamma-ray fluxes from the whole populations
of SFGs and SBGs, updating the calculation provided in chapter We set the properties of
all the sources, e.g. the distribution of the spectral indexes, to be consistent with the ones
previously inferred by the local point-like observations. Interestingly, such a comprehensive
data-driven scenario may explain 25% of the HESE neutrino flux [5] when a cut-off energy of
protons of the order of 10 PeV, as well as the 33% of the Extra-galactic Gamma-ray Background
(EBG) above 50 GeV [12] 13 [85 198]. Hence, it is in agreement with the independent multi-
component fit provided by [62], and it is consistent within 1o with the gamma-ray limits on
non-blazar sources [12] [13, [85, 198]. This result becomes crucial when compared to the one
presented by [195], since it shows that the use of a different CR transport model for the SBG
class produces different expectations in the high energy range allowing us to explain a greater
portion of diffuse high-energy neutrino measurements without evading all the existing EGB

bounds on non-blazar sources.

5.2 Calorimetric Fraction

In this section, we describe the models for CR transport which we consider. As mentioned in
Sec. we focus on the different phenomenologies arising from the two approaches of [31]
and [I31] (hereafter, model A and model B, respectively). For such a purpose, we rewrite Eq.

[33]in terms of the so called calorimetric fraction F:

p(E) = Q(E) - niite(E) = Q(E) - Tpp(E) - Fear(E) (5.1)

where Tyi¢, is the lifetime of protons inside the SBN, and 7, is the pp timescale. Fi, encodes
the information of the fraction of injected high-energies protons effectively producing ~y-rays and
neutrinos through hadronic collisions. Once again, as stressed in Chapter [3] this formalism is
possible due to the steadiness expected from the long duration of the starburst activity (~ 10% yr
[30]). In general, Fi, is not only a function of the energy but also of the structure parameters
and the geometry of the source. If SBGs were efficient proton calorimeters at all energy ranges,
we would have F, (E) = 1. In the following subsection, we describe separately the calorimetric

fractions for model A and model B.
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5.2.1 Model A

Model A corresponds to the model already implemented in chapters [3] and ] For this model,

F..1 can be expressed as
Teff(E)

Feoa= ———
cal 1+Teff(E)

(5.2)

where Tog = Tese/Tpp is the dimensionless effective optical depth for protons, which represents
the effective depth of the material through which a CR must pass on its way out of the SBN
[I31]. When p-p losses dominates Tioss < Tesc, Teff — +00, leading to perfect calorimetric
conditions. We emphasize that 7i,e is totally dominated by 7,, for £ > 1GeV. 74 is given
by Eq. [B:2] namely by the interplay between advection phenomena which driven CRs out of
the SBN in a energy-independent way and diffusion processes which driven CRs out with F~1/3
dependency (considering a kolmogorov-like diffusion). As emphasize in chapters 3| and |4l model

A is predominantly dominated by advection leading to an almost energy-independent Fi,;. As

we will see in the following sections, this is the crucial different with model B.

5.3 Model B

Model B (see [131] for more details) considers a cylindrical geometry of the nucleus where CRs

escape along the disk height (which is of the order of 10? pc). In this case, Fi,) is given by [131]

-1
1 16 37 9 16

Fon=1—|oF (2, =7 2Tt m (2, 25 5.3

! [0 1(5 25”*)+4M§° 1(5 25”” (5.3)

with M4 ~ 2 being the expected mach number and ¢F}; the generalized hypergeometrical
function. Eq.s and generally give different predictions for the calorimetric fraction. In
particular, under the same 7.g, Eq. predicts a higher calorimetric fraction than Eq. ,
due to pure geometrical reasons. Indeed, having more directions where to escape, model A
provides a smaller calorimetric fraction than model B. Fig. [5.1] shows the exact comparison

between the two calorimetric fractions as functions of 7g.

5.3.1 Cosmic-Rays Transport in model B

The main distinction between model A and model B resides in the fact that model B attributes
diffusion processes as the primary mechanism for CR escape from SBNi. Indeed, this model
neglects any advection phenomena. The reason is that the SBN should be mostly filled by

cold molecular gas [I31] rather than by ionized gas, which are ascribed as the responsible for
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Figure 5.1: (Spherical geomtry) Model A (blue) and (cylindrical geometry) model B (orange)
F.,; as functions of 7.g.

galactic winds [I3T]. Indeed, Ref. [13I] considers that ionized gas fraction y is of the order of
10~%. Another important difference is that CR motion is not considered by strong large-scale
turbulence of the magnetic field, but rather stream along the field lines at a rate determined
by the competition between streaming instability and ion-neutral damping, leading to transport
via a process of field line random walk [I3T]. The diffusion coefficient stems from the interaction
between the Alfven waves which CRs themselves generate and the streaming instability. All of
these lead to important implications for CR motion above ~ 1 — 10 TeV.

In order to estimate the diffusive timescale, we consider the velocity of the Alfven waves as

[131]

Vi = —=—8
: V2x1/2 My

(5.4)

where x = 10~% is the ionisation fraction and o, is the dispersion velocity for which we use the

same scaling relation with the star formation rate reported by [195]), namely

M )0.096

_ —1
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with a very mild dependence with the SFR. Then, we calculate the streaming velocity of CRs

with energy F as

[ E r—1 nisu 3/2
Vi =min|e, Vi (1 4+23x1072 ezt — =
mminfe va (14235107 () ()

) (10X—4> <1()Ulg<{n\/s§_1)_l)] (5.6)

where m,, and c are the proton mass and the speed of light, respectively. The factor c3 ~ 1 is the

ratio between the number density of CRs in the middle plane in the SBG and a thousand times the
number density of CRs expected in the Milky Way near the Solar circle [131]ﬂ Moreover, nism
denotes the interstellar medium density (for SBGs nigy ~ 10273 cm™3) and I'+ 2 is the spectral
index of the proton injection spectrum. It is worth mentioning that the diffusion mechanism
breaks down at high energies, where the streaming velocity becomes equal to the speed of light.
In this regime, the protons start to free-stream out of the SBN. From the streaming velocity

(Vi) the diffusive coefficient can be calculated as
D=Vy -La (5.7)

where Ly = h/max[1, M3] is the turbulence length scale with h being the height of the
galactic disk. Eq. [5.7]implies that the diffusion coefficient is almost constant up to Ecg ~ 1 TeV,
while for higher energies increases fast with the energy until Vi = ¢ where D returns to be
constant. As we will see in the following sections have huge implications for phenomenology,
since for E,, 2 100 GeV, SBGs start losing their calorimetric behaviour. We evaluate the diffusion
timescale as Tq;¢ = h?/D, where we consider h = 73 pc for all the galaxies, consistently with the
analysis presented in the previous chapter (we also discuss in Sec. the case of varying this

parameter and its impact on the following statistical analysis).

5.4 Model A vs Model B: Current Data

The models A and B, outlined in the previous section, are based on different assumptions on
CRs transport, and this gives rise to differences in the gamma-ray and neutrino spectra. This
is highly significant because for nearby SBGs we have available both gamma-ray data and es-
timates of their SFR through IR and UV data. Therefore, the comparison of the theoretical

predicted gamma-ray spectra with data allows us to scrutinise whether there are observable

2We have verified that a slightly different value for c3 does not significantly affect our results
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Table 5.1: Results of the Bayesian inference with current gamma-ray data for models A and B.
Reported are the most-likely values for the star formation rate M, in Mg yr~! and the spectral
index T, along with the reduced chi-square x2. The results for model A have already been
reported in chapter [

Source Model A Model B
(M., T) x2/dof (M., T) x?/dof

M82 (4.5, 2.30) 1.24 (3.0, 2.30) 1.88
NGC 253 | (3.3, 2.30) 1.32 (2.1, 2.20) 1.95
ARP 220 | (740,2.66)  1.52 (740, 2.65) 1.53
NGC 4945 (4.15, 2.30) 1.52 (3.45, 2.40) 1.07
NGC 1068 | (16, 2.52) 0.65 (12, 2.50) 0.71
NGC 2146 (15, 2.50) 0.50 (12, 2.50) 0.52
ARP 299 (28, 2.15) 0.18 (28, 2.05) 0.19
M31 (0.34, 2.40) 0.52 (0.19, 2.55) 0.46
M33 (0.44, 2.76) 0.44 (0.25, 2.89) 0.48
NGC 3424 (5.4, 2.22) 1.63 (5.4, 2.20) 1.51
NGC 2403 | (0.75, 2.12) 0.38 (0.37, 2.15) 0.37
SMC (0.038,2.14)  1.90 | (0.0149, 2.25)  5.50
Circinus (6.6, 2.32) 0.92 (4.6, 2.30) 0.99

features characterising the CR transport inside SBGs. We here discuss such a comparison for
models A and B with actual data. We calculate the gamma-ray spectrum for model B using
the same procedure used for model A in chapters [3]and [4} For the data analysis, we follow the
Bayesian likelihood approach put forward in chapter [@, where we fit the gamma-ray data using
(M,) and (T) as free parameters. The results are reported in Tab|5.1| (where we report again the
results for model A presented in chapter [4} in order to make the comparison easier to follow).

For most SBGs, current data are not able to statistically discriminate between the two
models, although model A generally provides slightly smaller chi-squared values. On the other
hand, for M82 and NGC 253 model B is disfavoured at ~ 20 level. A tension at ~ 11o with
model B is found in the case of SMC, which however is mainly driven by low-energy data. Thus,
we do not consider this as a conclusive evidence in favor of model A. Indeed, as explained in
the previous chapter, SMC is a particular case of bona-fide SFG [19], because of its low SFR.
In fact, its low supernova explosion rate makes it more similar to a quiescent galaxy (Milky-
Way like) than a SBG. This source is supposed to be dominated by Kolmogorov-like diffusion
rather than self-induced diffusion or advection [21], making model B quite inapplicable to this
source and the prediction of model A less optimistic. Furthermore, being a very nearby source
(D = 60kpc) [20], the details of the modelling might be somewhat influential on the results,
thereby making the comparison between model A and model B less robust. Nonetheless, we
report the results of our analyses even for this galaxy for sake of completeness.

The importance of data above 100 GeV resides in the fact that the calorimetric fraction of

55



CHAPTER 5. PROBING COSMIC-RAY TRANSPORT IN STARBURST GALAXIES
WITH GAMMA-RAY AND NEUTRINO OBSERVATIONS

LI LI LI | LI | LI | LA
_ i - Fermi-LAT M82 1
N -9 ) ' -
ol]w 10 7 l s -} ;
| - ]
g [ : VERITAS
S [ ]
[} n .
9,
Ay 10710 3 E
S F —— Model A ]
- Model B i
1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 L1111 L1

107! 109 10! 102 103
E [GeV]

Figure 5.2: Best-fit SEDs for model A (dashed blu line) and model B (solid orange line) as
inferred by Fermi-LAT data Ajello et al. [I9] and VERITAS data [22].

model B rapidly drops to zero. This makes it highly difficult to accommodate high-energy data.
In order to highlight this behaviour, in Fig. [5.2] we show the SED for M82 predicted by the
two models in their best-fit scenario. This result is highly significant since, differently from the
analysis in [I31], we find that model B is not able to accommodate high-energy data for this
source [22]. This suggests that the diffusive model B cannot provide a full explanation of SFGs
and SBGs emission above 1 TeV.

On the other hand, it is worth noticing that the model B provides a higher calorimetric
fraction for energies below 100 GeV with respect to model A. This implies that a smaller value
of the SFR is required to fit the data. Therefore, sources like NGC 4945 get to be better fitted
by this model because their emission can be better describe while satisfying the prior on the
SFR deduced by IR and UV observations.

However, concerning the source NGC 4945, Ajello et al. [I9] point out that the star-forming
activity may be not responsible for the totality of its emissions due to the presence of an AGN
activity. Indeed, model A cannot fully explain its gamma-ray data even with the highest value
for the SFR (4.15 Mg yr~1) as allowed by the prior, leaving room for a possible AGN component.
On the contrary, this is not the case for model B which requires M, = 3.45 Mg yr—t.

The different dependence on the SFR in the two models is highlighted in Fig.[5.3] where we
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Figure 5.3: Comparison between the integrated luminosity between (0.1 — 100) GeV for
(advection-dominated) model A (solid blue line) and (diffusion-dominated) model B (dashed
orange line), with the corresponding measurements of the 13 galaxies analysed [20].

compare the gamma-ray luminosity L, (integrated between 0.1 and 100 GeV) as a function of
M, In the plot, the integrated luminosity is computed assuming a reference value of the spectral
index (I' = 2.2) for all the galaxies as in Refs. [21] [195]. However, it is worth noticing that L.
depends only marginally on I'. This allows for the comparison with the measurements of the
individual sources even though the experimental SEDs are explained by different values for the
spectral index (see Tab. . As can be clearly seen in the plot, at low SFR, the luminosity
predicted by model B (dashed orange line) is higher than the one by model A. This just mirrors
the higher calorimetric fraction of model B with respect to model A. On the contrary, for high
values of the SFR, the two models predict the sources to be efficient calorimeters (Fe, = 1),
leading to the same scaling of the luminosity with the SFR.

The weak preference of current gamma-ray data for model A might already suggest the
advection playing a key role as escape mechanism in SFG and SBG cores. However, more
definitive conclusions might be only drawn with more gamma-ray data, especially at energies
higher than 1 TeV. As will be discussed in the next section, the CR transport mechanism will

be crucially probed by future gamma-ray telescopes.
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5.5 Forecast for the CTA Telescope

In the last section, we discuss that gamma-ray data above ~ 100 GeV might be crucial to
distinguish different CR transport scenarios. In this regard, the future Cherenkov Telescope
array (CTA) observatory, it is expected to have an enhanced sensitivity for photons up to
~ 100 TeV, thereby fundamental to probe the emission processes of nearby SBGs. In this
section, we perform a quantitative forecast analysis in order to assess the ability of the future
CTA telescope to discriminate between the two models of CR transport. In particular, we
simulate future gamma-ray measurements using the public CTA information [26]. We make only
use of the public expected instrument response functions of the detector in ideal conditions [26]
to evaluate the expected number of signal n,; and background events ny, in an observation time
Tobs of 50 hours. Motivated by the results of the previous section, we assume the best-fit model
A to generate CTA mock data and we determine the statistical power with which they favor
model A over model B. We focus only on the local sources for which the expected SEDs are
higher that the differential CTA sensitivity. According to model A which typically provides hard
gamma-ray spectra, we expect that CTA telescope will observe at least four sources (see chapter
: SMC, M82, NGC 253 and Circinus galaxy. For each of these sources, we pursue the following
procedure. Firstly, we consider the sources to be in the center of the field of view the detector, in
order to have the best sensitivity. Then, we bin the energy range (102 GeV — 105 GeV), with the
same binning provided by the CTA consortium. For each source, we only consider the energy
bins for which the SED is higher than the CTA sensitivity, therefore where the experiment is
expected to provide actual measurements and not just upper limits. Hence, we calculate the

expected number of signal events as
Nsignal = Tobs/ Aeff(E>(I)’y,A (E>dE (58)
AE

where ®, A is the gamma-ray flux predicted by the best-fit model A according to present data,
Aot is the CTA effective area, AE is the size of the energy bin and To,s = 50 h is the time
of observation. We also take into account the number npy, of background events associated to
misidentified CRs. We remark that nyk, only depends on the declination of the source and the
opening angle AQ of the observation, driving the so called hadron-gamma separation. Consid-
ering that we expect gamma-rays mostly emitted by SBNs, we take AQ = max[AQ,es, AQspN]
where A, is the CTA energy-dependent angular resolution function and AQgpN represents

the angular dimension of the source SBN. For all the sources except SMC (the nearest source) we
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have AQgpn < AQes. For SMC we consider the intrinsic extension of its SBN AQgpn = 0.38°.

For each energy bin, we randomly generate 10* numbers of events nyps by means of a Poisson
distribution with a mean value of 7o = 7gignal + Nbke, Namely nops ~ Poiss(ngo). Then, we
estimate the empirical number of signal events simply as figignal = Tobs — Mbackground- From
this quantity we can calculate the empirical SED assuming a generic power-law flux £~2. In

particular, we have

S’FT]’)i _ Nsignal,i — — (59>
Tobs fAE AEH(E> (m) dE

where i runs over energy bins. The reconstructed SEDs are affected by an uncertainty that can

be directly estimated through the Poisson uncertainty on ngps as

AS/E\f)Z Nobs,i
Do Y b (5.10)
SEDZ Nsignal,i

We emphasize that in this generation of mock data we simply consider the best-fit gamma-ray
flux @, A provided by model A with current data. Hence, we neglect the intrinsic uncertainty
on the expected gamma-ray flux as provided by the posterior distribution in Eq. . We show
the impact of the intrinsic uncertainty in the following section. Accounting for the intrinsic
uncertainty generally leads to larger Bayes factors and smaller p-values for SMC, M82, and
NGC 253. Therefore, the results presented here are reasonable conservative.

For each of the 10* mock data sets, we perform again the statistical analysis described in the
previous section, including this time the mock data SED along with current data. In Fig.
we show the updated best-fit scenarios for the four sources according to one realization of the
CTA mock data. In particular, the solid blue (dashed orange) lines represent the best-fit SEDs
according to model A (B). For M82, SMC, and NGC 253, they coincide with the one obtained
with current gamma-ray data only. This stems from the fact that these sources have not only
~GeV data which constrain their normalization (SFR), but also data above 100 GeV which
constrain their shape (i.e. the spectral index). The only exception is Circinus Galaxy (bottom
right panel) for which the current absence of data above 10 GeV leads to a different best-fit SED
for model B (dot-dashed orange line referred to with “model B"”). In the plots, we also show the
expected 1 yr sensitivity of the SWGO experiment [196] [197]. We emphasize that this future
telescope is also expected to observe the brightest sources located in the Southern hemisphere
in the 1 — 10 TeV energy range.

We can then quantify the statistical confidence with which model B can be excluded by

computing the p-value in a Frequentist approach as well as the Bayes factor B for the two
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Figure 5.4: Spectral energy distributions of the most brightest sources compared to current (grey
points) and one realization of CTA mock data (black points). The blue solid (orange dashed)
lines show the best-fit scenario in case of model A (model B) of CR transport. For Circinus galaxy
(bottom right panel), dashed-dotted orange line shows the best-fit SED for model B according
to current data only. When present, grey curve represents the 1-year SWGO sensitivity to point-
like sources in the Southern hemisphere [197].

models. The p-value is simply given by
p= / fr(x)da (5.11)

where x2. = —2In |max ﬁB(M*, F)} and fi(z) is the probability distribution function of a
chi-square with k degree of freedom. For each source, k is given by total number of data points

(current and mock data) minus two (number of free parameters). On the other hand, the Bayes

factor is computed as ) )
f(M* ) LA(SED|M,, T') dM, dT

: : (5.12)
Lp(SED|M,, T') dM, dT'

B

J (M., T)
where L5 and L4 are the likelihood functions for model A and B, respectively. We note that
the two integrals are performed over the same two-dimensional phase space given by the uniform
priors on M, and T'. For each source, we therefore obtain a distribution of expected p-values
and Bayes factors given the different mock data sets.

In Tab. we summarise the results of the above-describe forecast analysis. In particu-

lar, we report the mean values of the distributions of p-value and Bayes factor along with the
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Table 5.2: Results of the forecast analysis for the CTA telescope. For the four brightest sources,
we report the mean p-values for model B and the mean Bayes factors for the two models cor-
responding to the distributions of 10* CTA mock data sets, along with the ones deduced by
current data. The columns 95% and 68% show the one-side intervals of expected p-values and
Bayes factors corresponding to that confidence level.

p-value Bayes factor, B
Mock data Mock data
Source Current data 95% 63% Mean Current data 95% 68% Mean
SMC 4.3 x 10710 9.1 x 10733 4.4 x 10~ 2.4 x 10736 5.8 x 1010 1.4 x 10%° 6.6 x 10%0 2.8 x 1031
M82 2.3 x 1072 3.8 x 1077 6.9 x 10~° 38x 1077 5.6 x 102 1.3 x 10° 1.7 x 106 4.3 x 107
NGC 253 1.5 x 1072 42 %1071 6.9 x 1076 3.5 x 1076 2.5 x 102 3.4 x 10° 4.9 x 108 1.3 x 1010
Circinus 41x10°°T 7.2 x 1072 1.3 x 1072 32x1073 1.0 8.3 x 107 2.5 x 103 1.0 x 107

corresponding values deduced with current data only. Moreover, we report the 68% and 95%
one-sided intervals of the two distributions. As can be seen in the table, current data strongly
disfavour model B for the SMC source. For other sources, we find that with future CTA obser-
vations model B might be excluded at more than 20 according to the expected small p-values.
Furthermore, large Bayes factors are expected in favour of model A. Interestingly, even though
NGC 253 is slightly less luminous than M82 , the p-values and the Bayes factors are of the same
order of magnitude (or even stronger) than for M 82. This is due to the fact that the effective
area for the CTA south is expected to be bigger than CTA north, leading to a higher number
of signal events expected in the detector (as well as a better sensitivity). Therefore, our results
point out that CTA will be able to firmly discriminate between the two models of CR transport
within the gamma-ray resolved SFGs and SBGs. In the next section, we evaluate the role of the
astrophysical uncertainties on the environmental parameters for the forecast for the CTA tele-
scope. We conclude this section by pointing out that CTA and SWGO will also quantitatively
test the hadronic production of SMC, giving more indirect constraints on cosmic-ray transport
mechanisms, assessing if its SED is entirely given by diffuse hadronic interactions or if there is
a non-negligible contamination from point-like emissions such as Pulsar Wind Nebulae (PWN)

and SNRs.

5.6 Impact of source uncertainties on mock data generation

In this section, we investigate how the mock data generation for the CTA telescope is affected
by the current uncertainties on the source parameters. Such uncertainties are simply defined by
the posterior distribution in Eq. that is obtained with current gamma-ray data. Differently
from the analysis presented in previous section (Sec. , for each source we produce mock data
by sampling the star formation rate and the spectral index from the posterior distribution of

model A, namely (M,, T') ~ pa(M,, T|SED). These parameters determine the gamma-ray flux
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®, A which is then employed to compute the expected number of signal events ngjgna1 according
to Eq. . This time, we consider the observed number of events simply as 7obs = Msignal +1bkg
and estimate the empirical SED directly from ngignal (see Eq. ) As before, the uncertainty
on the reconstructed SEDs is deduced from the Poisson uncertainty on the mock measurements
Nobs- In this way, for each source we produce O(10%) mock data sets which are analyzed assuming
model A and model B. Indeed, we compute the p-values to test model B and the Bayes factors
to compare the two models.

The results of this analysis are reported in Tab. These findings are notably more re-
strictive compared to the previous case. This is primarily because, for M82, NGC 253, and
SMC, the variability of the fit provided by Model A is minimal. Consequently, the predictions
of Model A sharply contrast with those of Model B. In particular, for M82 and NGC 253, the
mean Bayes factors are respectively of the order of 102* and 10, which are much greater than
the values obtained through the Poisson generation in Sec Correspondingly, the rejection
p-values are lower than the Poissonian mock data. In fact, for SMC, the average p-value is given
by 2.0 x 10738, which is 2 order of magnitudes lower than the one provided by Poissonian mock
data. The only exception is Circinus for which we just, currently, have six data points making
its posterior distribution quite unconstrained. In this case, we obtain similar results for the two
different approaches to mock data generation. We show this in Fig. mwhere in the top (bottom)
panel we compare the distributions of for p-values (Bayes factors) for the two mock datasets. We
also highlight the mean and the 95% C.L. values with dashed and dot-dashed lines, respectively,
as well as the current values with collected gamma-ray data (solid lines). Even though the width
of the distributions for the Poisson uncertainty and the source uncertainty are similar in this
case, the distribution for latter case is peaked at higher values of Bayes factor. Therefore, it is

conservative to consider only the Poisson uncertainty, as we do in the previous section.

5.7 Impact of the Uncertainty of Astrophysical Parameters

In this section, we scrutinize the impact on the results of the analysis presented in the previous
section coming from the uncertainties on the source physical parameters. These might play a
key role in model B which features a non-trivial calorimetric fraction (Fe,(F)) as a function of
the energy. Therefore, it is reasonable to check whether our results depend on the assumptions
that the morphological parameters of local sources (e.g. h, nigm, and o4) are known and scale
in a precise way with the star formation rate. In particular, Eq. might be not exactly

representative for all sources. For these reasons, for the four brightest sources we perform a
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Table 5.3: Results of the CTA forecast analysis once the mock data are generated according
the source posterior distribution in Eq. obtained with current data. As in Tab. we
report the 95%, 68% and mean p-values testing model B as well as the Bayes factors comparing
model A with model B.

Mock data Source
SMC MR&2 NGC 253 Circinus

95% | 2.0x1072® 28x107° 80x107° 22x10°!

68% 1.7x1073% 94x107% 25x107°? 4.8 x 102

p-value

Mean | 1.0 x 1073% 1.8 x107% 57x1071% 292x 102

95% 1.7 x 10%° 1.8 x 10*° 1.4 x 10° 3.5 x 10*
v 68% 1.2 x 103Y 1.2 x 10%! 1.1 x 108 6.0 x 10°
Mean | 2.4 x 1033 1.6 x 10%3 3.8 x 10° 2.0 x 10*

Table 5.4: Results of the forecast analysis for the CTA telescope, considering the uncertainty on
the structural parameters of the sources for model B.

p-value Bayes factor, B
Mock data Mock data
Source Current data 95% 68% Mean Current data 95% 68% Mean
SMC 57x107%  3.6x10"° 63x1072%2 27x10°% 1.8 x 1012 4.0x 108 32x10® 1.3 x 102
MS2 1.2 x 1072 6.7 x 1073 8.8 x 1077 1.1x 1071 1.3 x 103 2.0x10% 6.5 x 10° 1.6 x 107
NGC 253 | 3.4 x 1072 42%x1072  6.6x107° 12x1073 1.5 x 103 6.6 x 100 2.2 x 10° 1.8 x 10*
Circinus 4.7 x 1072 1.5x 1071 3.4 x1072 12x 1072 1.2 4.1 x 107 1.4 x10° 3.3 x10%

similar analysis on current and mock data by taking 5 free and independent parameters for
model B: T', M., nigu, 04, and h. For all the parameters, we consider uniform priors. For I' and
M, , we make use of the same priors as in previous section. For the SBN height h, we consider
the range 70 — 150 pc (an uncertainty of a factor of 2), being consistent with [I31], 195]. For
the velocity dispersion o,, we take 25 — 50kms™! (an uncertainty of a factor of 2). Finally,
for the gas density nigy, we consider O(10) variations: for Circinus and NGC 253 in the range
10 — 200 cm 3, for M82 in the range 30 — 300 cm 3, and for for SMC in the range 1 — 20 cm 3.
We summarise the main results in Tab. These are obtained for only 100 mock datasets since
the 5-parameter fitting procedure is highly time consuming. As can been seen by comparing
with Tab. the p-values (Bayes factors) increase (reduce) by a few orders of magnitudes.
Nonetheless, even in this case, we find p-values < 0.1 (Bayes factor = 10) for 95% of the mock
data sets generated under model A. Therefore the conclusions derived in the previous sections
remain unchanged. This is a crucial point which, from one hand, underlines once again the
importance for future measurements (despite all the possible uncertainties) and, from the other,

remarks the intrinsic difference from the calorimetric fractions of models A and B.
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Figure 5.5: Distributions of p-values (top panel) and Bayes factors (bottom panel) obtained by
generating CTA mock data according to a Poisson distribution (blue color) and to the posterior
distribution of source parameters (yellow color). The vertical lines show both the current value
(solid lines) with collected data, and the mean (dotted lines) and 95% (dot-dashed) values
corresponding to the mock distributions.

5.8 From Point Sources to Diffuse Fluxes

The observation of nearby galaxies provides valuable constraints on the parameters which define

their point-like emissions. Furthermore, as we presented in the previous sections, these observa-
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tions also provide precious indirect information on the CR transport inside this kind of sources.
As a result, this might have an impact on the diffuse emission of these sources. In this section,
equipped with point-like spectrum information, we can evaluate the cumulative diffuse gamma-
ray and neutrino fluxes correlated to unresolved SFGs and SBGs emission. In this section, we
do not consider model B ([I95], model B [I31]), since it is inadequate at ultra-high energies,
thereby making unreliable the comparison with IceCube neutrino observations. For this reason,
we only consider model A, with the aim of refining our previous calculation provided in chapter 3]
taking into account the spectral variability of SBGs as obtained in the present source-by-source
analysis.
We carry this calculation out by adopting a similar approach to the one described in chapter
In particular, this approach exploits the fact that when model A is considered for good
reservoirs, the neutrino and gamma-ray fluxes do not depend on the configuration details of the
SBN (e.g. the dimension of the starburst region Rgpn or the interstellar medium density nigm),
but rather on the star formation rate M, and the spectral index I'. Therefore, we can consider
a prototype galaxy (M82) to set the astrophysical parameters, and then linearly scale with the
star formation rate the fluxes of a generic source, which take the expression [32]
o, ,(E,2|M,,T) = #QV,V(E,AM:/M,F) (5.13)

‘rMs82
*

Then, the diffuse gamma-ray and neutrino flux can be obtained as

4.2 o) 2
diff _ - cde(2)
o7 (E) —/0 dz / dlog M., )

M*,min

x Ssrr(2, M.) <<I>%V(E7z|M*, F)>r

(5.14)

where we integrate over the whole SFGs and SBGs population in redshift z and star formation
rate M., for which we consider the modified Schecter function Sspr (z, M, ) reported by [32]. Such
a quantity has been obtained by fitting in the redshift interval 0 < z < 4.2 the IR+UV data

of a Herschel Source sample [I48] after subtracting the AGN contamination [149]. For the cos-

mological Hubble parameter H(z) = Hy \/QM(l + 2)3 + Qp we take Hy = 67.74 km s~ Mpc1,
Qp = 0.31 and Qp = 0.69, and d.(z) denotes the comoving distance. Finally, (®, )r is the emit-
ted neutrino and gamma-ray fluxes averaged over the distribution of allowed spectral indexes,

namely

<<I>7,V(E,Z\M*, P)>F - /cbw(E,z|M*, I') pobs(T') dT’ (5.15)
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Figure 5.6: Diffuse neutrino (solid blue line) and gamma-ray (dashed orange line) flux from
SFGs and SBGs predicted by model A for the CR transport. The contribution from elec-
tromagnetic cascades is also included. The data points correspond to the Fermi-LAT IGRB
measurements [I99] and the IceCube HESE ones per neutrino flavour [5].

The main differences between the present calculation and the one in chapter [3| (see also [52])
are threefold. Firstly, we take a different spectral index distribution pops(I'), directly stemming
from the I" values inferred by gamma-ray point-like data and reported in Tab. (take a look
also at Tab. . This makes our estimates highly consistent with each other since the same CR
transport model is used for point-like and diffuse analysis. In particular, we consider the spectral
index distribution to be a Gaussian distribution with mean value of (I'yean = 4.36) and standard
deviation standard (o = 0.2). Secondly, we do not set by hand a lower limit for the SFR above
which SBGs and SFGs are considered as good calorimeters. Indeed, as summarised by Eq. ,
the sources which are dominated by either advection or diffusion losses naturally have their
calorimetric fraction approaching zero, thus giving a negligible contribution to the diffuse fluxes.

L according to our point-

Therefore, we integrate from a minimum SFR M*7min = 0.038 Mgpyr—
like analysis. Thirdly, we do not consider a free normalization for the diffuse flux, which is instead
directly predicted under the aforementioned assumptions. Before showing our main results, we
would like to stress that the plausibility of this method resides in the fact that, as demonstrated

also by Ref. [I95], the majority of the contribution comes from sources which have a high star

formation rate M, > 1Mgyr~!, for which the calorimetric approach is reasonably justified.
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Indeed, in our approach, the low-SFR sources (M, < 1 Mg yr—!) contribute for less than 15%.
This means that our calculation might slightly overestimate the diffuse contribution, although
this does not sensibly affect our result. Fig. shows the diffuse gamma-ray and neutrino fluxes
compared with the Isotropic Gamma-Ray Background (IGRB) [199] and IceCube HESE [5]
data, respectively. The gamma-ray flux takes also into account the electromagnetic cascade
contribution, calculated with the «-Cascade public code [114], although their contribution is
more or less negligible since the overall spectrum is softer than E~2. We find a gamma-ray
flux similar to previous estimates [32] [52], 193]. In particular, we predict the SFGs and SBGs
to provide an important contribution to the IGRB. Nevertheless, differently from the results of
Refs. [84], [195], our prediction is consistent within 1o uncertainties given with the non-blazar
limits [12] 13} [85] [198], since it corresponds to 33% of the total EGB integrated above 50 GeV.
This is highly significant since our result is obtained without any fine-tuning of parameters.
Furthermore, as far as the neutrino production is concerned, we predict a flux which can explain
a considerable fraction of the IceCube observations. Through the IceCube effective area, we
find that our model produces 25 HESE events with energy higher than 30 TeV after 7.5 years
of data-taking. This corresponds to roughly 25% of the totality of the HESE observed by
the IceCube collaboration. Hence, differently from [195], we find a significantly higher neutrino
contribution without violating the diffuse gamma-ray constraints. Overall, these results highlight
the importance in constraining the properties of CR transport inside SFGs and SBGs in order
to better assess their contribution to the diffuse emission measurements. Indeed, if CRs with
E 2 1TeV escape from the sources, then their contribution to the diffuse emission might be
significant scaled down (specially for neutrinos). Nonetheless, for the moment, the diffuse data
cannot be used to discriminate between the two CR models due to partially unknown origin of

diffuse neutrinos and gamma-rays.

5.9 Conclusions

In this chapter, we have investigated phemonelogically the consequences of two different models
((advection-dominated) model A [3I] and (diffusion-dominated) model B [I31]) for cosmic-ray
transport within the cores of starforming and starburst galaxies. We have shown that current
point-like observations by Fermi-LAT, VERITAS and H.E.S.S. gamma-ray telescopes already
prefer model A, especially for the brightest sources SMC, M82 and NGC 253. Then, we have
performed a forecast analysis for the CTA telescope which will potentially observe the gamma-

ray emission from nearby galaxies at higher energies. Interestingly, we have found that future
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CTA observations have the potential to firmly discriminate between model A and model B,
providing the latter a highly-suppressed emission above few TeVs. We emphasize that in the
Southern hemisphere a crucial role will be also played by the upcoming SWGO telescope thanks
to a larger field of view and a longer duty-cycle compared to CTA. The comparison between the
two models depends crucially on the hadronic production above ~ 1 TeV, which is present in
model A and suppressed in model B due to diffusion. Since this hadronic production generally
follows a power-law spectrum, the results we obtain are roughly independent of the details of the
models (e.g. choice of the astrophysical parameters), and are mainly determined by the spectral
index, normalization, and maximal cosmic-ray energy, which we obtain from current gamma-
ray data on star-forming galaxies. Finally, we have employed the information inferred by the
local gamma-ray observations to consistently and robustly estimate the diffuse gamma-ray and
neutrinos emission from the whole population of starforming and starburst galaxies. We have
found that model A predicts a 25% contribution of these sources to the IceCube HESE data,
in agreement with the gamma-ray limits on the non-blazar component. This result confirms
that cosmic reservoirs are of paramount importance for the description of high-energy diffuse

neutrino observations, even though they cannot explain the whole astrophysical flux observed.
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Chapter 6

Probing Dark-Matter Proton
Interactions using Cosmic

Reservoirs

In the previous chapter, we have analysed how the SBG gamma-ray data might be used to
distinguish between different CR transport models, arriving to the conclusion that current data
slight prefer model A, which predicts power-law gamma-ray spectrum with CR timescale mostly
dominated by energy-independent timescales. In this chapter, we make use of model A in order
to constrain Dark-Matter proton interactions using SBGs observations. This chapter is based

on our analysis published in [200].

6.1 Introduction

The existence of Dark Matter (DM) is a milestone of the cosmological standard model [201].
However, its nature has not been identified yet [202H205]. Astrophysical and cosmological ob-
servations reveal that galaxies, including the Milky Way (MW), posses a halo of non-relativistic
DM particles [37, [38] [206H208]. This has allowed direct-detection experiments to place powerful
limits on the properties of DM particles which may elastically scatter off target nuclei (see [205]
for a recent review). However, due to poor sensitivity at low nuclear recoil energies, such searches
are typically limited to DM masses higher than 1 GeV, leaving sub-GeV DM largely unexplored

by direct measurements. To probe such light DM particles, novel approaches are required in
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addition to standard astrophysical [206] 207, 209H212], cosmological[2I3H218], and collider [219]
searches. Ref. [220] proposed one such approach, pointing out that the spectrum of MW Cosmic-
Rays (CRs) can be altered by DM-CR elastic interactions. Soon after, Ref.s [221], 222] showed
that this interaction produces Boosted Dark Matter (BDM) particles, which can then be probed
in direct-detection experiments due to their large energies (see Ref.s [223H249] for other BDM
studies).

Up until now, the impact of DM-CR interaction has been mainly analyzed in the context of
our own Galaxy (few exceptions are Ref. [224] 250H252]). However, CRs suffer a larger effect in
environments which confine CRs for long times, so that they traverse through the DM halo longer.
Therefore, in this chapter we propose to use cosmic reservoirs, namely sources which confine
cosmic-rays, as a probe of DM-CR interactions. We focus on the nuclei of starburst galaxies
(hereafter denoted as SBNi), which confine CRs [31} 52, [163] for ~ 10° years even at energies as
large as 100 TeV. While these CRs cannot be directly observed, they produce gamma-rays and
neutrinos via hadronic collisions [20, 21], 3T}, 32, 52} [163], I89]. Therefore, DM-CR interaction
can distort the CR spectrum, and in turn the gamma-ray flux observed from SBNi (see Fig.[6.2).
Here we show that the gamma-ray data from two nearby starburst galaxies, M82 and NGC 253,
do not exhibit such a distortion, allowing us to bound the DM-CR cross section at the level of
10734 cm? for DM with 10 KeV masses, as shown in Fig. The bounds can be substantially
improved with a better knowledge of the gamma-ray flux at energies 0.1-10 TeV. We show that
the future Cherenkov Telescope Array (CTA) [26] will be able to strengthen these bounds by as

much as two orders of magnitude.

6.2 Dark Matter Distribution inside SBINi

The DM-CR scattering rate depends on the DM (hereafter called x) density distribution, which
is pretty uncertain in the central cores of galaxies [253H255]. All we know is that galaxies are
embedded in a DM halo. A benchmark parameterization is the Navarro-Frenk-White (NFW)

distribution [256]

_ Ps
px(r) = TR (6.1)

which is a function of the radial distance r from the SBN center. The scale radius r, and the
normalization ps can be expressed through the concentration parameter cogg = r200/7s and the
mass Moy enclosed in a sphere of radius 7999, which is defined as the distance at which the

mean DM density is 200 times the critical Universe density p.. In fact, the mass enclosed with
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a certain radius r9g9p can be expressed as:
1200 + 7 T200
Mgy = At py (r)r2dr = dmpor? [In 200 — 6.2
200 /0 Px(T) PoT s [ ( Ty Ts + 7200 (6.2)
Another parameterization is the so called Burkert profile [257]:
3
PoTs (6.3)

Pl = G e )

Also for this density profile, we can parameterize it in terms of Msgg and cogg. Magg and cogp are
not measured, so we can only use the results from simulations. In particular, Ref.s [37H39] have
shown that 7 < cs0 < 12 and 1010 < Mosgo /Mg < 10'? describe pretty well the Dark Matter
halo of local SBGs, such as M 82 and NGC 253. As benchmark cases in the following analysis
we use coog = 7 for both sources, Magy = 102 M, for M82 and Myoy = 3 x 10 M, for NGC
253 [37H39].

Fig. [6.1] shows the DM density distribution for both benchmark cases. In particular, the
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Figure 6.1: DM energy density as a function of r. The Blue band corresponds to the NFW

profile, while the orange one corresponds to the Burkert profile. The vertical line correspond to
the dimension R of a typical starburst nucleus R = 200 pc.
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blue band corresponds to the NF'W profile and the orange one corresponds to the Burkert one.
The main difference between the Burkert and NFW profiles is the fact the that the former is
not divergent at r = 0, leading to a different average density within the SBN. The figure also
shows the value corresponding to 7 = Rggn = 200 pc which corresponds to the benchmark value
considered also in previous chapters (see also [31), [32] [163] I89]). The uncertainty on the DM
halo impacts the rate of DM-proton interactions, thereby leading to uncertainty on the possible
constraints on the DM-proton cross section o,,. In the next sections, we are going to show that

this uncertainty leads to at most one order of magnitude uncertainty in the results.

6.3 DM-proton scatterings inside SBNi

If nucleons are coupled to DM, CRs confined in the SBN are trapped for such a long time
that they can collide with DM. Elastic DM-CR, scatterings cause an additional energy-loss in

Eq. (3.3]), competing with the others for sufficiently large DM-proton cross sections:
1 (dE) B
E\dt/,,

dE e do
<> = ”—X/ 4T, T, S22 (6.5)
dt XP mX 0 dTX

where m,, is the DM mass, p, is the spherically-symmetric DM density within the SBN, and

with

doe1/dT, is the differential elastic DM-proton cross section as a function of the final DM kinetic
energy T. The maximal allowed value T)"** for T in a collision with a proton with kinetic

energy I'=FE —m,, is

272 + 4m, T

max __
™ = -
X

, N
2T
(1 i m”) + = (6.6)
my My

The differential cross section depends on the properties of the DM particle as well as on the DM-

proton interaction. For definiteness, we consider Dirac fermion DM particles interacting with
protons via a scalar mediator with a mass much larger than the transfer momentum ¢ = 2m, 7).
This last assumption allows us to evaluate the cross section just in term of a single free parameter.

Differently from Ref.s [220, 224], that assume a constant cross section with a flat spectrum in
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recoil energy, for T, < T we have [223]

dael _ Oxp F112 (q2)
dTy,  Teax16p2,s

(¢* +4m2)(¢° + 4m2) | (6.7)

where o, is the DM-proton cross section at zero center-of-mass momentum, s, is the reduced
mass of y and proton, and s = mi + mf, + 2Em, is center-of-mass energy. The quantity F), is

the proton form factor [258]

Fo(g?) = <1+q12/A2>2 with A = 0.770 GeV . (6.8)
At energies much higher than mf) /2m,,, DM-CR scatterings become inelastic, breaking the proton
and producing additional gamma-rays from the pion decay [259]. We model this process via a
simple semi-analytic approximation similar to Ref.s [237, 260, 261]: we assume the DM-CR
inelastic cross section to follow the neutrino-nucleon one and rescale it to match the DM-CR
cross section in the elastic regime. In this way, the inelastic cross section (oine) is totally defined

by means of oy, in Eq. (6.7). The timescale for energy loss from inelastic DM-CR collision is

~1
inel Px

= ine 5 6.9
Txp (’{J L, ) (6.9)

X

where x is the inelasticity of the process, assumed to be 0.5 as for inelastic proton-proton
collisions. In the next section, we describe how we evaluate the gamma-ray emissivity also in

case of DM-p interactions.

6.4 Evaluating the gamma-ray spectrum

In this section, we evaluate the gamma-ray spectrum considering also the DM-p interactions.
The presence of exotic interactions between x and protons make the timescale radius-dependent
(dependent on the distance from the center of the SBN). Therefore, in order to obtain the
gamma-ray spectrum, we firstly compute Eq. for each r. Then, we can compute the pion

production rate each r via (see chapter [3|and App. [A] for details):

E; Er
G (Er,r) = n}iﬂopp (mp + k) Ny (mp + k,r) , (6.10)

Regarding the gamma-ray emissions from inelastic DM-proton collisions, we consider the
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pion production to follow the proton-proton collisions
px(r) Er B,
GP(Er,r) = m’; o Oinel (mp + k'7r) Ny <mp + Em . (6.11)
The emissivity of photons coming from neutral pion decay is
o0 PP (B, XP(E,
Qn(E,r) = 2/ " (Ens 1) + G Enst) gy (6.12)
E+m?2 /4B E2 —m2
Finally, the total gamma-ray flux at Earth can be then computed as
Abs(E(1 + z)) e~ ™ (E:2)
Q. (E,z) = (B ) Qtot (E(1+ 2),r)dV (6.13)

Amd ()2

where Qtot(E, ) corresponds to the sum over all the contributions (bremsstrahlung + Inverse
Compton + pion-decay photons), d.(z) is the comoving distance between the source and the
Earth, and the integral is performed over the SBN volume.

It is important to notice that, as long as the DM-proton interaction timescales are not
competitive with respect to the others (T;(r;)d, T;lp > Tiosss Tadv), the integration in Eq.
results to be just a multiplication of the total production rate (Qiot) and the SBN volume
(Vsen). In the opposite scenario, when elastic xp collisions dominate (7’;}0 & Tiosss Tadv), W€
have that protons mostly escape from the SBN and the gamma-ray spectrum becomes

r 7_el,eﬂ” r —1 r
<I>70</Q7r(T)dVo</Qp(p’ ) ;;” ()dVO(/pX (V)dv, (6.14)

where the first passage is due to the fact that the dominant contribution comes from the pion
decay. Eq. shows that the gamma-ray spectrum only depend on the average DM density
inside the SBN rather than the actual DM profile. In the regime where Ti,el,yp dominates over
the others, the SBN starts being totally calorimetric. In this scenario the pion production,
which is dominated by ¢XP(E,,r) (see Eq. ), is just directly proportional to @), therefore
independent of p, and m,. As a result, the gamma-ray spectrum is independent on p, as well as
the environmental parameters e.g. RSBN, Uwind, MISM (<I>7 x Q(p)). All of this is crucial because
it sets the behaviour of eventual contraints for light DM particles from SBNi. In particular, they
do not depend on the details of the DM profile, but rather the mean density which the profile
induce inside the SBN. In the next sections, we describe the phenomenological implications of

these exotic interactions and how we can use current data to set strict upper limits.
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6.5 Observable Features on the Gamma-ray Spectrum.

The additional energy loss from elastic DM-CR interactions cause a suppression in the CR, and
therefore in the gamma-ray spectrum, whereas the inelastic DM-CR production can replenish
the gamma-ray spectrum at higher energies. These effects are visible in Fig. [6.2] which represents

the case of M82 source.
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Figure 6.2: Left panel. Comparison between the proton timescales within M82 as a function of
the proton kinetic energy 7. The continuous, dashed and dotted black lines represent the stan-
dard losses, advection and diffusion timescales, respectively. The colored continuous (dashed)
lines correspond to the elastic (inelastic) for three different cases. Right panel. The expected
gamma-ray fluxes from M82 compared to current data [19, [262] and CTA sensitivity [26]. Anal-
ogously to the left panel, the black color line corresponds to the standard case (without DM-CR
interactions), while the colored lines to the three different choices of (m,, oyp).

The left panel shows the DM-CR energy-loss timescales (7';; and T;(r;)d), averaged within the

SBN volume, in comparison with the standard timescales. At low CR energies, T" < Egip =

m2/(2my), 75, ~ 3my/2p 0\, T rapidly decreases with the CR kinetic energy. At high CR
energies, elastic scattering becomes progressively unlikely compared with the inelastic one, so
78, ~ 128m8T? [ py o\, A In(T'm, /2m2) increases with the CR kinetic energy. Elastic DM-CR
scattering thus can cause a dip in the CR spectrum at an energy Egip ~ mf) /2m,,, due to
protons being pushed to lower energies. Above the dip, inelastic DM-CR scattering becomes the
dominant source of CR energy loss. In each scattering the CR energy is reprocessed in gamma-
rays, leading to a new calorimetric regime in which the gamma-ray spectrum again follows the
CR injection power-law spectrum.

The right panel of Fig. shows the resulting gamma-ray spectrum, evidencing the dips
corresponding to different masses m, due to elastic DM-CR scattering at an energy E;Yip ~

0.1E%

dip — SiICe gammarrays Carry on average 10% of the parent CR energy — and the higher-

energy power-law behavior of the gamma-rays from inelastic DM-CR scattering. The latter can
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exceed the gamma-rays produced in the standard proton-proton dominated regime (black line),
in which the calorimetry is only partial due to competition with advective escape. In fact, in
the standard case without DM-CR interactions, only a fraction 7 /(7¢f + 7,4,) ~ 40 — 50%

= 10s/(T — 1) is the effective

of the protons lose all of their energy to gamma-rays, where
timescale for energy losses which provided a slightly more precise solution to the CR transport
equation (see App. [A|for more details). However, we emphasize that the normalization of the
gamma-ray spectrum after the dip also depends on the assumed inelasticity, which by rigor
should be determined from the specific DM-quark coupling. Nevertheless, this has no significant
impact on the bounds we derive, which essentially depend only on the behavior in the dip region
and therefore on the elastic DM-CR scattering. Moreover, it is worth noticing that leptonic
processes are completely subdominant in SBNi and cannot reduce the amplitude of the dip. We
also show in Fig.[6.3] in the same way as for M82, the comparison between the standard timescales

and elastic and inelastic xp timescales (left panel) for three different cases for (m,,oyp). The

corresponding fluxes are shown in the right panel. The spectral features are similar to the ones

of M&2.
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Figure 6.3: Left panel. Comparison between the proton timescales within NGC 253 as a func-
tion of the proton kinetic energy 7. The continuous, dashed and dotted black lines represent
the standard losses, advection and diffusion timescales, respectively. The colored continuous
(dashed) lines correspond to the elastic (inelastic) for three different cases. Right panel. The
expected gamma-ray fluxes from NGC 253 compared to current data [19, 49] and CTA sensi-
tivity [26]. Analogously to the left panel, the black color line corresponds to the standard case
(without DM-CR interactions), while the colored lines to the three different choices of (m,, oyp).

6.6 Statistical Analysis and Discussion

Along with the previous chapters, we analyze GeV-TeV data for both M82 and NGC 253. All

data-sets show a gamma-ray production up to TeV, with no hint of a break. Therefore, they
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strongly constrain DM-CR interactions.

To obtain these bounds, we follow previous chapters, using the following likelihood:

2 2
SED; —EZ @~ (E;|my . oxp.6)

L(myg, 0p,0) = = ) , (6.15)

where SED; is the measured spectral energy distribution data, F; and o; are respectively the
centered energy bin value and the uncertainty on the data, and ¢ runs over the number of data
points. Finally, ®,(E;|m,, 0y, 0) is the gamma-ray flux, where 6 represents the astrophysical
nuisance parameters which are: M*, I', RsBN, Uwind, n1sM, With nigy. Following last chapter, we
consider realistic linear priors for these parameters in order to take into account the astrophysical
uncertainties on the structural properties of M82 and NGC 253. ab. summarizes all the
priors for both sources. For M* and T, we impose similar priors as in the previous chapter,
namely a range [1,3] for I and consistency within a factor 3 with respect to the ones inferred
through IR and UV observations [20] for the star formation rate. For the dimension of the
nuclei Rsgn, we account for a variation of a factor 2 with respect to the value expected for
SBN circumnuclear region |31}, [32] [44] [45]. The range for the wind velocity is fixed according to
the recent analyses [211 [30H32] [122]. Finally, for the gas density nisn, the two sources require

different priors according to the empirical Kennicut relation [44H46].

Source | M, Moyr ]| T | nismlem™>] | Rspy [pe] | vwina [kms™!]
MS2 3, 30] [,3] | [100,400] | [100,400] | [200, 1000]
NGC 253 | [14,17) | [1,3] | [70,280] | [100,400] | [200,1000]

Table 6.1: Linear priors on the astrophysical nuisance parameters for the two sources adopted
in the present analysis.

In order to obtain bounds on the DM-CR cross section, from the marginalized chi-squared
X2 (M, 0yp) = —2InmaxgL(m,y, oy, 0) we define the test statistic Ax? = x2(my, oyp) — X2 (my, 0),
comparing with the zero interaction case. We set bounds at 50 confidence level by requiring
Ax? = 23.6, since in the hypothesis of a DM signature the test statistic is distributed as a
half-chi-squared variable.

Fig. [6.4 summarizes the constraints we find on oy, as a function of m,, both for the case
of M82 and NGC 253. The bounds flatten out for m, <1 keV, since lighter masses cause a dip
at Egip 2 50 TeV, where gamma-rays cannot be observed due to attenuation on extragalactic
background light. NGC 253 leads to significantly better bounds at low masses due to the larger

number of data points in the TeV region. Indeed, the main limitation from present-day data is

the limited statistics in the 1 — 10 TeV window. To quantify this, we perform a forecast analysis
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for the CTA telescope [26], for both sources CTA will dramatically improve the gamma-ray
measurements in this energy region, as already shown in previous chapter. We generate 50 mock
data sets following the procedure explained in Sec. and we obtain the projected bounds
for each sample. Fig. shows the mean values of these bounds (see next section for further
details). CTA will strengthen the constraints up to two orders of magnitude for NGC 253 and
five orders of magnitude for M82 in the low-mass region. We emphasize that constraining DM-
CR scattering using starburst galaxies has the additional advantage that different galaxies can
be used to make the results more robust, and the bounds from different sources can be combined
to provide more stringent exclusions on the DM properties.

Our bounds are complementary to the direct-detection of boosted DM, whose bounds exhibit
a ceiling due to the atmosphere attenuation of the BDM flux. Our bounds also look significantly
stronger than the ones placed in Ref. [220] by searching for distortions of the Milky-Way CR
spectrum due to DM-CR scattering, while for m, < 1MeV they are comparable with the ones
derived from the non-observation of BDM particles from DM-CR interactions in blazars [224].
However, the limits [220] 224] have been both obtained assuming an energy-independent DM-CR
cross section, whereas we include the typical oy, E? behavior due to a massive mediator, and
a flat distribution for the DM recoil energy. Naively, since our bounds primarily come from
CRs around 10 TeV energies in the low-mass range, whereas oy, is defined at a center-of-mass
energy of order GeVs, they are stronger than the ones in Ref. [220] by about 10® just because
of the different cross section behavior. However, the difference in the recoil energy distribution
also leads to a completely different shape for the bounds. For this reason, a comprehensive
comparison would require a re-evaluation of their results, which is beyond the scope of this
thesis.

Differently from the Milky Way [260], in SBNi the inelastic DM-CR scatterings are also less
observationally interesting, since they just replace the proton-proton scatterings in making CRs
lose their energy to gamma-rays. However, bounds based on inelastic scattering in the Milky
Way are strongly dependent on how the differential cross section for gamma-ray production
is modeled, which in turn requires a specific choice of the quark-DM coupling. Furthermore,
these bounds are applicable only at large enough DM masses, where the cosmic-rays kinetic
energy exceed the pion production threshold. Our bounds instead depend essentially on the
elastic scattering, which requires no threshold condition, and therefore are robust against these
uncertainties.

Concerning the blazar-BDM bounds, we also emphasize that they rely on the existence of a
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Figure 6.4: Constraints at 50 on DM-proton cross section placed by means of current (thick
solid lines) and future CTA (thick dashed lines) data for M82 (red color) and NGC 253 (yel-
low color) galaxies. For comparison, the constraints from cosmological observations [213H216],
direct-detection experiments [263H273], colliders [219], Milky-Way Cosmic-Rays (MWCR) [220],
Boosted Dark Matter from the blazar BL Lac (Blazar-BDM) with MiniBooNE (1) and
XENONIT (2) detectors [224] are reported. For the Blazar-BDM limits, the regions delim-
ited by dashed and solid lines correspond to different DM distributions around the BL Lac.

DM spike close to the central black hole. This is first of all impacted by the possibility of DM
annihilation in the spike, as shown by Ref. [224]. Furthermore, the steepness of the DM profile
in the spike itself is subject of debate [274H278], and these bounds may weaken considerably if
the spike is less cuspy. On the other hand, our limits are pretty robust against astrophysical
uncertainties, since they only rely on the existence of a CR power-law spectrum in SBNi, which

is confirmed by gamma-ray data.
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In Fig. [6.4] the region above the dotted line is excluded by trackless jet searches at LHC,
as pointed out by Ref. [219]. However, this bound itself should possess a ceiling, since, if the
particles interact too strongly, they do not reach the hadronic calorimeter. Since the size of
the tracker and electromagnetic calorimeter is of the same order of magnitude as the hadronic
calorimeter, we do not expect the collider limits to hold much more than an order of magnitude
above the dotted line in Fig.

Further, additional constraints could be placed by supernova observations [279H28T], though
to our knowledge no such bound exists in the literature for DM coupled to nucleons alone.

Finally, we briefly discuss the perspectives offered by neutrino astronomy. Neutrinos are
in principle able to probe an energy range even higher than the gamma-ray one, since they
travel unimpeded. Therefore, they could provide more stringent bounds in the low-mass region.
The possibility of observing starburst galaxies as point sources at neutrino telescopes has been
recently studied in Ref. [163]. If the neutrino spectrum from one starburst galaxies is measured
with a sufficiently good precision, precious knowledge will be gained on this mass region. We
leave this possibility open for a future work. Furthermore, if the primary source of the diffuse
neutrino flux is established to be hadronic production in SBNi, the absence of dips in the flux
can also be used to constrain the DM-CR cross section. The present large uncertainties on the
diffuse energy spectrum, and on the astrophysical origin of these neutrinos, make this possibility

interesting only for future perspectives.

6.7 CTA Mock data Generation and Forecast

In this section, we analyze the forecast bounds obtained for the CTA telescope. In particular,
we simulate 50 mock data sets under the hypothesis of no DM-CR interactions, making them
representative of the variability for future CTA data (due to the fact that the analysis is highly
time-consuming, we cannot generate more mock datasets). For each data sample we perform the
same statistical analysis detailed in the previous sections and obtain projected bounds. Fig. (6.5
shows the band of the constraints obtained for CTA from all of the data samples; the width of
the bands quantifies the variability of the obtained bounds due to the Poisson fluctuations in the
detected photons. This variability can reach up to more than an order of magnitude for M82,
but stays within less than an order of magnitude for NGC 253. This is due to a larger expected
number of events, considering that CTA south is expected to have a higher effective area than
CTA north (as already emphasized in the previous chapters).

We also show as black lines reference minimum theoretical bounds, obtained requiring that
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Figure 6.5: Comparison between the current constraints (solid lines) and the future ones (shaded
bands) for the CTA telescope [26] in case of M82 (left panel) and NGC 253 (right panel).
The dashed lines represent the average bounds imposed through current and CTA mock data.
The black lines represent the minimal theoretical bounds reachable through SBN according to

Eq. (19,

the expected number of DM-CR scatterings in the range below a cut energy F < Ey is larger

than 1, namely

1 1
minE<Ecut [T;;;eff ( + off >:| =1. (616)

Tesc  Tloss
This means that the flux below the cut energy suffers by distortions smaller than 50%, and
therefore cannot be constrained. The cut energy is meant to simulate the energy range accessible
by gamma-ray experiments; for example, present gamma-ray data for M82 and NGC 253 are
known up to a gamma-rray energy of about 1 TeV, which are hadronically produced by protons
with energy of about 10 TeV. We show these theoretical bounds for the three choices Fcu =
10 TeV, 100 TeV, and arbitrarily large E.,. CTA closely approaches the minimum theoretical
bound, but this argument shows that there is still space for improvement in the bounds with
an increased precision of the experiment in the gamma-ray energy range below 10 TeV. All in
all, this clearly demonstrate the potentiality for SBN to be complementary tools to collider for

constraining DM particle properties.

6.8 Constraints Dependence on the Dark Matter Profile

In this section, we quantify how the constraints vary along different DM profiles as well as within

the uncertainty on the DM halo parameters. Fig. shows the constraints bands for M82 (on
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the left) and NGC 253 (on the right) in case of the Burkert profile (orange band) and the NFW
one (blue band). The bands represent the uncertainty due to the different values for cogg and

Mygo within the ranges [7,12] and [10%°,10'2] Mg, respectively. Under the same values for
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Figure 6.6: Dependence of the current DM constraints on the halo parameters cogg and Mg for

the NFW (blue band) and Burkert (orange band) profiles, in case of M82 (left panel) and NGC
253 (right panel).

(c200, Ma2gp), the bounds imposed using a Burkert profile are usually a factor of 20 weaker than
the ones with the NFW profile. The dependence of the constraints on the DM halo parameters is
also of one order of magnitude. Hence, we can estimate the variability of the bounds combining

the uncertainties from the profile and its parameters to be about two orders of magnitude.

6.9 Conclusions

In this chapter, we have studied the phenomenology arising from scattering between high-energy
protons and DM particles inside SBNi. Current data can already exclude DM-CR interaction
down to oy, < 10734 cm? for m, < 107°GeV. We have also obtained projected bounds from
the future CTA, showing that it will improve the DM-CR constraints down to oy, ~ 10737 —
10736 cm?. Therefore, due to their nature of cosmic-rays reservoirs, starburst galaxies could
play a significant role in investigating sub-GeV DM candidates, probing a region in between

cosmological and collider bounds.
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Chapter 7

Probing Galactic Star-forming
Environments: Constraining the
Neutrino Emission of Galactic

Source Populations

In the previous chapters, we studied the gamma-ray and neutrino emission from Star-forming
and Starburst Galaxies and exploited the gamma-ray data to also perform Cosmic-ray transport
and beyond standard model studies. In this chapter, on the other hand, we are going to study
the capability of current neutrino telescopes to constrain a galactic source populations. The

chapter is based on our work published on [282].

7.1 Introduction

Galactic sources such as SNRs are expected to power CRs with energies up to a few PeVs; see
e.g. Refs. [283H285] for recent reviews. This hypothesis can be indirectly probed by searching
for the emission of ~-rays and neutrinos associated with the collisions of CRs with gas in the
vicinity of their sources. Indeed, vy-ray observatories have detected a plethora of Galactic -
ray sources [286H289] as well as extended diffuse emission [290H294], which can be attributed,
in part, to the presence of accelerated CRs. However, the interpretation of these observations

require a careful modeling of photon absorption processes as well as the inclusion of alternative
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production processes involving energetic leptons.

In a recent study [6], the IceCube experiment reported the first observation of high-energy
neutrino emission from the Galactic plane (GP) with a significance of ~ 4.5¢. The result is based
on a fit of neutrino emission templates derived from models of CR propagation and interaction in
the Milky Way [61} [290]. The templates are characterised by different spectra. The Fermi-LAT
70 template [290] is characterised by a homogeneous E~27 spectrum, while the KRA., model [61]
is characterised by an average harder spectrum (E~2%). Nonetheless, The best-fit normalization
of the angular-integrated per-flavor neutrino flux is at the level of E2® ~ 2.10~% GeVem 257! at

a neutrino energy E, = 100 TeV and marginally consistent with the different model predictions;

see e.g. Ref. [61]. Fig. summarizes the IceCube’s results. In particular, it shows the spectral

isotropic diffuse:
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— cascades (6yr)
— tracks (9.5yr)
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Figure 7.1: Summary of IceCube’s observations of isotropic and Galactic diffuse neutrino emis-
sion. The plot shows the angular-integrated diffuse flux ® of isotropic emission (red bands:
HESE [5], cascades [295] & tracks [10]) and Galactic emission (green bands: Fermi-LAT 7 [199]
and KRA,, [61} 296]). The spectra are indicated by the best-fit spectrum (solid line) and the 1o
uncertainty range (shaded range).

energy distributions of isotropic diffuse emissions (“HESE” [5], “cascades” [295] and “tracks” [10])
as well as the results of Galactic diffuse emission (Fermi-LAT 7 [199] and KRA, [61]). The
fluxes are integrated over solid angle for this comparison. The angular-integrated Galactic flux
at 100 TeV is at the level of ~ 10% of the isotropic flux level. However, the Galactic diffuse flux
is dominating over the isotropic emission along the Galactic Plane.

An important feature, in order to pint point the origin of the galactic neutrino emission,
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it is the analysis of the spatial distribution of the data. Indeed, a true diffuse emission would
follow the gas distribution because only those positions would be characterized by neutrino
production. On the other hand, quasi-diffuse emission from a galactic source population would
be characterised by several luminous spots in the sky very near to the galactic middle plane.

On this regard, the IceCube analysis [6] is based on a selection of cascade events, i.e. events
with compact Cherenkov-light features following from a cascade of secondary short-ranged parti-
cles (see next chapter for more details about the cascade-like neutrino events). Since these events
have a relatively high angular uncertainty of typically 7°, the analysis has a limited ability to
resolve degree-scale emission from individual neutrino sources.

In this chapter, we study the contribution of unresolved Galactic neutrino sources to the
Galactic diffuse flux [297H304]. Analogous to the case of Galactic TeV ~v-ray sources [I80}
305], [306], the relative contribution of unresolved sources to the Galactic diffuse emission is
expected to increase with energy due to the relatively soft emission from CRs in the interstellar
medium [61}, 297, (300} BOT] 303, B07H314]. We present here a novel model-independent formalism
that parameterizes the (quasi-)diffuse Galactic emission in terms of the effective source surface
density and neutrino luminosity, motivated by previous work on extragalactic neutrino popula-
tions, e.g. Refs. [3I5H317]. We show that IceCube’s limited discovery potential for individual
neutrino sources — in particular for extended Galactic sources — allows a strong contribution of un-
resolved sources to the Galactic diffuse flux at 100 TeV. The upcoming KM3NeT ARCA [27, B18)]
and the planned IceCube-Gen2 [319, [320] have the potential to probe this hypothesis; specially

from rare Galactic CR PeVatrons, such as hypernova remnants and young massive stellar clusters.

7.2 The Quasi-Diffuse Emission from a Galactic Source Pop-
ulation

Analogously to the diffuse spectrum of SBGs studied in previous chapters, the expected quasi-
diffuse (QD) flux of unresolved Galactic neutrino sources depends on their spatial distribution as
well as the variability of their emission spectra. For sake of simplicity, we consider that neutrino
sources are standard candles with a fixed luminosity following a power-law per-flavor neutrino
spectrum @, o< E;7 (units of GeV~'s™1) in the TeV-PeV energy range. We leave a spectral
index blending and a luminosity distribution for future investigations.

The combined QD flux ¢qp (units of GeV ™' cm~2s~!) from sources situated at distance D
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from the Earth along the line of sight n(Q?) is then given via the integral:
v EV °
ban(E ) = LAZ [ app(e, + Duie), (r.)
0

where p(r) is the source density and rg represents the location of the solar system in the GP with
distance ro ~ 8.5 kpc to the Galactic Center (GC). Figure shows our relative location with
respect to the GC, Galactic arms and nearby candidate neutrino sources, including pulsar wind

nebulaec (PWNe), supernova remnants (SNRs), and young massive stellar clusters (YMSCs).
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Figure 7.2: IceCube’s detection horizon for Galactic neutrino sources with an E~2 emission
spectrum (“IC Tracks” [32I] and “IC Cascades” [6]) and the expected reach of KM3NeT [318] and
the proposed IceCube-Gen2 facility [319, 320] assuming a monochromatic neutrino luminosity
Ligotev = 103* erg/s. We indicate the location of Galactic arms [322] and nearby candidate
neutrino sources.
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7.2.1 Source Distribution

In order to characterize the galactic source distribution, we take into account several templates.
We firstly consider an azimuthally-symmetric distribution of the form p(r) = 5(r) exp(—|z|/A),
where A represents the vertical half-width of the source distribution and p(r) the radial distri-
bution at z = 0 (z represents the height respect to the galactic plane). The source distribution
becomes effectively two-dimensional for large distances (D > X). For the distribution along the
galactic middle plane, we use:

) = po (7") e~ Br/ro=1) (7.2)

ro

where pg represents the (azimuthally averaged) local density in the solar neighbourhood at a
distance ro ~ 8.5 kpc from the Galactic center. Our benchmark source distribution follows
that of SNRs analyzed in Ref. [323] with best-fit values o = 1.09, 8 = 3.87 and a vertical scale
height A = 83 pc. We also consider a distribution following the Galactic arm structure, because
the sources of neutrino emission might be affected by the denser regions in our galaxy, thereby
following its arm structure [I80]. As our benchmark model we choose the 4-arm spiral model

provided in Ref. [322] with the parametrization:

roos (9=¢i(r) _ 22

,0(7“, ¢7 Z) = ﬁ(’/‘) Z wiwe 202 5 (73)

where ¢;(r) = In(r/a;)/6iy R = 2.9 kpc, 0, = 0.07 kpe, k = 29.1, and the parameters a;, 3; and

w; are given in Table [7.]

Spiral Arm B; a; wy
Sagittarius-Carina 0.242 0.246 0.178
Scutum-Crux 0.279 0.608 0.280
Norma-Cygnus 0.249 0.449 0.357
Perseus 0.240 0.378 0.185

Table 7.1: Parameters of the Galactic spiral arms in Eq. (7.3) based on Ref. [322] with names
following the common naming conventions. The relative weights w; of the arms are normalized
so that ), w; = 1.

This model uses a Galactocentric coordinate systems where the Solar system is located at
zeo = 0 and yo = 8.5 kpc for x = rcos(¢) and y = rsin(¢p). Note that the parametrization ([7.3))
deviates from that of Ref. [322] that uses a Gaussian distributions in azimuthal angle ¢. Our

version ([7.3]) makes use of normalized von Mises distributions that are approximately Gaussian
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in the limit of small widths x~/2. Our normalization of Eq. (7.3) ensures that:

o | dontre.0 = i), (7.4

regardless of the width of the Galactic arms. Note that the 4-arm spiral in Eq. uses a
Galactocentric coordinate system with « = r cos(¢) and y = rsin(¢) where the location of the
Solar System at zc = 0 and yo = 8.5 kpc. Note that for the visualizations in Figures[7.2] we use
a rotated coordinated system so that the Solar System appears at xo = 0 and y; = —8.5 kpc.

Fig. [7.3] shows the 4-arm spiral distribution given by the parametrization of Eq. [7.3] With this

16

121

Galactocentric y [kpc]
=

a4
_8 >

121

T T2 s 1 0 4 8 7 16

Galactocentric x [kpc]

Figure 7.3: The 4-arm spiral parametrization of Eq. (7.3]) superimposed over the radial SNR
distribution from Ref. [323]. Note that for this visualization we rotated the Galactic coordinate
system so that the Solar system appears at x5 = 0 and y5 = —8.5 kpc.

formalism, the angular-integrated quasi-diffuse flux can be parametrized as:

Bap(B,) = / 100 (B Q) = Q(By) ot (75)

where ) is the solid angle and we introduced the local source surface density Yo = 2Ap(rq) and
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the dimensionless O(1) parameter, which we refer as galactic form factor:

1 (oo}
Eoal = . /dQ/O dDp(re + Dn(Q)). (7.6)

where for the azimuthally-independent benchmark, we find &1 ~ 3. We have investigated
the dependence of our results by varying o and 3 in Eq. within [0, 2] and [1, 4], respectively,
for A = 0.1 kpc. We find that for this set of parameters the Galactic form factor varies only
within 2.6 < &ga1 S 4.1. For the azimuthally-dependent template, we find that the Galactic form
factor remains within 1.3 < &z S 2.9, indicating robustness of our results and showing that this

formalism is almost indepedent on the template considered.

7.2.2 Difference in the Templates

Before discussing limits on galactic source population, here, we discuss the spatial difference in

the templates we use here for this analysis. In particular, Fig. [7.4] shows the different spatial

Normalized quasi-diffuse emission ¢qp / @i, at 100 TeV
(121 £90°and |b| < 15°)

latitude b

latitude b

latitude b

latitude b

longitude #
e —
0.5 1 2

Figure 7.4: Comparison of diffuse and quasi-diffuse emission templates from the inner Galaxy.
The template is smoothed over a Gaussian kernel with FWHM= 14° (white circle) corresponding
to typical angular resolution of 7° of IceCube’s cascade
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templates of the diffuse and quasi-diffuse emission templates. The predicted emission templates
are smeared out using a Gaussian kernel with full-width half maximum of 14° using HealPix
tools [324,[325], in order to account for the limited angular resolution of the IceCube analysis [0].
In particular, from top to bottom, the spatial distribution of the Galactic emission (normalised to
the isotropic flux level at 100 TeV)) for the 4-spiral arm distribution (Eq. , the SNR~azimuthal
distribution (Eq. , the Fermi-LAT 7 template [199], and the KRA,, template [61]. All these
templates predict an enhanced neutrino emission towards the inner galaxy, with some variation
in morphology and flux level. As already pointed out in Ref. [6], the similarity of these templates
makes the disentanglement of Galactic diffuse models challenging. However, the galactic flux

dominates over the isotropic emission along the galactic plane.

7.3 Contribution of Unresolved Sourced to the Diffuse Galac-
tic Emission

Having decided the source distribution, in this section, we study the contribution of unre-
solved sources with hard emission spectra (y = 2) which can contribute significantly to the
soft Galactic diffuse spectrum (v ~ 2.5 — 2.7) at the highest energies. As a pivot energy
we choose E, = 100 TeV where IceCube’s best-fit Galactic diffuse flux is at the level of
E2® ~2-107% GeVem™2s™! independent of the Galactic emission models considered in Ref. [6]
(see also Fig. . Fig. shows the source populations in terms of the monochromatic neutrino

luminosity at 100 TeV defined as:

Liootev = [E2Q,(E) =100 Tev 5 (7.7)

and the local source surface density £. The green lines show the combinations of L1go ey and
Yo that contribute to the observed angular-integrated Galactic neutrino emission at 100 TeV at
levels of 1%, 10% and 100%.

The non-observation of individual Galactic neutrino sources by IceCube implies a limit on the
Galactic source surface density X and luminosity Liggp Tev. We make use of IceCube’s discovery
potential (DP) ®pp (units of GeV ' em~2s~!) for point-like neutrino sources using track [321]
and cascade events [6] that strongly depend on neutrino energy FE, and source declination 4.

For a given source luminosity LigpTev these discovery potentials define a declination-dependent

90



CHAPTER 7. PROBING GALACTIC STAR-FORMING ENVIRONMENTS:
CONSTRAINING THE NEUTRINO EMISSION OF GALACTIC SOURCE POPULATIONS

102 - 10% —
Z
extended source % extended source

o discover o discover

) y " ) . Y 1104
é- 10, potentials 10 _é. 10} - potentials 10

; ) (Rsre = 10 pe) g : 0 7//\3 (Rere = 10 pe) 5

B, PWNL =3

iy lipes & Y 110% 5
g 1 E z 1 SNR'" E
5 = & 2 g
e g T % g
g o g S
8 o & 1102 =
g E o g
2 8 1 I
=1 @ 5 @
] — IC Tracks | 2 — IC Tracks 110

= 1072} — IC Cascades 10 = 1072} — IC Cascades

8 --+ IC-Gen2 (10yr) 3 --. IC-Gen2 (10yr)

KM3NeT (6yr) . KMB3NeT (6yr) N
10-3 ‘ ‘ ‘ a1 10-3 ) ‘ ‘ ==
1030 10% 1032 10% 1034 10% 1030 10%1 103 10% 103 10%
neutrino luminosity Ligotev [erg s neutrino luminosity LiggTev [erg s~

Figure 7.5: The Left panel shows the comparison of the Galactic diffuse neutrino emission to
the effective local surface density and luminosity of Galactic neutrino source populations for the
azimuthally-independent density. The green dashed lines show the contributions in terms of the
observed angular-integrated neutrino flux at 100 TeV. The solid contours indicate populations
where bright sources with an extension of Rg.c = 10 pc should have been discovered in IceCube’s
point-source studies (“IC Tracks” [32I] and “IC Cascades” [6]). The dashed contours show the
expected reach of KM3NeT [318],326] and the proposed IceCube-Gen?2 facility [319],320]. We also
indicate the required luminosity of pulsar wind nebulae (PWNe), supernova remnants (SNRs),
hypernovae remnants (HNRs) and young massive star clusters (YMSCs) to saturate the diffuse
emission at 100 TeV. The right panel shows the same things for the 4-arm distribution.

discovery horizon of the form:

L10o Tev
Dmax 5 = . 7.8
©) \/47T[E1%(I)DP(EV75)]EU=100TeV (7:8)

Figure[7.2|shows this horizon for Galactic sources for two IceCube analyses (“IC Tracks” [321] and
“IC Cascades” [6]) and a monochromatic neutrino luminosity Ligotevy = 103* ergs™! as thick
solid contours (this value is set as a benchmark case for visualization purposes. Indeed, the
expected neutrino luminosity of unresolved sources is lower; see below for further details.) We
also indicate nearby potential neutrino sources from three source classes: SNRs and PWNe from
the catalog search of Ref. [6] and a list of nearby YMSCs [327H330] (see below for details). The
point-source DP of track events shows a particularly strong dependence on Galactic longitude
related to the huge background of atmosheric muons produced by CR interactions above the
detector (southern hemisphere). Due to IceCube’s location at the South Pole, where the zenith
angle 6 is degenerate with declination ¢ as § = ¢ 4+ 7/2, this background affects the DP for
sources in the Northern Sky, including sources in the direction of the GC. In contrast, the point-
source DP of cascade events used in the study [6] has a reduced background rate (because of the

containment cut which predominantly cut the background of atmospheric muons and neutrinos),
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leading to a more uniform coverage in terms of declination. Note that the discovery horizons
shown in Fig. [7.2] assume point-like sources and have to be corrected for the enlarged angular
extension of nearby sources, as explained in Sec. Assuming an (effective) source radius Rgyc
and distance D > Ry, the source angular radius becomes og.. = sinfl(RsrC /D). We assume

then that the DP of extended sources can be approximated as:

|obsp + 0%
Ppp(Ey, 6, Osre) = 138527 $pp(E,,0), (7.9)
PSF

where opgr is the size of the point-spread function (PSF); see e.g. Ref. [I80]. For definiteness, we
assume opgr =~ 0.2° (opgr ~ 7°) for track (cascade) events, as benchmark cases. We emphasize
that the angular resolution is dependent on the source declination and neutrino energy, but at
100 TeV, the IceCube median angular resolution is very near to 0.2° as quoted by Ref. [321].
Regarding the cascade angular resolution, we use the ICeCube-quoted value of 7° in [6]. The

expected number Ngs of observed sources can be written as:

Dmax(é)
Nops = / dQ / dDD?*p(re + Dn(Q)), (7.10)
R

src

where D« (0) accounts for the scaled DP of Eq. . So far, no Galactic neutrino point or
extended sources have been identified, which implies an upper limit Nyps < 1. Figure shows
the corresponding exclusion limits of neutrino sources using IC tracks (solid blue contour) and
IC cascades (solid red contour), for both considered density templates. In particular, the left
panel corresponds to the case azimuthally-independent, while the right one reports the 4-arm
distribution. For this particular result, we assume that sources have an extension of Ry, = 10 pc
(a typical value for a SNR), which significantly degrades the point-source DP of IC tracks.

Interestingly, IceCube’s current source DPs are not sufficient to exclude a 100% contribution
to the Galactic diffuse flux over a wide range of source surface densities and luminosities. This
statement also holds for point-like sources, e.g. assuming o, < opsr (see the following sections
for details), even though further constrained could be imposed from gamma-ray observations (see
for instance [331]), which we leave for future investigations. On this regard, we emphasize that
the measured diffuse galactic neutrino flux by IceCube is consistent with the flux level inferred
by gamma-ray observatories in the TeV — PeV range, such as Tibet and LHAASO [6]. Therefore,
even if, at F,, ~ 100 TeV, the galactic neutrino flux was dominated by unresolved sources, their
neutrino flux would not exceed the corresponding gamma-ray data at those energies.

Figure also shows the expected discovery horizon for KM3NeT/ARCA [27] as well as the
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planned IceCube-Gen2 [319] [320] for the same benchmark luminosity. For consistency, we assume
that these planned detectors have the same ~ 0.2° angular resolution as used for IC tracks in
Eq. [7.9] We emphasize that such a value is very near to the expected angular resolution of
both detectors at E,, ~ 100 TeV [320}, [332]. For instance, the expected median KM3NeT angular
resolution is ~ 0.15° [332] and the angular resolution of IceCube-Gen2 to be < 0.5° above 10 TeV.

Using track events, optical Cherenkov telescopes in the Northern Hemisphere are expected
to have an enhanced discovery horizon for sources towards the GC. Notably, a recent analysis by
ANTARES [333] finds a hint for TeV neutrino emission from the Galactic Ridge, although with
weak significance and consistent with earlier upper limits [334]. The expected exclusion contours
of KM3NeT and IceCube-Gen2 are shown in Fig. as dashed lines. These detectors will be
able to probe the contribution of rare but powerful Galactic sources if they dominate (> 50%)
the diffuse emission at 100 TeV as long as the source extension is limited to about 10 pc. We
notice that the IceCube and IceCube-Gen2 contours in Fig. [7.5] are horizontally separated by a
factor 5, consistent with the fact that the IceCube-Gen2 is expected to be five times better than
IceCube [319] (see also chapter [4)).

It is also important to notice that, in order to be conservative, the KM3NeT DP from
Ref. [318] shown in Fig. excludes the region 6 2 50° which is only visible above the horizon [27],
318]. The reason is due to the fact that the DP has been evaluated only considering upgoing
tracks, for which the visibility harshly drops to zero at high declinations [318], leading to a
worsening of the DP. However, similar to IceCube, future event selections of KM3NeT (e.g.
down-going tracks) are also expected to probe neutrino sources via high-energy track events
at high declination angles. Likewise, KM3NeT is also expected to have a good sensitivity and
angular resolution to cascade events [27]; see also Ref. [304]. Similarly, IceCube-Gen2 is also
expected to improve the detection prospects of Galactic neutrino sources with the inclusions of

cascade events as well as by a surface veto for atmospheric background events [319].

7.3.1 Stacking Search and Candidate Neutrino Sources

In Ref. [6], IceCube also searches for the combined neutrino emission from three catalogs of
SNRs, PWNe, and unidentified y-ray sources. Each catalog comprises 12 local ~-ray sources
with most promising expectations for neutrino emission under the hypothesis of correlated -ray
and neutrino production from CR interactions. Assuming an equal weight for each source, the
IceCube analysis finds an excess of more than 30 from each of these catalog; however, as already

pointed out in Ref. [6], it is not possible to interpret these results as independent evidence of
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neutrino sources due to the spatial overlap with the Galactic diffuse emission templates combined
with the limited angular resolution of the cascade data. Tab. [7:2] lists the catalogs of SNRs
and PWNe that were analyzed in terms of their combined neutrino emission in Ref. [6]. The
table shows the sources ordered by increasing Galactic longitude ¢ and with their estimated
distance Dyin < D < Dpax. For sources with no available distance uncertainties, we estimate
the uncertainty from the most probable source location D as D™" = D/2 and D™ = 2D,
following the approach of Ref. [287]. For sake of completeness, the bottom rows of Tab. also
list the nearby YMSCs [327H330] shown in Fig.

Since the distance of these sources is quite uncertain, we assume a flat prior on the distance,

f(D) = (Dpax — pmin)=1 Therefore, we can evaluate the flux of a single source as:

DEllaX
LigoTev LigoTev
E?® = dDf(D = : . 11
/ 1(D) 47 D? 4m Dimn Dinax (7.11)
D;nin

We notice that for sources which have no distance uncertainty, Eq. provides just the
expression E2® = Ligtev/4mD?.  Using this approach, the upper limits on the combined

emission ®99%UL can be written as

-1

Neat
9 - 1
2 §90%UL 2
Liootev < E (I)stack [ 47TD;ninD;nax‘| : (712)

i=1

Note that the location of a particular SNR candidate (HESS J1614-518) (see Tab. is un-
kwown. Therefore, we exclude this source in the sum of Eq. [7.12] which provides a conser-
vative upper limit on Liggrev for SNRs. We will therefore consider in the following the per-
flavor upper limits of IceCube’s catalog stacking searches to derive bounds on the monochro-
matic neutrino luminosity of SNRs and PWNe. At the 90% confidence level, the combined
flux is limited to E2®%%UL ~ 9.0.107? GeVem 25! for the SNR catalog and E29%0%UL ~
9.5-1072GeVem 257! for PWNe. As a result, we obtain limits on the neutrino luminosity of
Ligotev < 3.7-10%2 ergs—! for SNRs and Liggtev < 1.2-10%2 ergs—! for PWNe.

In the following, we discuss the astrophysical consequences of our analysis. Let us begin
by estimating the expected neutrino flux level provided by diffuse CRs colliding with gas.
The energy-loss timescale for hadronic collisions can be written as 7,, = (k;appcngas)_l ~
50 MyT (ngas/1cm?) (see Eq. for more details), where we have used o,, = 410726 cm? for
reference and ngqs = 1 ecm~? as a gas density (notice that the gas density in the Milky Way is

typically ~ two orders of magnitudes lower than the typical ISM density in SBNi). The local
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CR density is E?>ncr(E) ~ 7.5 - 107°(E/GeV)~%7 GeV cm ™ for CRs in the GeV-PeV energy
region [336]. From ncr(F), we can determine the CR spectrum (Nggr) (units of GeV™!) by as-
suming that they are homogeneously (and predominantly) concentrated along the galactic plane
(|z| £ A =100pc). Therefore, we can write g Neog =~ 2Ancg, with A ~ 100 pc. Consequently,
the neutrino flux is expected to inherit the soft spectrum of local CRs with @, o E, 27, Indeed,
we can estimate the per-flavour neutrino spectral production rate (units of GeV~! s_l) using

the multi-messenger relations [3]

E2Q, ~ (1/6)r;] [E?NCR] (7.13)
Ecr=20E,

Considering a pivotal energy of E, = 100 TeV (corresponding to Ecg = E, /0.05 = 2PeV), we

arrive at Yo Liggrey ~ 4 - 103! ergs~! kpe™? which yields an angular-integrated diffuse flux of

(see Eq. [7.5):

E 07 Gev
B2y ~ 8- 107 ( Sl ” : 7.14
v EMW ( 3 100 TeV cm?s (7.14)
This estimate is indeed in the vicinity of the flux level inferred by IceCube (see Fig. [7.1)), indi-

cating the strong contribution of Galactic diffuse emission to the signal.

7.3.2 SNRs

QD neutrino emission associated with CR interactions near or within their sources is expected
to follow the hard emission spectrum Q, o E, 2 of freshly accelerated CRs. SNRs have been
argued to supply the bulk of Galactic CRs below the CR knee [337, 338]. By the end of the
Sedov-Taylor phase, a significant energy fraction ecr of the initial SN ejecta energy of Fsn could
be transferred to CRs via diffusive shock acceleration (DSA) [339H343]. Considering Ncr o< B2,

we can normalize the spectrum:

Ey
/ ENcr(E)dE = €Esx (7.15)
Eo

therefore the normalization factor is x = 1/in(E1/Ep). Assuming Ey = 1GeV and E; =
1PeV, we obtain x ~ 0.07 and E?Ncgr ~ &xEsn. We can estimate the neutrino luminosity
using the above-mentioned multi-messenger relation: Ligomev =~ £1034(Egn/10%terg)ergs™t.

Interestingly, the upper limit (7.12) from the SNR catalog search limits the CR acceleration

efficiency to a level of about 5% of the benchmark values for the chosen source parameters. CR
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acceleration remains effective until the onset of the radiative phase at time [344]

Fsx 4T\ TIT
~4-10* £as 7.16
TRP v ( 1051 erg) lem—3 (7.16)

1

We can then estimate the number of active SNRs from the local SN rate of Rgy ~ 0.03 yr—
as Nsnr =~ Rgntrp =~ 1200 [297], which corresponds to a local surface source density of Y =~

1 would

1.6 kpc_2. Based on this surface density we can estimate that Ligomev ~ 6 - 103! ergs™
be sufficient to saturate the diffuse flux, as can be seen in Fig. [7.5] This is consistent with above
estimate of the neutrino luminosity for moderate CR acceleration efficiencies. This demonstrate
that theoretically SNRs can produce the totality of the measured galactic neutrino flux level.
We stress that in this approximated approach the SNRs are way below the calorimetric limit,
since the calorimetric fraction can be approximated as Trp /7, < 1. However, it is important to
stress that the production of 100 TeV neutrinos is a challenge for the standard DSA theory (see
for instance [283H285]), since they should be able to accelerate CR up to PeVs energies. The
acceleration conditions are expected to be more favorable for powerful (yet rare) core collapse
SNe (hypernovae). In fact, for these sources Esy ~ 10°2erg [I15], 345]. The rate of these
hypernovae is ~ 1 — 2% of the SN rate [3461348| corresponding to about Mgnr =~ 30 active
hypernova remnants (HNRs) and a local surface source density of Yo ~ 0.04 kpc 2. The

I as shown

required luminosity to saturate the diffuse flux becomes now Ly ey =~ 2.5-1033 ergs™
in Fig. and consistent with our earlier estimate for moderate CR acceleration efficiencies of

a few percent.

7.3.3 PWN

There is a general consensus in ascribing the observed multiwavelength radiation from PWNe to
leptonic mechanisms [349]. However, protons could also be extracted from the surface of spinning
neutron stars and accelerated up to very high energies [350]. They could then be confined for
a long time in a region surrounding the nebula, often referred to as a TeV halo, characterized
by reduced diffusion [35I]. The total number of y-ray emitting PWNe in the Galaxy can be
estimated from the SN rate Ry and the lifetime tpwn < 10° yr as Npwn ~ Rsntpwn =~ 3000
[352], corresponding to a local surface density of ¥ ~ 3.6 kpc 2. The corresponding neutrino

1 as shown in

luminosity required to saturate the diffuse flux becomes Ligorev ~ 2.8 103! ergs™
Fig. Considering an initial spin-down power Ly we estimate the time-integrated CR spectrum

as E2Ncr ~ EntpwnLo ~ £2-10%° erg where € is the conversion efficiency of spin-down power into
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CRs. The neutrino luminosity can now be estimated as LiggTev = (1/6)1513191 (taig /tpwN ) E?NoRr =~
€ 3-10%2ergs™!, where we estimate tqig ~ 10% yr as the timescale of diffusive PeV CR escape
from the PWN. Therefore, considering high CR acceleration efficiencies, it is feasible that PWNe

can contribute substantially to the Galactic diffuse flux.

7.3.4 YMSCs

YMSCs are another class of promising candidate CR PeVatrons [353]. They are often defined
as compact stellar aggregates characterized by a cluster mass > 10 My and a relatively young
age tymsc ~ 1 — 10 Myr [354]. YMSCs can sustain powerful winds of kinetic luminosity Liin ~
103% —103% ergs—! where CRs can be efficiently accelerated at the wind termination shock [353].
In addition, SNe can dominate the CR injection power 5—10 Myr after the cluster formation [355].
The local number density of YMSCs can be estimated from the local star formation rate density
~ 5000 Mg Myr—! kpc=2. Assuming that about 10% of stars end up in bound star clusters and
that YMSCs contribute about 10% to the overall star cluster luminosity function (see Ref. [354]
for details) it is possible to estimate the YMSC surface density as Yo ~ 0.02 — 0.2kpc™2 for
which one can expect diffusive shock acceleration at the wind termination shock to be the
dominant acceleration mechanism. For ¥, ~ 0.04 kpc™?2, that we also used in our previous
estimate for HNRs, we see that the luminosity required to saturate the diffuse flux becomes
Ligotev ~ 2.5 - 1033 ergs™! as shown in Fig. Using this value, we obtain that the total
neutrino flux of the YMSC catalogue in Tab. is E2@YMSC < 16-1078GeVem 2571 We
can estimate the time-integrated CR spectrum as E?Ncr = ExtymscLiin ~ €2 - 10°1 erg for
typical YMSC conditions, by using CR acceleration in the wind termination. The neutrino
luminosity can now be estimated as LiggTev =~ (1/6)t;plE2NCR ~ £ 3.10% ergs™!, where we
assumed ngas >~ 0.1 cm?® as the average gas density in the shocked wind region. Also in this case,
for high CR acceleration efficiencies, it is possible for YMSC to saturate the diffuse galactic flux

level.

7.4 Impact of the Extension of the Sources

In this section, we show the impact of the source extension over the limits on the galactic source
population. In fact, in the previous sections, we have considered an extension of Ry = 10 pc as
a benchmark value to estimate the scaling of point-like discovery potentials for extended Galactic

sources. However, the discovery horizon of Galactic sources depends strongly on this assump-
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Figure 7.6: Same as Fig. but considering the discovery potential for point-like sources (left
plot) and for sources with a 50 pc radius (right plot).

tion. As an illustration (here we just consider the azimuthally-independent source distribution),
Fig. shows the exclusion limits of Galactic populations (as compared to Fig. for point-like
sources (left panel) and sources with a radius of Rs.. = 50 pc, typical for YMSCs [356] and also
an average value for the radius of a Pulsar TeV Halo, which can extend up to ~ 100 pc [357].
Indeed, identifying PeVatrons of large extension will be challenging for the upcoming detectors,
even though dedicated multi-messengers analyses might improve the discovery prospects. Note
that the sources extension is less relevant for cascades-based analyses of Ref. [6] due to the large
intrinsic angular uncertainty of event reconstructions in IceCube. We also emphasize that in a
more realistic scenario sources will have different sizes and this could impact the limits as well.
For instance, if local sources have a reduced radius with respect to sources near the Galactic

center, this might well lead limits very near to the point-like case shown in Fig. [7.6]

7.5 Conclusions

In this chapter, we have studied the possible contribution of galactic sources to the galactic
diffuse neutrino emission. In particular, we have developed a model-independent formalism to
describe the QD emission of different galactic source templates. We have discussed the expected
quasi-diffuse flux of unresolved source in a model-independent way by considering the average
surface source density and luminosity of Galactic source populations. We have shown that our
results are robust against variations of Galactic source distributions along the Galactic plane. We

have shown that the combined contribution of the sources can be dominant at 100 TeV, which is
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also consistent with the non-observation of individual galactic neutrino source, for the moment.
Indeed, due to IceCube’s limited angular resolution of cascade events, the spatial morphology of
QD emission is practically indistinguishable from diffuse emission from CR interactions in the
ISM. Future observations of Galactic neutrino sources will allow us to improve our methods,
e.g. by modeling sources via their luminosity function and their variability of source spectra. We
have also introduced the concept of discovery horizon for individual galactic neutrino sources
of high-energy neutrino telescopes. We have utilized the IceCube’s point-source DPs for E~2
source spectra. We accounted for source extensions by rescaling the PS DPs with the source solid
angle, which is a good approximation for background-dominated data. However, we emphasize
that realistic source spectra might be characterised by breaks or cutoffs at 100 TeV (due to the
limited maximal energy reachable by CRs). Only dedicated analysis (by IceCube) will be able
to provide us with more realistic discovery horizons.

Despite all of this, even in the most optimistic conditions of unbroken power-law emission
and negligible source extension, IceCube’s discovery horizon for Galactic sources is presently
insufficient to exclude a dominant QD emission of Galactic sources at 100 TeV (see Fig. [7.6).
This scenario might also be constrained by gamma-ray data, but we will explore additional
constraints arising from a combined analysis of gamma-ray and neutrino data in future studies.

We have also estimated the prospects for the upcoming KM3NeT/ARCA [27] detector and
the planned IceCube-Gen2 to probe galactic QD emission. We have found that for fiducial source
radius of 10 pc, the most promising targets for future studies are HNRs and YMSCs. We have
also found that it will be hard to discover spatially- bigger pevatrons due to the worsening of the
DPs for the extension (see also [304] for other details), although KM3NeT/ARCA is expected to
have a good DP for neutrino-cascade events which are expected to be less dependent of the source
sizes due to an intrinsic greater angular uncertainty [27] (see [304] for details about searches of

galactic pevatrons using neutrino-cascade events).
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SNR Catalog of Ref. [6]

Source name ¢ 1°] D™ [kpc] D™ |kpc]

HESS J1912+101 44.5 3.4 4.8
Gamma Cygni 78.2 0.49 1.96
Cassiopeia A 111.7 3.3 3.7

Vela Junior 266.2 0.5 1

RCW 86 315.1 2.1 3.2
HESS J1457-593 318.2 2.3 3.17
SNR G323.7-01.0 323.6 3.5 6
HESS J1614-518 331.5 - -
RX J1713.7-3946 347.3 0.9 1.1

CTB 37A 348.4 6.3 12.5
HESS J1731-347 353.5 2.4 6.1
HESS J1745-303 358.8 3.13 3.85
PWN Catalog of Ref. [6]

Source name 2] D™ [kpc] D™ [kpc]
HESS J1813-178 12.8 2 8
HESS J1825-137 18.0 2.9 3.3
HESS J1837-069 25.2 3.6 4

Crab nebula 184.5 1.7 2.1

Vela X 263.3 0.25 0.3
HESS J1026-582 285.1 2.5 10
HESS J1303-631 304.2 0.75 3

Kookaburra 313.3 2.8 11.2

MSH 15-52 320.3 3.8 6.6
HESS J1616-508 332.3 2.7 3.3
HESS J1632-478 336.3 1.5 6
HESS J1708-443 343.1 1
List of YMSCs shown in Fig.

Source name AN D™ [kpc]| D™ [kpc|

Arches 0.1 7 9

Quintuplet 0.2 7 9
RSGCO01 25.3 5.05 7.73
RSGC02 26.2 5.05 7.74

Cygnus OB2 80.2 1.24 1.94
h Per (NGC 869) 134.6 1.84 2.44
x Per (NGC 884) 135.0 1.84 2.44

NGC 3603 283.7 6.6 8.6

Westerlund 2 284.3 3.84 4.48

Trumpler 14 287.4 2.6 3.4

Westerlund 1 339.6 3.54 3.72

DBS2003 179 347.6 6.9 9.1

Table 7.2: List of SNRs and PWNe studied in Ref. [6] in ascending Galactic longitude ¢. The
distance range is taken from Ref. [335]. For spygces where only an approximate distance D is

provided, we follow the approach of Ref. [287] with D™®

are nearby YMSCs [327H330] indicated in Fig.

D/2 and D™ = 2D. Also listed



Chapter 8

Details on the Cherenkov Neutrino

Telescopes

In this chapter, we discuss details about the neutrino interactions and telescopes in order to

clarify details used in the previous chapters which are especially discuss in the following one.

8.1 Neutrino Interactions

Neutrinos only interact with matter through the weak interaction. Indeed, the neutrino 1 (of a

given flavour 1) interaction with a target nucleon N are (see [358] [359)] for details)

Wi
CC:yy+N—1+X
(8.1)

NC: V1+NZ—O>V1+X

where 1is the corresponding lepton to the neutrino flavour (electron, muon, tau) and X represents
the hadronic cascade resulting after the interaction. The difference between the interaction is
that the first one is mediated by the boson W+ and the second one by Z°. Interactions mediated
by W are also referred as charged-current CC interactions, while the the interactions mediated
by Z° are also called neutral-charged interactions [358]. For example, at very high energies

(1016 eV < E, < 10%! eV), the cross-sections can be approximated by (see [360] for more details)

E, \“
CcC —36 v
=5.53-10 _— 8.2
IyN = 553 (1 GeV) (8.2)
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and

E @
NC —36 v
=231-1 .
TN 5110 <1 GeV) (8:3)

with a ~ 0.363 [360]. Even though Eqs and do not represent the vN cross section on
the total energy range, they show that CC interactions are more probable than NC [358]. As
we will see below, the different interaction channels lead to different kind of hadronic showers,
consequently leading to different observable topologies in the events recorded by a neutrino

telescope.

8.2 Cherenkov Light

The hadronic shower produced because of the interaction between nucleons and neutrinos mostly
release relativistic particles, which are able to induce Cherenkov radiation into the material [358]
(see also [361] for further details). When a charged particle passes through a material with a
velocity v > ¢/n, where ¢/n is the light velocity in the medium (n is the refractive index of the
medium), it polarises the medium, producing a dipole momentum along its trajectory [358]. The
medium reacts by emitting electrons in order to restore equilibrium and therefore emit photons,
the so called Cherenkov photons, coherently and with fronts in a specific directions forming a

cone angle with the lepton initial direction of motion [35§]

cos(fc) = % (8.4)

where § = v/c. For relativistic particles 8 ~ 1, c = 42.7° for sea water (n = 1.36) and
Oc = 40.7° for ice (n = 1.32) (the refractive index refers to the visible light wavelengths, where
these materials are transparent to light) [358]. The number of photon emitted by the material

per unit of particle travelled length = and wavelength X is [358]

N 2raZz? 1 2raz? 1
N _2maZ7 () ~ SO (g (8.5)
dxd\ A2 B2n2(X\) A2 n2(\)

where « is the fine-structure constant, Z is the charge of the particle and the last passage of Eq.

holds in the ultra-relativistic regime 8 ~ 1. Eq. demonstrates that radiation with lower
wavelengths are mostly emitted. Therefore, neutrino telescopes are constructed to be especially

sensitive to the blue and UV light [358].
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8.3 Light Propagation in the Medium

When the Cherenkov light propagates through the medium, it gets absorbed and scattered by it
[358,[359]. This sets quantitative upper limit on the distance between optical sensors of a neutrino
telescope[359]. From a quantitative point of view, we can define the absorption coefficient a(\),
the scattering coefficient b(X) and also the attenuation coefficient ¢(A\) = a(\) + b(A\)[358]. The

light intensity propagating through the medium (in general ice or water) is [358] [359]
Li(x, A) = Tp(A) (A)e /M) (8.6)

where x is the length of the path of the light in the medium, ¢ runs over absorption, scat-
tering and attenuation and the L;(\) represents the corresponding lenght defined as (La(\) =
a~t(A),Ly(A) = b7 1(A),Le(A) = ¢ H(N)) [358]. From these definitions, we can see that [359]

(8.7)

Another important quantity is the effective scattering length, which takes into account the
scattering angle between the initial direction of light and the scattered light [358]:

LEH(/\) ~ Lb()‘)

1 < cos(0) > (88)

where < cos(f) > is the average scattering angle cosine. For 350nm < A < 550nm, Ly(\) ~
100 m and Ly, (A) ~ 70 m respectively for polar ice and sea water [359]. This means that under
the same instrumented volume, the effective volume of a telescope would be higher in the ice,
because photons travel longer distances before getting absorbed [358]. By contrast, the effective
scattering length is higher in ice than in sea water, leading to a greater degradation in the

angular resolution in ice [358].

8.4 Event Topology for a Neutrino Telescope

As mentioned above, different neutrino interactions lead to different topology in the events

observable by neutrino telescopes. They are in general divided in several categories [358] [359]:
e Track-like events

e Cascade or Shower events
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e Double-bang events

Track-like or simply tracks events are mostly generated by v, in CC interactions [358]. In fact,
the outgoing muon produced by the interaction might propagate for several meters, depending
on the energy (few meters for E, ~ 1GeV and kilometers for E, > 1TeV [358]), producing a
long track in the detector before decaying in electrons [358]. This event topology is particularly
important when it comes to detecting point-like astrophysical neutrino sources, since the track
generally allows for a good reconstruction of the muon direction and, consequently, the direction
of the parent neutrino [358]. Indeed, the angle between the initial neutrino direction and the

muon direction is given by [358], [359] (see also [362] for other details)

0.6°
0 < —— (8.9)
E,
1TeV

Eq. B9 is fundamental for a neutrino telescope, since it shows that neutrinos can be traced
back by muons. Furthermore, since neutrinos are not electrically charged, they trace back to the
source which has emitted it [362]. This is also the same concept used for photons in conventional
astronomy. On the other hand, since muons propagate for long distances, only a small fraction
releases its energy in the detector, leading to a very poor energy resolution for the track channel.

Since at the ground level, the atmospheric muon flux exceed the flux of atmospheric neutrinos
by a factor of 10!, neutrino telescopes are deployed underwater or under-ice in order to harshly
reduce the contamination of atmospheric muons (see next chapter for further details about this)
[359]. Nonetheless, this is not sufficient to suppress all the muons. Indeed, their flux exceed
the atmospheric muon flux induced by atmospheric neutrinos by 5 order of magnitudes even at
3000m of depth [359]. As a result, the technique used to further reduce their contamination is
using the Earth as a shield for muons, taking into account only the upgoing events [27] [318] 359].
The upgoing events— events which comes from below the detector— are the ones moving upward
in the orientation of the detector [359], so in practice, they are the events which has to pass
through the Earth before arriving into the detector; thereby, they have a higher probability of
interactions with particles before reaching it. This makes sure that most of the muons observed
at the detector are given by neutrino interactions. However, as we will see below, many down-
going muons are mis-reconstructed as up-going, leading to a contamination in the track event
sample. Cascade or shower events are generated by the hadronic and electromagnetic showers
of particle which emit an almost spherical short-range light pattern [358]. They are produced

by all-flavour neutrinos in NC interactions as well as by electron neutrinos in CC interactions.
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For instance, when a neutrino interact via NC interactions, they produce an hadronic shower
which is characterised by a small-range particle and a sizeable part of the parent neutrino energy
is deposited into the detector [358]. The point is that the outgoing neutrino (produced after
the interaction of the incoming neutrino)carry itself a part of the in-going energy making it
hard to estimate it in this channel [358]. By contrast, when an electron neutrino interact via
CC interaction, both an hadronic and electromagnetic cascades are produced. In fact, electrons
release their energy through bremsstrahlung at the interaction vertex and the two showers allow
for a very good reconstruction of the neutrino energy. However, the showers, since they have a
few meters of extension, do not allow for a good reconstruction of the initial neutrino direction,
leading to a harsh angular resolution [358] (see [362] and Refs. therein for further details). For
this reason, the cascade channel is useful in order to study the diffuse emission of sources, where
it is not crucial to discriminate the direction of astrophysical neutrino sources. In fact, as we will
see better in the next chapter, the way in order to overcome the background issue, is to use the
contained events, namely the events which interaction within the instrumented volume of the
detector. This eliminates most of the background, preserving most of the good-quality showers
events. Double-bang events are the ones generated by v, via CC interactions. In particular,
the 7 lepton produced decay right after the interaction producing an electron or muon (with a
branching ratio BR = 35%) and into hadrons (with a branching ratio BR = 65%). In case of
production of a muon, a track is observed; otherwise a cascade is observed [358]. In particular,
for energies 2PeV < E, < 20PeV of the primary neutrino, both cascades are observable and
these events are called double-bangs [358]. In other energy ranges, the probability of observing

the second cascade is very low and in general these events are called lollipops [358].

8.5 The KM3NeT Project

The KM3-scale Neutrino Telescope [27) [358] or simply the KM3NeT project is a research infras-
tructure which will feature the next generation of Cherenkov Neutrino telescope in the Mediter-
ranean sea. It will be constituted of two neutrino telescopes: ORCA (Oscillation Research
with Cosmic in the Abyss) [27] [358] [359] is designed in order to probe fundamental neutrino
physics such as oscillation neutrino parameters and neutrino mass hierarchy, studying astro-
physical and atmospheric neutrinos with energies 1 MeV < E, < 100 GeV [27]. Its location is
42°48' N 06°02 E, namely about 40 Km offshore from Toulon (France), at a depth ~ 2500m [27].
ARCA (Astroparticle Research with Cosmic in the Abyss [27], [358] [359]) is designed in order to

probe high-energy neutrinos from 100 GeV < E,, < 100PeV. It is currently under construction
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at the location 36°16' N 16°06 E, at ~ 100 Km offshore Sicily (Porto Palo di Capo Passero) at a
depth of ~ 3500 m [27]. The detector will consist of arrays of Digital Optical Modules (DOMs),
which are pressure-resistant spheres, containing 31 PMTs with 3-inch photocatode diameter
[27, 359]. The DOMs are being arranged in detection units (DUs), vertical strings anchored on
the sea floor. Each DU consists of 18 DOMs [27], [358] [359]. Even though, the physics target is
different, both ARCA and ORCA will share the same technology. The main difference will be
the spatial configuration of the detectors: the horizontal distance between each DU will be 90 m
for ARCA and 20 m for ORCA, the vertical distance between each DOM will be 36 m for ARCA
and 9m for ORCA. Finally, the lowest DOM will be 70 m above the seabed for ARCA and 30 m
for ORCA (see [27] for details). At the time of writing, there are 21 lines taking data for ARCA

and 18 for ORCA, already working and taking actual data.

8.6 Building Blocks

The KM3NeT detectors can be visualised as three dimensional arrays of DUs (or simply strings)
[359]. These arrays are also denominated as building blocks. When completed, ARCA will be
constituted of two building blocks, while ORCA by only one [27]. The main parameters which
describe the array and modify the properties of the detector are: 1) the number of strings,
2) the vertical distance between DOMs, 3) the horizontal distance between strings, it 4) the
number of DOMs for each string [359]. Here, focusing only on the KM3NeT/ARCA detector, we
report, following Ref. [359], a simulation study on the number of neutrino events expected from
the galactic source SNR RXJ1713.7-3943 has been carried out for several values of the water
absorption length [363] (see also [359]). In particular, Fig. shows the number of expected
events for 1 year of data taking from RXJ1713.7-3943 as a function of the number of strings, on
the left, and of the number of DOMs, on the right. Furthermore, the color scheme corresponds
to different scaling factors applied to the absorption length of seawater [363].

Fig. also demonstrates that the optimum configuration is obtained for ~ 115 strings
and ~ 18 DOM for each string, confirming the number reported in the previous section [363].
Therefore, the definition of building block is the minimal detector configuration which maximize

the efficiency [359).
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Figure 8.1: Left: The expected rate of signal events from the RXJ1713.7-3943 source as a
function of the number of strings (DUs). Left: The expected rate of signal events from the
RXJ1713.7-3943 source as a function of the number of the DOMs. For both images, the color
scheme corresponds to different scaling factors applied to the absorption length of seawater [363].
Images taken from the open-access Ref. [363]. These images have been also shown by Ref. [359].

8.7 Background Characterization

One of the aim for a neutrino detector is to discover an excess of astrophysical neutrino events
over the background events. The background events for an optical neutrino telescope is comprised
by background light produced by natural radioactivity as well as byproducts of interactions of

CRs with the Earth atmosphere [27], 359].

8.7.1 Natural Radioactivity

Natural radioactivity can be presented in the sea. Indeed, there could be emission of Cherenkov
light produced by the propagation of charged particles after the decay particular elements in the
water [359]. The most abundant element is *° K, which predominantly (Branching ratio ~ 89%)
decays into [359]:

YK - 9Ca+ e + 7. (8.10)

the energy of the electrons produced by the reaction is sufficient to produce Cherenkov light
in the sea water [359]. Another reaction for 40K is given by the electron capture phenomenon

(branching ratio ~ 11%) [359]:

VK e = PAr v, 47 (8.11)
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The photon produced has a energy distribution peaking at £, ~ 1.46 MeV, thereby it might
induce the production of electrons (due to Compton scattering) above the threshold to produce
Cherenkov light inside the water [359]. Another source of background is the light emitted by
biological organisms inside the water (also called bio-luminescence) [359]. The contribution given

by bio luminescence light can be divided in two categories [359]:
e Contribution from small bacteria: duration of days
e Contribution from large-size organisms: burst activity of duration ~ 1s

The first category produce a steady and almost homogeneous rate for the photomultiplier count
[359]. On the other hand, the contribution from larger organisms are expected to be spatially
localized as well as have a smaller time duration, although they are expected to provide a
higher contribution to the background rate [359]. Therefore, the two components due to the
bio luminescence produce two different impact in the data taking. In order to quantitatively
assess the presence of organisms able to produce bioluminiscence, several experiments have been
conducted several in situ. In particular, sea water has been retrieved for different values of depth
at Capo Passero (KM3NeT/ARCA construction site). Below ~ 2500 m, no luminescent bacteria

have been found [359).

8.7.2 Physical Background

The main component to the physical background of a Cherenkov neutrino telescope is given by
the byproducts of the interactions between CRs with the Earth atmosphere. Indeed, as analyzed
in the previous chapters, when a proton interact with matter, they produce many particles, such
as pions and kaons, which in turn decay in neutrinos. Therefore, these interactions, extended air
showers, are bound to produce an overwhelming background of neutrinos, also called atmospheric
neutrinos [27] 318, 3591 [364]. The atmospheric neutrino flux is usually divided in two components:
the conventional component and the prompt one [365]. The conventional component is given
by the neutrinos produced by the consequent decays of pions 7 and kaons K, in a similar way
as analysed for the SBG neutrino component in the previous chapters. On the other hand, the
prompt component is given by neutrinos produced by the decay of heavy hadrons [365]. This
component is mainly given by the decay of charmed heavy mesons [365], [366]. This component is
dominant at high energies, since the decay length for 7, K becomes effectively lower than their
path length in the atmosphere [366]. As a consequence, the contribution of the decay short-lived

hadrons becomes evident [366]. The conventional component is calculated according to Ref.
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[367]. The prompt component is modelled through Ref. [366]. For both fluxes, we apply a knee
correction [368] (see also [326] for further details). In general, the expected atmospheric flux
behaves as a power-law flux with a very soft spectral index v ~ 3.7 [367]. Therefore, testing
the hypothesis of an astrophysical neutrino signal above an atmospheric neutrino background
generally exploits that the signal consists of an harder spectrum (y ~ 2 — 2.2) [27, 318, 326].
Another crucial component to the background events is given by atmospheric muons. In fact, in
extended air showers, muons are mostly producing collimated, hence forming the so called muon
bundles [3I8]. These muons are expected to arrive almost simultaneously, with a very small
spread time ~ 1ns [369]. We simulate atmospheric muons through MUPAGE [369], [370], which
parameterizes the expected muon flux underwater as a function of the distance to the shower
[369]. As we emphasized above, the background of atmospheric muon is rejected through the
Earth shielding. However, many muons get reconstructed as upgoing even though down-going,
mimicking neutrino interactions [369]. This process of mis-reconstruction impacts at least ~ 40%

of down-going muons [369].

8.8 KM3NeT Monte Carlo Simulation Pipeline

Monte Carlo (MC) simulations are tools used in order to quantify the properties of a neutrino
detector. In this section, we outline the simulation pipeline used for the KM3NeT detector which
is also employed in the next chapter to evaluate its quasi-differential sensitivity. The simulation
are carried out assuming the nominal geometry expected from the two ARCA building blocks
(BBs) (see [27] for other details about the detector geometry). Furthermore, simulations consider
the two BBs as independent. Therefore, simulations are performed on KM3NeT /ARCA 115 and
then the number of events is simply multiplied by 2 [27]. The first step of the simulations is to
generate each particle which could generate an observable signature in the detector. Then, it is
important to simulate the interaction between the particles and the medium, and consequently,
simulate the Cherenkov light propagation in the seawater, the produced signal, . Finally, the
detector response is calculated, trigger and event reconstruction. See [27] 358 [359, B71] for
more details. In this section, we outline the simulation tools and pipeline used in the KM3NeT

Collaboration and which we are going to use in the next chapter in order to evaluate its sensitivity.
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8.8.1 Event Generation

In this section, we describe the event generation in the simulation pipeline. Firstly, we are going

to describe the neutrino event generation and then we turn to the atmospheric muon generation.

Neutrino Generation

In order to fully generate neutrino events, we start from their direction, the energy and the posi-
tion [371]. In order to do this, the detector active volume is modelled as a cylinder surrounding
the instrumented volume [27], 358, 359, [371]. This cylinder is also referred as can and it can be

visualized in Fig. [8:2] In particular, the can is represented as a yellow cylinder anchored to the
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Figure 8.2: Left:The can (yellow cylinder) surrounding the instrumented volume of the detector
(blue cylinder). The can is anchored to the seabed. The image also shows the orientation of the
frame of reference for the event simulation (see [371] for more details). Right: The Cartesian
frame of reference used in gSeaGen for simulations of neutrino-induced events. The figure also
shows the source altitude a, its azimuth angle A and their relation with the angles # and 6,
defining the arrival direction of neutrinos. Both images have been taken from the open-access
Ref. [371]. Similar images reported also in [358], [359].

seabed. The instrumented volume of the detector is shown as a blue cylinder. The code used
in order to generate neutrino-related interactions is gSeaGen [371]. Only the events leading to
Cherenkov light in the can are registered and considered in the output files [371]. For instance,
only events occurring inside the can or producing a muon reaching the can surface are taken in
account [371]. In this sense, the can may be considered as an horizon for the light emitted by the
neutrino interactions [371]. The right panel of Fig. reports the Cartesian frame of reference
used in the code for the simulations. In particular, the z-axis is defined to point toward the local

zenith, x-axis points north and y-axis points west in order to form a right-handed frame (see
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[371] for more details). The neutrino direction is defined through two angles 6 and ¢. These

angles are related to the altitude a and the zenith A of the source [371]

h="—a
2 (8.12)
¢p=2m—A

In the case of diffuse neutrino simulations, 8 and ¢ are randomly extracted by an isotropic

distribution and then the neutrino direction cosines can be evaluated with [371]

n, = —sin(f) - cos(¢)
n, = —sin(f) - sin(¢) -

n, = —cos(0)

In case of point-like neutrino source emission simulation, § and ¢ are generated along the ap-
parent trajectory of the source in the sky due to the Earth’s rotation, using the equatorial
coordinates of the source and the geographical coordinates of the detector (see [371] for more
details).

The position of neutrinos (the interaction vertexes) is generated by means of a circular surface
with radius Ry [37I]. This generation area is tangent to a sphere centered at the can with a
radius Ry,. This radius represent the diagonal of the interaction volume (be careful that the
generation area is always outside of the interaction volume). Finally, the generation area radius

can be related to the detector diagonal through [37T]
D
Ry = 5 +100m (8.14)

Neutrinos are generated following a power-law spectrum £~ by binning the energy spectrum
in log(E). In particular, the number of neutrinos can be determined in each bin through [37T]
Einax -
[ E77dE

Nj = Nyog e (8.15)

f§m E-7dE

where Nyo is the total number of neutrinos from En, and Epax [371].
After generating this information, it is important to simulate the neutrino interactions in the
medium [37T], either the rock or water. For instance, for upgoing neutrino events, the Earth

absorption effect has to be taken into account in order to correctly estimate the number of events
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in the detector. The probability for a neutrino to pass through without interacting is given by
[27, 358, [359, [B71]

PEarthg:os(O) = e_NAU(E)pl(G) (816)

where N, is the Avogadro number, o(FE) is the neutrino cross section and finally p;(6) is the

effective column density [358, B7I]. The effective column density is [371]

pi(6) = /L parn(1)dl (8.17)

in practice is the total column density which the neutrino encounters during its path in the
Earth.

The power of MC simulations is also that even if neutrino are generated from a particular
energy spectrum, they can be re-weighted to change it [359] (see also [358], B71]). For example,
it is possible to generate atmospheric and cosmic neutrinos with the same set of parameters and
then re-weight the spectra with the corresponding MC weight to obtain the correct spectra [358].
This is an important tool also to minimize the quantity of information needed to perform these

simulations. The idea is to define a MC generation weight with [359]

O(E,0,9)

Were = 5 (5.0.0)

(8.18)
where ®(E, 6, ¢) is the model flux needed to simulate and ®gen(E, 0, @) is the generation flux.
The generation flux can be reconstructed by the number of simulated neutrinos arriving in the
detector. In fact, it is possible to define a MC generation weight is defined as [358], B71] (see also
27, 359])

VgentgenloIEEY0(E, ) pNAPEarth

Ween = 8.19
ge Ntot ( )

where I = fEE “‘:" EYdE [358], Iy = 27(cos8|max — €080|min) for diffuse emission and Iy = 1
for point-like emission [358, B7I]. Tgen is the simulated lifetime. Vgen is the generation volume,
namely the volume. Finally, Ny is the total number of generated events [359, B7I]. wgen
represents the inverse of the generation flux ®gen(E,6,¢). Therefore, we have that the final

event simulation is [358] [359, [37T]
Wevt = Wgenq)(Ev 97 ¢>) (820)

In this way it is possible to obtain different neutrino spectra from the same generated neutrino
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flux.

Atmospheric Muon Generation

For atmospheric muons, as outlined in the previous section, the code used is MUPAGE [369, B70].
In particular, such a code allows for strongly reducing computation time, which is fundamental
especially for a very huge detector like ARCA [359]. The code describes the angular and energy
spectrum of muons with depths between 1500 m and 5000 m below the sea level and with zenith
angles below 85° [359], using parametric formulae to describe the muon flux [370]. The para-
metric formulae have been obtained through MC simulations of the shower propagation in the
atmosphere through the HEMAS [372] code [370]. MUPAGE assumes that all muon bundles
are parallel to the particle shower axis and that they arrive at the same time to the plane per-
pendicular to the axis. the lifetime considered is the time interval in which a flux of N muons
is produced in nature [359] (see [369, [370] for more details). We simulate muon bundle energies
with threshold of 10 TeV and 50 TeV in order have sufficient coverage in the high-energy regime
[27].

8.8.2 Detector Response: Effective Area

An important parameter which both describes the detector response and it is essential to quantify
a neutrino telescope sensitivity is the effective area [27], [B73]. The effective area is defined as
the area such that all the neutrinos, in a specific energy range, crossing it would be detected
[359, B73]. Therefore, given a neutrino telescope with an given effective area A.g(E,) and a
point-like neutrino spectrum d?¢(E, ) /dEdS2, the rate of neutrino events detected by the neutrino
telescope can be written [27] [359] [373]

N, d*¢(E,)

In other words, the effective area represents the efficiency of the detector such as the incident

neutrinos it can reconstruct [359]. Indeed, it can be evaluated as [27]

_ Rtrig (EV)

A= 7 oe,)

(8.22)

where Riig(E,) is the rate of detector particle at trigger level [27] measured in [s~' GeV ™).
On the other hand, the neutrino flux ¢ is measured in [s~! GeV~! em?] (In case of diffuse flux

emission, both Ruig(E,) and ¢ are solid-angle integrated [27]). As a result, A.s(E,) has the
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physical dimensions of a surface [m?]. Therefore, depending on the analysis performed, neutrino
telescopes can have different effective areas depending on the event selection. For instance,
the effective area strongly depends on the neutrino (and anti-neutrino) cross section and the
geometry of the detector. Eq. can also be rewritten in terms of effective volume and the

probability of interaction for a neutrino as [359]
Aef‘f(Eu) = Veff (Eu7 G)U(Eu) . pNAPEarth(Eua 9) (823)

where Vog(E,,0) is the effective volume, namely the generation volume scaled with the recon-

structed neutrino events [359]:
Ver(Ev) = 7)Vgen (8.24)

Eq. shows that the effective volume depend on the detector response and consequently,
it is also dependent on the event selection performed on the neutrino events. The behaviour of
the effective area is usually of an energy-increasing function with a plateaux at higher energies

were the signal start to saturate the detector [359].

8.8.3 KM3NeT/ARCA Event Reconstruction

In this section, we briefly report the event reconstruction algorithms for tracks and cascades
for the KM3NeT/ARCA telescope, following Ref. [374]. Firstly, The reconstruction algorithms
are based on the maximum likelihood methods [374] in order to quantitatively calculate the
direction, energy and the interaction vertex of neutrinos.

For the track events, the reconstruction algorithm is called Jgandalf [358] and it uses a
maximization in more steps [358], [374]. In particular, the first step— also referred as a prefit—
perform linear fits to several subsets of hits [358]. Such subsets are selected randomly in order
to remove the optical background and the prefit is performed on all the permutations of the hits
[358]. This prefit neglects scattering and dispersion of light and it is performed with a grid of 1°
[374, B75] and it provides a set of 12 best-fit track directions [358]. Then, the second fit exploits
the following likelihood [27], 374]

opP
L= H E(piagiaﬁbhAtaE) (8.25)

hitPMTs

where %’ is the PDF which provides the expected scattered light from the Cherenkov radiation
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and energy loss of a muon [374]. This PDF takes into account the quantum efficiency of the
PMTs as well as the fact that the light collected by the PMTS is strictly related to the muon
energy [27, B74]. It is a function of five parameters (see [27, [B74] for more details): 1) pi, the
distance between the nearest muon track and the PMT, 2) the PMT orientation angles ¢;, ¢;,
3) E is the muon energy and finally /) At, namely the time difference between the expected and
the measured hitﬂ time according to the Cherenkov hypothesis. From this maximum likelihood,
it possible to extract very important information such as the energy and angular resolution for
the track events, where the angular resolution is defined as the median angular distance between
the reconstructed muon track and the true energy direction from MC simulations [359]. By

contrast, the energy resolution is defined as the median value of the energy bias [332], [374]

APFyias = 1()0%(E“?C - 1> (8.26)
vis

where E,.. is the reconstructed energy, while E\;s is the true energy of neutrinos from MC

simulations, namely the neutrino energy generated from the MC simulation. For the full

KM3NeT/ARCA detector (ARCA 230), the expected medium angular resolution is ~ 0.25°

at 10 TeV and it is < 0.15° for E > 100 TeV [374]. By contrast, the energy resolution is of the

order of ~ 50% [332] 374].

The shower reconstruction algorithm is called AAshowerfit [358, B76] and it also uses a fit
performed in more steps [374], B75]. For the shower reconstruction, firstly only the coincident
hits on the same DOM within 20ns [374] are selected. Then, the vertex position and time is
found by minimising [374]

M=> 1+ (At) (8.27)

where At; is the time difference between the measured hit and the expected hit assuming a
spherical light pattern from the vertex and ¢ runs over the hits [374]. The final fit maximizes

the following likelihood function exploiting the hit/no hit information [374} [375]

log(ﬁ) _ Z 10g(P?O hit PMTS) + Z log(l _ Pino hit PMTS) (828)
i€no hit PMTs ichit PMTs

where Ppohit PMTS ¢ [377] [375]

prohit PMTS _ o—pisis—RbacT (8.29)

1A hit in a Cherenkov neutrino telescope is the detection of Cherenkov photons
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with fisig being the signal photons expected on PMTs and Ryack is the background rate in a
given time window T [374] 375]. The performance of AAshowerfit results in a very good energy
resolution which can reach values of the order of 5% [375]. On the other hand, the angular

resolution is of the order of 2° at 10 TeV and of the order of ~ 1° above E 2 100 TeV [332] [374].
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Chapter 9

KM3NeT/ARCA Differential

Sensitivity

In this chapter, we study the capability of KM3NeT /ARCA to discriminate diffuse and point-
like neutrino spectra. In particular, we aim at determining both the energy-integrated and
energy-dependent expectations for the full KM3NeT/ARCA detector, in order to understand
if the upcoming detector can effectively trace TeV neutrinos from SBGs. Indeed, as explained
in the previous chapter, the enhanced angular resolution will enable to probe both point and
extended emission from astrophysical sources especially in the southern hemisphere (see also the
previous chapter 7| for the discovery horizon for the galactic plane). This chapter is based on the
analysis performed and presented several times at several conferences on behalf of the KM3NeT

collaboration (see [37TH3T9)] for the proceedings).

9.1 Sensitivity and Discovery Potential for a Neutrino Tele-
scope

In this section, we describe the concepts of the sensitivity and discovery potential for a neutrino
telescope. These quantities are in general derived through the instrument response functions of
the detector and they allow for quantitative assessment of the capability of a neutrino telescope
to disentangle an astrophysical neutrino signal above the background expectations [358, B59]. In
order to compute the sensitivity and discovery potential, we start from the fact that a neutrino

telescope observes a set of events for which energy, time and direction of arrival get reconstructed
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[358]. As a result, the data can be used in order to test different hypotheses [358]: 1) Hy: data
only cousist of background events (atmospheric neutrinos + atmospheric muons). 2)H;: data
consistent of background events + signal events. Therefore, we can define the test statistics TS
as [358]

TS — 1Og(£(data, Hl))

— 9.1

L(data, Hp) (9-1)
The higher value for the TS, the higher the probability of the data being inconsistent with the
background-only (Hp) hypothesis. In order to write a likelihood function (L£), the background

and signal PDFs (from Monte Carlo simulations) are exploited. In the next section, we define

the precise likelihood framework used in order to define the exact TS used.

9.2 Binned Likelihood Framework

The likelihood in this chapter is chosen following the approach of Ref. [380]. Indeed, we define

the likelihood as

L= P\ pl+ ph) (92)

i
where P(n, p) is the Poisson probability distribution (PDF) of observing n events with an ex-
pected mean value of u. s is the expected number of signal events, while uy is the expected
number of background events. i generally runs over reconstructed variables. For the following,
we bin the likelihood in reconstructed energy for diffuse analysis and reconstructed energy as
well as cone angle for point-like analysis (see below for further details). Finally, A is the signal
strength which physically represents a free normalization for the signal. In order to estimate
the sensitivity and the discovery potential of the detector, Monte Carlo simulations are used in
order to quantify the expected number of signal and background. We simulate real data-sets
by means of pseudo-experiments (PEs) generations [358]. The procedure consists of randomly
generating events following the PDFs of signal and background and then evaluate the TS for
each PE. The TS can be evaluated as

(9.3)

where ) is the signal strength value which maximizes the likelihood for a given PE. We also
account for the fact that, generally, Eq. provides TS = 0 (It physically represents the situ-

ation that the background-only hypothesis dominates over the signal+ background hypothesis).
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Indeed, we allow for negative \ values for the likelihood maximization, leading us to TS > 0.

9.3 Sensitivity and Discovery Potential Definition

The TS distributions can be determined for several A values and they can be used to set the
capability of the experiment. Indeed, we can define the 90% C.L. sensitivity as well as the model
discovery potential (MDP). The sensitivity of the experiment, in our analysis, is a quantity
which is used to impose "a median" upper-limit on the expected astrophysical signal flux, in
the hypothesis no signal excess is found in the data. From a quantitative point of view, the

sensitivity is defined as the value of signal strength Agg for which

+oo
/ d(TS|A\go)dTS = 90% (9.4)
TSm

where T'S,,, is the median distribution in the null hypothesis (only background) and d(TS|\gp)
is the PDF distribution for the TS for a given A\gg value. Agg is generally referred as a Model
Rejection Factor (MRF), because if it is lower than 1 then the telescope is able to put a con-
strain on the theoretical expectations; otherwise, it will take more time. In other words, the
sensitivity is defined as the signal strength for which 90% of the signal is above the median of the
background-only distribution [380]. The MDP (at 50) is defined as the minimum flux needed

for a discovery at 50 level in the 50% of the cases. From a quantitative point of view [358]:

+oo
/ d(TS|\s6)dTS = 50% (9.5)

where TS5, is the TS threshold corresponding to a 5o significance in the background-only
(Ho) hypothesis. This value is calculated using the one-sided Gaussian approximation [318] [359].

In other words, we consider TS5, given by

+oo
TS5, = / faau (x|, 0)dx (9.6)
n+50

where faau(x|p, o) is a Gaussian PDF given p and o respectively as a mean value and the
standard deviation. TS5, = 2.85- 1077 [359]. Values obtained through Eq. are totally
independent on u. Indeed, they are only dependent on the significance, in other words the

number of sigmas needed for the discovery. The final sensitivity can be expressed as

B90(E) = Aoo¢s(E) (9.7)
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while the MDP as
¢50’(E) = )\5a¢s (E) (98)

where ¢4(F) is the signal flux injected in the simulations corresponding to A = 1. The resulting
sensitivity (MDP) is totally independent on the normalization of the assumed signal spectrum.
On the other hand, the sensitivity and MDP are only dependent on the capability of the detector
to disentangle between Hy and H; hypotheses. Thereby, they crucially depend on the spectral
assumption given by the signal hypothesis. For instance, an hard power-law (y ~ 2) spectrum
will produce a much better sensitivity than a soft power-law (v ~ 3) (see for instance Fig. 2 of
Ref. [50]). The physical reason is due to the fact that a soft signal spectrum is characterised by
an energy distribution similar to the energy distribution of atmospheric neutrinos, leading to a

worsening of the capability of disentangling the two hypotheses.

9.4 Quasi-Differential Sensitivity (and MDP)

In the previous section, we have quantitatively defined how to compute the sensitivity and
the MDP. Their dependency on the assumed spectrum make them model-dependent, thereby
they do not capture the capability of a neutrino telescope to constrain a generic astrophysical
neutrino signal. In this thesis, we are interested in considering model-independent limits; hence,
we take into account the so called quasi-differential sensitivity and MDP [50, [380]. In order to
compute the quasi-differential limits, we divide the signal in true-energy bins, injecting for each
bin a £~2 spectrum. In this way, we can determine the sensitivity for each energy bin. The
quasi-differential sensitivity (and MDP) can be represented as an energy-dependent piece-wise
function. The physical meaning of representing the expectations of a neutrino telescope with
quasi-differential limits is manifold. Firstly, as emphasized above, they are model-independent,
therefore they can be evaluated even when it is not clear which is the expectations from a
particular astrophysical source or even when the expectations of a source are only known in
a particular energy range (see below for more details about this). Secondly, they highlight
the energy range where a telescope is most sensitive to when a diffuse or a point-like signal is
considered. Nonetheless, there is a strict connection between the quasi-differential limits and
the limits introduced in the previous section (hereafter, we refer to them as energy-integrated

limits, or simply integrated limits). Indeed, the MRF is inversely proportional to the expected
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signal events [377H379, [381]. Therefore, for the integrated MRF, we can write

. 1 1

DRl STWE ©:9)

int —
)\90 X ns

where i runs over the energy signal bins and A, is the MRF for each energy signal bin. Eq.
points out that, from a numerical point of view, the integrated MRF is always smaller than each
differential MRF. In fact, the price to pay to work with quasi-differential limits, is to work under
the same background rate with a smaller number of signal events than the energy-integrated case.
Let us also comment on the reason why these kind of limits are also called quasi-differential limits
and not simply differential limits. From a theoretical point of view, one would like to have the
smallest energy bins possible, because the differential limits should represent the limits at a given
energy [382]. However, a real telescope is limited by the event statistics, which prevents us from
choosing very small energy bins. Indeed, the dimensions of the bins are generally given by a
trade-off between not having statistics-related problems (enlarging the bins) and not choosing
a too large bins in order to lose the energy dependency of the sensitivity. For the following, we
choose, following what IceCube has already presented [383], half-decade width energy bins for
the signal. Finally, we also comment on the reason why we chose to inject signal of E~2 rather
than other energy spectra, if the differential limits are independent on the energy spectrum. The
reason is that the finite dimension of the signal energy bins allows for a mild fluctuations of the
number and the distribution of the signal event for different spectral energy distributions. As a
result, the MRF would slightly fluctuate for different energy spectra, leading to a non-completely
spectrum independent limits (this is also another reason why the energy bins cannot be chosen
to be arbitrary large). This slightly limits the physical interpretation of the quasi-differential
limits. Indeed, the final meaning would that if a flux has a higher SED for an entire sensitivity

bin, then it can be constrained if no neutrino excess is found in the data.

9.5 Diffuse Flux Analysis

In this section, we evaluate the differential sensitivity for KM3NeT /ARCA for a diffuse flux
(see [379, 384] for more details). We evaluate the sensitivity for both track-like and cascade-like

events.
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9.5.1 Track-like Selection

Here, we report the rationale for selecting good quality upgoing tracks. Firstly, we consider some

preliminary cuts on the reconstructed events in order to reject "bad-quality" events:
e Negative reconstructed energy (Ere. < 0);
e Negative reconstructed track length;
e Negative likelihood of the JGandalf-reconstructed solution;

Further cuts are required to pass through the preselection chain:

e The error calculated for the fit reconstruction (referred as 5y) should be positive (5y > 0);

e The events should be reconstructed by JGandalf.

These cuts are performed in order to remove all events with unphysical properties. Then,
only events with reconstructed zenith angle (zenith angle with respect to the detector) 6 <
100° are considered in order to reduce the contamination of atmospheric muons. As above-
mentioned, this selection is not enough to reduce the background rate because of the high rate
of mis-reconstructed muons in the track sample. Hence, we need further cuts to reduce their
contamination. The quasi-final selection chain is obtained by optimising the signal /background

ratio (considering a E~2 spectrum for the signal):

e Track length > 300 meters,

The logarithm of the likelihood reconstruction fit log;o(Lik) > 1.4,

The angular error on the track fit: log1o(fo) < 1.8,

e If the neutrino energy is logio() < 4.5, logio(npe) > 0 (the logarithm of the number-of-

photo-electron (npe) should be more than 0),

If logio(Energy) < 4.5 (neutrino energy true), logio(Nhits) > 0.5 (the logarithm of the
number-of-hits (Nhits) should be more than 0.5).

Tab. reports the number of events after the selection chain.

Finally, a dedicated boosted decision tree [385] has been developed to reject the mis-reconstructed
atmospheric muons (see also [378]). This kind of algorithm is based on machine-learning tech-

niques, so it needs to be trained with test data-sets. For instance, this kind of algorithms take
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] Selection Atm. muons  Atm. neutrinos signal (E—?) |
JGandalf reconstructed 39389988. 79139.2 1380.8
Up-going cut (6 < 100°) 263816.23 58505.4 843.8

Quality cut 98745.6 51380.8 722.7

Table 9.1: The number of events for background (first and second column) and signal (third
column), after the up-going and quality selections. All neutrino flavours are included.

] Variable \ Description \
Lik Likelihood from track reconstruction algorithm (JGandalf)
Track length The distance between first and last hits in metres
n.hits Number of hits used by JGandalf algorithm
npe Number of photo-electrons along the whole track
Bo Angular error fit calculated by JGandalf
ToT Sum of the ToT for hits used for the track reconstruction
cos(0,,) Cosine of Zenith reconstructed by JGandalf

Table 9.2: Sample list of variables (JGandalf algorithm) used to train the BDT machine learning:
an Adaptive Boost training was performed.

in input reconstructed variables and allow for a better separation between the signal and back-
ground events with respect to ordinary variable cuts [384]. The training is performed in order
to reject the remaining mis-reconstructed atmospheric muons in the sample (since there is no
difference between an atmospheric neutrino and an astrophysical neutrino, there is no algorithm
able to reduce the amount of such background with respect to the signal [378]). Several variables
were used to train the BDT, see e.g. Tab. Finally, a selection is performed over the BDT
score value. Indeed, events classified as signal-like have a BDT value close to 1, on the contrary
the events classified as background-like have a value close to -1. The majority of the v, and v,
(cosmic and atmospheric) interacting through CC have been classified as signal, while the other

neutrino flavours and atmospheric muons as background. The selection applied for the BDT

score is (see also Fig. :

e For the events with 80° < 6 < 100° (the so called horizontal events), the cut was BDT >

0.9.
e Events with 6 < 80° (up-going events), BDT > 0.4.

Finally, after the BDT cut, the final sample of upgoing track-like events is obtained (Tab.

shows the number of events for the final selection).

Fig. 0.2reports the reconstructed energy distribution, on the left before applying the selection

chain, and on the right, after the preselection and the BDT scores cuts applied.
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Figure 9.1: Left: The BDT score distribution for the up-going class. The BDT score cut chosen
is 0.4. Right: The BDT score distribution for the horizontal events. In this case, a stronger cut
(BDT > 0.9) is applied to remove the atmospheric muons.

] Selection Atm. muons  Atm. neutrinos signal (E~?) |
JGandalf reconstructed 39389988. 79139.2 1380.8
Up-going cut (6§ < 100°) 263816.23 58505.4 843.8

Quality cut 98745.6 51380.8 722.7
BDT cut 389.0 42510.1 456

Table 9.3: Number of events (1yr and 1BB) (background and signal) which passed several steps
of the selection chain. From top to bottom: the JGandalf reconstruction, the up-going cut
6 < 100°, the quality cut and finally the whole selection chain. The entire selection chain
rejected significantly the atmospheric muons: from the initial 3.9 - 107 (first row) to 389 (last
row) events considered in the all energy range (lyear/1BB).
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Figure 9.2: Left:The energy JGandalf distribution before to apply the selection chain. The
background is referred in green (atmospheric neutrinos) and blue (atmospheric muons) line,
instead the SBG diffuse signal is reported with the red line. Right: The final track-like sample
after the quality cut and BDT selection.

9.5.2 All-Sky Cascade Selection

In this section we summarize the selection performed to select good-quality cascades (see [379]
for further details). Differently from the tracks, we consider all-sly cascades, so the final sample
of cascades is not spatially homogeneous with the track sample. We begin by excluding all the

events which passed the track-like selection discussed in the previous section: in other words,
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we make sure to exclude good-quality tracks from the sample (Nyeco — Nyack). Assuming an
instrumented volume of the detector as a cylinder, only the events with the vertex reconstructed

by AAshowerfit within the instrumented volume were selected (see Fig. [9.3)):

e Defining z4.; as the detector height. Only events with z4.; < 650 m are considered for the

cascade selection.

e Considering Rger (1/22 + y?) as the detector radius. A selection was performed considering

only events with Rge; < 600 m.

where z,y, z are the coordinates of the AAshowerfit reconstructed vertex of the events. Using

., CC-SBG (E79) v, CC-SBG (E7)
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Figure 9.3: The zqet and Rget AAshowerfit for the v. CC (top left), v, CC (top right), v, CC
(bottom left) and atmospheric muons. The arrows indicate the region selected for the contained

shower.
the sample of the contained events, a pre-selection mainly with the reconstruction variables was
applied, as described following:

e Len < 300m, variable related to JGandalf.

e Considering the Likelihood and number of hits used by the A Ashowerfit reconstruction, a
combination of these variables was implemented to achieve a good sample of cascade-like

events. The selection was: £ < —500 and np;is > 400.

After that, in a similar manner as for the track-like selection, a dedicated BDT (referred as
BDTasc) is optimised to classify well reconstructed cascade. Using the BDT,s. score, consider-

ing different region of sky (cosine of Zenith by AAshowerfit) the following selection was applied

125



CHAPTER 9. KM3NET/ARCA DIFFERENTIAL SENSITIVITY

(as for the BDTyqck, values of BDT .5 close to 1 means that the event was classified as a good

cascade):

e If cos() > 0.6, BDT¢pse > —1.1

If 0.2 < cos(f) < 0.6,BDT¢asc > —0.9

If —0.2 < cos(f) < 0.2,BDT¢asc > —0.8

If —0.6 < cos(f) < —0.2, BDTcnse > 0.8
e If cos(f) < —0.6, BDT¢psc > 1.1

In order to remove the atmospheric muons, for the downgoing events, a strong cut was performed

using the BDT,qs. (cos(0) < —0.6, BDT a5 > 1.1).

’ Selection Atm. muons  Atm. neutrinos signal (E—?) |
Contaiment events 29303257. 31981.5 743.1
Quality cut AAshowerfit — 389871.11 4460.0 311.4
BDT,,s. cut full sky 103.9 913.1 61.3

Table 9.4: The total number of events (1 year and 1 BB) for background and signal after the
shower-like selection chain. In this table are reported different BDT,,,. final cut applied in this
diffuse analysis.

’ Selection \ v, CC \ v, NC \ v, CC \ v, NC \ v, CC \ v NC ‘
Containment events | 336.4 39.3 166.8 39.2 122.0 39.2
BDT.asc cut full sky | 8.2 4.6 23.1 4.5 16.1 4.5

Table 9.5: Event rate (1 yr and 1 BB) for each neutrino flavour after respectively the event
containment and the full event chain.

9.5.3 Addressing Statistics Problems

Figs. and|9.4|clearly show that after the whole selection chains (both for tracks and cascades),
the atmospheric muon energy distribution is affected by statistics problems. This might well
impact the sensitivity calculation since it crucially depends on the expected background rate
(see e.g. Eq. . In order to overcome this issue, we fit the cumulative atmospheric muon
distributions and use the best-fit functions in order to evaluate the background rate in the
likelihood. We report the utilized fit for each case. Before continuing discussing the fit, we

report how we pass from the MC cumulative distribution to the MC differential distribution

126



CHAPTER 9. KM3NET/ARCA DIFFERENTIAL SENSITIVITY

—— SBG signal
- Atm. neutrinos
— Atm. muons

BDT - Full Sky

Events/1BB/1year
2

M A paa 1l

© Coond vl voumd sl vod v od vomd il il i

4 5 6
Iog1D(Erocu. "-fGQV}

Figure 9.4: The AAshowerfit (reconstructed) energy distribution after the whole cascade selec-
tion. Blue line represents atmospheric muons, green line represents atmospheric neutrinos, red
line represents the signal.

where we show the number of events in each "bin" (a range of x). We know that N(> x) is

given by
9
dN
N(>z) = —d 9.10
o= [ G (9.10)
where % can be considered a continuous PDF distribution for muons. Fitting data from

Fig. we can calculate N(> x). As a result, we can evaluate ‘fj—];] as

dN _ dN(>z)

— = 9.11
dx dx ( )
and then we can evaluate the number of muons in a bin € [z, zo] is given by
2 dN
N(zi <z <x9) = %dm (9.12)

Z1

As a result, by fitting the cumulative muon distribution we can evaluate the number of muons

for each reconstructed energy bin.

Track-like Event Fit

Here, we summarize the results for the cumulative Gaussian as a function for fitting the muon
distribution (we normalized the cumulative function to 1).

The expression is:

1 [T e
NGz)=1— / e~ dt (9.13)
2o

— 00
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The best fit values are p = 3.30 & 0.02 and ¢ = 1.05 £ 0.03. The reduced chi squared
x? = 4.6 -107%. %2 is calculated by summing over the square of the "fit residuals" and then
divide the sum by the number of degrees of freedom (the number of data minus the number of
free parameters). Fig shows the comparison between the cumulative distribution and the

best fit scenario.
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Figure 9.5: Gaussian best fits compared with the cumulative distribution data.

In Fig. we also report the comparison between the pure MC distribution and then one
obtained after using the best-fit function.
Fig. [0.6] shows that the background rate produced by the best-fit function is conservative

with respect to the pure Monte Carlo distribution.

Cascade-like Event Fit

Here, we summarize the fit performed for cascades. The expression is given by:

N(> x;,u,cr)l/; \/%?Pl()g) (1+ (twg)Q)_Tdt

Here, we summarize the results for the t-student distribution. As for the track-like events, we
fix v = 3. The best-fit values are: p = 3.55 £ 0.02 and ¢ = 0.29 4+ 0.02. The reduced chi

squared is x = 9 - 10~%. Fig. shows the comparison between the best-fit function and the
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Figure 9.6: Comparison between the "MC" distribution for the muons given by the pure MC
(blu histogram) and the one given by the best fit scenario of the cumulative distribution using
a gaussian distribution. This refers to the number of events for 1 yr and 1 BB.

cumulative muon distribution for cascades. Finally, Fig. shows the comparison between the

corresponding Monte Carlo distributions.

9.5.4 Results

Equipped with the track and cascade event selection, we can evaluate the 90% C.L. quasi-
differential sensitivity. We utilize 5 - 10 PEs. Fig. shows the quasi-differential sensitivity
after 10 years of operation for 2BB, on the left for upgoing tracks, and on the right for all-
sky cascades. The sensitivities refer to one flavour of neutrinos + antineutrinos. They are
compared with the corresponding IceCube measured spectra. In particular, the track sensitivity
is compared with the 9.5 yr through-going muon flux [10] and the cascade sensitivity is compared
with the 6 yr cascade flux [295]. The results are highly significant for several reasons. Firstly, the
track sensitivity peaks (it is minimum) around 1PeV, where there is a significant contribution
from horizontal events. By contrast, the cascade sensitivity peaks at ~ 100TeV, since the

containment requirement harshly reduces the amount of signal events above this energy. For
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Figure 9.7: Tstudent best fits compared with the cumulative distribution data for cascades.
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Figure 9.8: Comparison between the MC distributions for the cascades (after the selection chain
described and the BDT). The blue histogram represents the pure MC distribution and the red
one refers to the t-student distribution.
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Figure 9.9: Left: 90% C.L. Quasi-differential sensitivity (per neutrino flavour) for KM3NeT/ARCA
after 10 years of operation and 2BB for a diffuse spectrum for upgoing tracks (dashed orange line). The
continuous orange line shows the integrated sensitivity for a £~ diffuse spectrum. The sensitivity is
compared with the corresponding 9.5 yr diffuse spectrum measurement by the IceCube Collaboration
in the through-going muon channel [10]. right: 90% C.L. quasi-differential sensitivity (per neutrino
flavour) for KM3NeT /ARCA after 10 years of operation and 2BB for a diffuse spectrum for the all-sky
contained cascades (dashed red line). The integrated sensitivity for a E~2 diffuse spectrum is shown
with the continuous dark red line. The sensitivity is compared with the corresponding 6 yr cascade flux
measured by the IceCube collaboration [295].

this very reason, at high energies tracks result in a better sensitivity than cascades; while, at
low energies, the sensitivity is better for cascades due to a reduced background rate. Indeed, the
containment cut mostly reduces muon neutrinos which are the most dominant channel within
atmospheric neutrinos, leading to a very good sensitivity at low energy. This makes the cascade
channel very good for diffuse or quasi-diffuse flux studies [6]. Another reason why the result
is important is due to it sets the potential of KM3NeT/ARCA to constrain a diffuse spectrum
outside the energy ranges where the IceCube has measured it. Indeed, the spectrum is not well
known below ~ 10 — 15 TeV and above ~ 1 PeV. Therefore, it is crucial to understand if it can
be extrapolated also for lower energies as well as if it changes its shape. Indeed, as highlighted
in Chapter [3] there is some tension between the diffuse gamma-ray and neutrino data due to the
electromagnetic cascade contribution (see also [386] for a recent analysis).

Fig. also show, for reference, the integrated sensitivities for a £~2, which for convention
are shown in the 90% range where the signal is concentrated. As emphasized in Sec. the
integrated sensitivities stand below the corresponding quasi-differential ones. Another physical
way to interpret this is result is that the integrated sensitivity exploits the information of the
energy dependence of the signal spectrum, while the quasi-differential sensitivity can be regarded
as blind sensitivity without any signal information. Therefore, a flux standing between the

integrated and quasi-differential sensitivity is a flux which can be constrained by the experiment

131



CHAPTER 9. KM3NET/ARCA DIFFERENTIAL SENSITIVITY

but it will be impossible to disentangle which energy range has contributed the most to the
sensitivity. We end this section by highlighting that future event selection, able to further

reduce the background rate, will further reduce the sensitivity of the KM3NeT/ARCA detector.

9.6 Point-Like Flux Analysis

In this section, we study the quasi-differential sensitivity expected by the Full KM3NeT/ARCA
detector for point-like and extended sources emissions. In order to study emission from specific
sources, it is important to exploit the fact that, in case a source emits neutrinos, those will be
clustered throughout the nominal position of the source. Therefore, in the likelihood formalism
(Eq. , we also bin the likelihood in cone angle « bins (the angular distance of an event to the
nominal position of the source). Therefore, we test the compatibility of pseudo data with the
signal + background hypotheses by means of 2D histograms (see also [318], 332] or even [387]).
For the reconstructed energy, we consider the [1, 8] range for log(E,ec), while [0,5°] ([0, 15°]) for
« for tracks (cascades). In order to quantify the signal and background rate in each bin, we
make use of the same event selection as we explained in the diffuse analysis. The main point is
that we need to weight the signal distributions in order to account for the hypothesis of a source
emitting neutrinos. We do it by means of the Point-Spread-Function (PSF) of the detector,
which represents the PDF of a neutrino event to be reconstructed at an angular distance « with
respect to the generation position. We can write the distribution of the number of signal events
as [326]

Z / B4t (5,0)6,(B) (9.14)

delOg rec dQlOg rec)

where f runs over the flavours and ¢ over the interaction channels. A% (E, ) is the declination-
dependent effective area which depends on the true energy(see the previous chapter) and zenith
angle. The declination-dependent effective area is calculated by averaging over the right ascen-
sion

A (E, §) = 2i /0 " Aet (B, 0(5,1))dr (9.15)

s

this also allows for a better estimates of the background rate around the source position,
accounting for the declination band of the source limiting statistics-related problems or a un-

derestimation of the background rate. is a PDF taking into account both the energy

d P
dQlog(Erec)
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and angular resolution of the experiment. In particular, it is considered to be factorised

dec _ dec dec
dog(Eree)  dQ  dlog(Eyec)

(9.16)

where the first term represent the energy-dependent PSF and the second term describes the
energy resolution. The PSF can be rewritten in terms of the cone angle «, by using dQ2 =

27sin(«)da. Therefore, we can write

dpfc _ dec dec da o dec dec 1
dQog(Erec)  da  dlog(Bree) dQ  da  dlog(Eec) 27sin(a)

(9.17)

In order to address the problem of the extension of a source, the PSF is smeared out with a
Gaussian kernel in order to account for an extension greater than the angular resolution of the
experiment (the angular resolution is defined as the median of the PSF) [27, [326] [388]. Fig.
shows an example for the 2D distributions for signal and background (considering the track

channel). In particular, it reports the expected signal (left) and background (right) events in
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Figure 9.10: Left: The expected Signal event distribution distribution for the Small Magellanic
Cloud (SMC) after 1 year of data taking. Right: The expected background event distribution
(muons + neutrinos) for SMC after 1 year of data taking.

the direction of SMC (simulated as an extended source of radius r = 0.5°) after one year of data
taking of ARCA230. It is evident that the signal events clusters around the source and this fact

can be exploited in the likelihood analysis in order to obtain cutting-edge limits.
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9.6.1 Focus On Local Starburst Galaxies

In this section, we report the results for point-like sensitivity expectations for particular SBGs.
Indeed, following Chapter [, we focus on the SMC, Circinus Galaxy and NGC 1068. We report

the results separately for each source.

9.6.2 The Small Magellanic Cloud

SMC, as analysed in Chapter [4] exhibits a hard gamma-ray spectrum up to 1TeV [I9]. We
showed that its star-forming activity is consistent with the stable gamma-ray spectrum of the
source, in other words the gamma-ray spectrum can be powered 100% from diffuse hadronic
collisions [I63]. It is located at equatorial coordinates of (—72.83°,13.18°) [19], where the first
coordinate is the equatorial declination and the second one is the equatorial right ascension.
KM3NeT/ARCA is expected to have full visibility at those declinations [318], thereby having
the potential to constrain such an hadronic scenario. We simulate the source as disk of radius
r = 0.5°, encompassing a total extension of ~ 1°, consistent with the angular extension measured

by Fermi-LAT observations [19]. We compare the expectations with the model we used in chapter
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Figure 9.11: Left: 1o Neutrino emission expectations (blue band) compared with the integrated
sensitivity (red line) and the quasi-differential sensitivity (dashed orange line) and the quasi-
differential 50 MDP (dashed red line). Right: MRF as a function of the KM3NeT/ARCA
operation time, for different samples: v, + 7, CC (blue line), all-flavour tracks (orange line),
all-flavour tracks + cascades (green line).

Fig. shows our results for SMC. In particular, in the left panel, we compare the lo
neutrino expectation flux (obtained through the posterior distribution of the analysis described in
Chapter [4) with the integrated sensitivity (red line) and the quasi-differential sensitivity (dashed
orange line) and the quasi-differential 50 MDP (dashed red line). The expected sensitivities are

shown for an lifetime of 10yr of 2BB. In the right panel, we show the integrated MRF as a
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function of the operation time. We show the case of v, + 7, CC (blue line), all-flavour tracks
(orange line), all-flavour tracks + cascades (green line). Interestingly, after 7.5 yr of data taking,
the model put forward in chapter @ can be at least constrained at 90% C.L. (not exactly point-
like but with its extension). This confirms that even considering the extension of the source,
KM3NeT/ARCA will be able to constrain the total hadronic scenario from this source. Fig.
represents the case discussed in Sec. where the expected flux stands in between the
integrated sensitivity and the quasi-differential one. Indeed, we expect the detector to be able

to put a constrain on the scenario without disentangling its spectral energy distribution (SED).

9.6.3 Circinus Galaxy

Here, we analyze the sensitivity for the Circinus Galaxy. It is situated at 4 Mpc away from
the Earth [20]. Along with the star-forming activity, it has also AGN activity. Indeed, it is
also classified as a Seyfert galaxy [389]. Therefore, it might well be a perfect target for future
observations for the KM3NeT/ARCA.
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Figure 9.12: Left: 1o Neutrino emission expectations (blue band) compared with the quasi-
differential sensitivity (orange line). Right: MRF as a function of the KM3NeT/ARCA opera-
tion time, for different spectra: the blue line represents the case of the best-fit theoretical SED.
The orange and the green lines refer to the upper limit spectrum. The orange line refers to the
all-flavour track and the green line to all-flavour tracks + cascades.

Fig. shows the results for Circinus galaxy in the same fashion as for SMC. In particular,
on the left we compare the lo neutrino expectations (see Chapter El for more details) with
the quasi-differential sensitivity after 10yr and 2BB (orange dashed line) as well as the quasi-
differential 50 MDP (dashed red line) and the integrated sensitivity for the best-fit SED of the
source (light blue line). The right plot shows the integrated MRF as a function of time for
different cases. The blue line refers to the best-fit Circinus flux for the all-flavour tracks. The

orange and green lines refer to the upper-limit flux of the source (the highest possible flux at
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1o): the orange line refers to the all-flavour tracks, while the green one to the all-flavour tracks
+ cascades. This source is characterised by a lower flux with respect to SMC (see also Fig. ,
therefore the expectations are less promising. Differently from Fig. the sensitivity takes
into account the actual flux of the source, in particular the high-energy cut-off, which makes
it hard to produce a competitive integrated upper limit. Nonetheless, after ~ 20yr of data
taking, the upper limit of the source can be constrained. We emphasize that this source might
be characterised by an hot-corona activity due to the presence of the AGN in its core [I73].
Indeed, The authors of Ref. [I73] has evaluated an expected neutrino spectrum which can be
as high as E2¢Vu+l7u ~ 1078 GeVem 257!, thereby a neutrino flux which is higher than the
expected quasi-differential sensitivity. This unequivocally demonstrates that KM3NeT/ARCA

will test such hadronic scenarios, either discovering or challenging the hot-corona paradigm.

9.6.4 NGC 1068

Here, we analyze also NGC 1068. In Sec. we have shown that the SBG activity of the source
is consistent with its gamma-ray spectrum, but the neutrino spectrum observed by IceCube
cannot be explained this kind of activity.
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Figure 9.13: Left: The quasi-differential sensitivity (orange line), the quasi-differential 50 MDP
(Red line) and the integrated 50 MDP for a E~3? spectrum (dark red line) compared with
the 20 IceCube C.L. measured region [60] and the 1o Neutrino expectations (already shown in
Fig. 4.3). Right: integrated MRF and 50 MDP as functions of the operation time for the
full KM3NeT/ARCA. The bands corresponds to the uncertainty on the normalization to the
spectrum measured by IceCube [60].

Fig. shows, on the left, the quasi-differential sensitivity (dashed orange line), the quasi
differential 50 MDP (dashed red line) and the integrated 50 MDP for a E~32 spectrum (dark
red line) (best-fit spectrum measured by ICeCube [60]) after 10 yr of operation for 2BB compared

with the 20 C.L. region measured by ICeCube [60]. The gray band represents the 1o flux region
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expected from SBG activity. On the right, the integrated MRF and MDP for the IceCube best-
fit flux is shown as a function of time. The corresponding blue and orange bands represent the
uncertainty on the IceCube measured normalization of the spectrum [60]. The results show that
within 3yr of operation, the full KM3NeT/ARCA detector will be able to strenghten IceCube’s
discovery. We emphasize that the shape of NGC 1068 spectrum outside the energy range ~
[1 — 15]TeV [60] is not well constrained, therefore the differential limits clarify the potentiality

of KM3NeT/ARCA to further constrain the property of this source.

9.6.5 Impact of the Source Extension

Here, we quantify the impact of the source extension on the quasi-differential sensitivity. In
particular, we evaluate the differential limits for SMC simulating it also as a point-like source.
Fig. shows the comparison between the quasi-differential sensitivity for SMC between

the case of no-extension and the extension of r = 0.5°.
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Figure 9.14: Comparison between the quasi-differential sensitivity for different extension. The
orange line corresponds to the point-like case and the blue line to » = 0.5° case.

The extension considered of SMC makes the sensitivity worse of ~ 30% than the point-like
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case.

9.7 Conclusions

In this chapter, we have introduced, for the first time, the quasi-differential sensitivity for the
KM3NeT/ARCA both for diffuse and point-like (extended) sources. In particular, we have
analyzed if (consistently with what theoretically predicted in chapter [4) KM3NeT/ARCA can
trace TeV neutrino from SFGs and SBGs. We have found through a binned-maximum-likelihood
method that KM3NeT/ARCA is bound to probe, after ~ 8yr of full operation time, neutrino
emission from local SFGs, potentially linking star-forming activity with high-energy neutrino
production. The detector is also expected to discriminate between SBG and AGN activity from
local Seyfert Galaxies, such as Circinus Galaxy. We also emphasize that with further (improved)
event selection, the sensitivity and the discovery potential of the experiment is going to improve.
For instance, selecting also down-going track events might improve the sensitivity for declinations
0 2 50°. Finally, we also comment on the fact that future sensitivities might also depend on the
statistical treatment of the data. In fact, we have used of a binned-likelihood method but also

a unbinned likelihood method could have been possible [358] [359].
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Chapter 10

Conclusions

In this thesis, an extensive study on the non-thermal emission from star-forming environments
(galactic and extra galactic) has been performed in a multi-messenger framework. Regarding
the extra galactic star-forming environments, we have applied a leaky-box model in order to
describe the CR transport inside SBNi and we exploited such a model to quantify the gamma-
ray and neutrino emissions of SBGs. We have introduced a new evidence-based spectral index
blending which demonstrated to leave the diffuse gamma-ray unperturbed, while making the
neutrino expectations higher, potentially reducing the tension between the diffuse extra-galactic
gamma-ray and neutrino observations. In fact, we demonstrated that SBGs, in this new sce-
nario, can explain up to 40% of the HESE flux measured by the ICeCube collaboration. We also
evaluated the neutrino budget of local SBGs and SFGs, exploiting the strict connection between
IR luminosity and the SFR, and we have found that KM3NeT/ARCA has the potential to trace
TeV neutrinos from these sources, especially if situated in the southern hemisphere. Therefore,
we expect the future neutrino telescopes to be able to trace the star formation rate shedding
more light also on topics related to role of SFR in galaxy formation. We also presented, for the
first time, a dedicated KM3NeT analyses evaluating the quasi-differential limits for the upcom-
ing experiment, both for a diffuse and point-like emissions and compare them to the expected
SEDs of local SBGs. We have also performed a forecast analysis for the future CTA telescope,
demonstrating its capability of setting strict constraints on the CR transport mechanisms inside
SBNi. We have also exploited such forecasts to perform a beyond standard model study. In
particular, we have utilized gamma-ray data from M 82 and NGC 253 to strongly constrain
DM-p interactions showing that current data constrain o, ~ 1073 cm? for m, < 1076 GeV.

We have shown that CTA will improve such bounds up to ~ 2 orders of magnitude.
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Finally, we have also studied, in light of the new IceCube discovery of neutrinos emitted
from the Milky Way, the neutrino emission from galactic source populations, introducing the
concept of discovery horizon for high-energy neutrino telescopes. Unfortunately, current neutrino
telescopes (IceCube) cannot discriminate true diffuse emission from a quasi-diffuse emission from
a template of point-like (extended) sources, because of a limited angular resolution. However,
KM3NeT/ARCA and IceCube Gen2 are going to probe the contribution of these potential
pevatrons (especially HNRs and YMSCs) if they dominate (> 50%) the diffuse emission at
100 TeV as long as the source extension is limited to about 10 pc. On this regard, we emphasize
that it will be hard to discover spatially-bigger pevatrons due to the worsening of the DPs for
the extension, although the KM3NeT /ARCA cascades are expected to be less dependent of the

source sizes and therefore perfect for future studies on this topic.
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Appendix A

The Leaky Box Model

Approximation

In this appendix, we discuss the leaky box model approximation for SBGs as well as we report
the expressions for the CR timescales used. The general transport equation for cosmic-rays can

be written as [220, [390H392]:

dn(E) d .dE ,doi(E,E") y
7~V [D(E)-V(E) + Vn(E)]+ = [—-n(E) +Z/ dEki k(E')

(A1)
where N(FE) represents the CR energy distribution inside the galaxy, D(FE) is the diffusion
coefficient, V represents the advection velocity. Q(FE) is the injection term in the energy phase
space and the last two terms in the right-hand side of the equation respectivelu represent the
loss due to collisions with the interstellar medium and secondary CR production from spallation
[220]. Eq. can be simplified in the case of SBGs, since their activity timescale is much larger
than the timescales involved in the non-thermal emissions. We emphasize that p-p interactions
are considered as cooling intercation and therefore encoded in the energy loss term. In fact, we
can look for a steady-state solution. Secondly, since we are mostly interested in a small region
inside the SBG (SBN), the diffusion coefficient can be considered non-positional dependent over

the SBN, the equation can be simplified into [220), 393]:

d dE . N(E)

QE) = dE[dt (E)] + 7(E)
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where 7(E) takes into account both the escape timescale which is given by:

Tesc = (Ta;i{/ + Tci{}f(E))_l (A.3)

Eq. is called leaky-box model equation since it physically represent the balance between the
injection term with all the physical processes occurring in the source. Eq. [AZ2] can be further

simplified considering the momentum phase space. Indeed, we have that

n(B) = 41 (p) 2 (A4)
and also
QUE) = 47 Q(p) L (A5)

inserting Eqgs. [A4] and [AT5]into Eq. B:3] we can obtain the solutions of the CR equation into the
momentum phase space. If the source is dominated by escaping phenomena, just like advection

and diffusion, then

f(p) = Tech(p) (AG)

By contrast if the energy losses dominate we have that

o _Tloss 2
1) =~ [ Qs (A7)
For a power-law injection spectrum Q(p) x p~%, we have
2
TlossP Q(p) Q(p) ff
= - = Tloss = Tloss A.
f(p) P+ m% (a—3) 7 1 Tloss @ (P) (A.8)

where I' = a — 2 and the last passage is due to the fact we mostly focus on p > m,. Therefore,

Eq. can simplified into

1
f(p)=Q(p)~< L, +jﬂ) (4.9)

Tadv Tdiff Toss

for T’ ~ 2, Eq. [A29] can be further simplifed into

f(p)=Q(p)~< L. ) (A.10)

Tadv Tdiff Tloss

which is the original leaky-box model equation. This equation has been extensively used in
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literature [31, 32]. Egs. and show that scaling the energy-loss timescale by a factor
(' — 1)~! gives a slighlty more precise normalization factor than Eq. Nonetheless, the

qualitative results do not change as already emphasized by Ref. [2I], because in our case I' ~ 2.

A.1 Formulae for the Timescales

In this section, we report the formulae used for the proton and electrons timescales. Firstly, in
order to describe the diffusion timescale, following Refs. [311 [32], we use a quasi-linear formalism

to evaluate the diffusion coefficient D(p):

_ ni(p)v(p)
D(p) = é_f(k) (A.11)

where v(p) is the particle velocity, ;(p) is the Larmor radius and F (k) is the normalized energy
density per unit of logarithmic wave number &k [3I]. We use F(k) = k- W(k), with w(k) =
wo - (k/ko)~%, with kg = Lo_l, where L is the coherence lenght, which is assumed to be ~ 1 pc
[31, B2]. This value comes from the fact that we expect the interstellar medium to experience a
high degree of turbulence of a length scale smaller than the radius of the SBN. Furthermore, we

normalize F (k) requiring that

/+OO w(k)dk = (iff =B (A.12)

ko

where 7p represents the degree of magnetic turbulence. We expect a high degree of magnetic
turbulence, leading to ng ~ 1. We also choose a Kolmogorov-like scenario for diffusion by
choosing d = —5/3. As stressed in the main text of the thesis, the actual walue for d is not
particular important, since the role of diffusion in the CR transport inside SBNi is marginal.

Finally, the diffusion timescale is
R2

G (A.13)

TAiff (P) =

The energy loss timescale is given by

1 1 dE;
—= Z (- o ) (A.14)

where 7 runs over the considered processes. For protons we consider: proton-proton interactions,
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ionization and Coulomb interaction. for the proton proton interaction

tpp = (k nsu - C- app(E)> o (A.15)

where k ~ 0.5 is the inelasticity factor, nigm is the interstellar medium density and o,,(E) is

the inelastic cross section [I35] (see also [20]):

E 1 442
opp(E) = (34.3 4+ 1.88L + 0.25L?) - [1 < E”> ] mb (A.16)

where L = Ln(E/TeV) and Ey, = 1.22 - 1073 TeV is the threshold energy for pion production.

For the ionization energy rate, we use [31]:

dE

2 2
(E)ion B

~1.82- 10" "ngy - (1 4 0.185Ln(B)0(B — 0.01))m

eVs? (A.17)

where = v/c and ©(z) is the step function. For the Coulomb energy loss term:

(dﬂ) N 3.08- 10" "n,32
dt /eon — 33 +2.34.10-5(T, /(2.0 - 106 K)15)

O(f—74-1074T./(2.0-10°K)!?)eVs~!
(A.18)

where n. and T, plasma temperature and density, respectively [31] (we use the values from Ref.

[31]). For the electrons, we account for synchrotron, inverse compton, bremsstrahlung, ionization

processes. The synchrotron timescale is given by:

dF 4
() = 30m ¢ 7*BUs (A.19)

where o7 is the Thompson cross section, Ug is the magnetic energy density. The energy loss for

inverse compton is

dE\  3orp-c-mic* [ n(e) b A%G(q, M)
(Ghe=—""71 " /O de— /O U A (A.20)
where A = 4e - E./(m?2 - ¢*) and G(q,A) is [31]
Gla ) = 2dlog(a) + (1 + 201 —q) + LU= (a2
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The bremsstrahlung timescale is:

—1
Threm = 4 - 107 < nlss) yT (A.22)
cm
While, for the ionization timescale is:
ro~19-100( —F msw )\ (A.23)
fon == - 100Tev )\ 250cm—=2 ) 7 '

A.2 Secondary Particle Production rate Formulae

In this section, we report the formulae for the computation of the secondary particle as evaluated
in [135] and [3I] which have been used for this work. Let us call x = E;/E; and r =1 -\ =
(m,/mz)?. The muonic neutrinos produced directly by the decay of the muon (1 — pv,) is
given by [31], [135]

fup (@) = 1OIA 4] (A24)

while the electrons and the muonic neutrinos produced by muon decay u — v, V. e can be

described by the following functions [3T], [135]
fe(@) = fr2(2) = gu, (@)Ol — 1] + (h(}) (x) + h () (2))O[r — 2] (A.25)

9v,.(«) is given by [3T} 35

3—2r

Gv, () = m@xz —6-Ln(x) — 4x® — 5) (A.26)

By constrast

h'(/i)( ) = %(97”2 — 6Ln(r) — 4r® — 5) (A.27)
and
A+2r)(r—=)

W (z) = ( 9(r + x) — 4(r* + 7z + )] (A.28)

9r2

For the electron neutrino (analogously to muonic neutrinos), we have that

fo.(@) = gu, ()0l — ] + (h{) (2) + h{) (2))O[r — 2] (A.29)
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with
gv. (z) = ﬁ[(l —2)(6(1 —2)® + (54 bx — 42?)) + 6rLn(x)] (A.30)
W (z) = ﬁ[a —7)(6 = Tr + 117> — 47°) 4 6rLn(r)] (A.31)
hl(,z) (x) = %[77"2 — 43 4 Tor — 4ar® — 22 — 42%7r] (A.32)

where for x =0, f,2(0) = 2.214 and f,, (0) = 2.367 [I35]. On the other hand, for z — 1,

2(3—-2r)(1—x)?

foz (@) = 30— 1)? (A.33)
and
— )3
fo(x) = 74(1 — T) (A.34)
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Appendix B

On the Density of Starburst

(Galaxies

In this section, we report the actual density distribution we used for the diffuse gamma-ray
and neutrino spectra. Following Ref. [32], we define a redshift-dependent modified Schechter

function:

Been(z1) = B(:) (5 )1_&(2) <o ] toe? (14 5] (B.1)
’ () 262(z) ¥(2)

where the SFR ¢ is measured in Mg yr~! and the parameters ®(z), 1(z), a(z) and (z) are

obtained through the best fit of these function with the actual data provided by [148] (see [32]

for further details). The best-fit parameters used are summarized in Tab.

7 B(2) (1073 Mp dex ™) | ¥(2) | a(z) | a2(2)(1071)
0.0-0.3 2.8 7 1.6 1.32
0.3-0.45 1.5 18 1.6 1.2
0.45-0.6 1.2 27 1.6 0.85
0.6 -0.8 1.5 34 1.6 0.8
0.8-1.0 1.2 32 1.6 1.5
1.0-1.2 1.05 36 1.6 1.8
1.2-1.7 1.7 37 1.6 1.7
1.7-2.0 0.9 65 1.6 1.2
2.0-2.5 0.35 170 1.6 1.2
2.5-3.0 0.15 240 1.6 1.8
3.0-4.2 0.0145 550 | 1.6 3.5

Table B.1: 4(z), &(z) and G(z) used for the Schecter function calculation

From the values reported in Tab. it is possible to compute the star formation rate
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density:
+oo
SFRD() = [ smn(a) - v dlog(v) (3.2)
log(%/min)
where 10g(¢min) = —1.5 is the minimum star formation rate as in |32}, [394].
z SFRD (Mg yr—! Mpc ™)
0-0.3 0.025
0.3-0.45 0.034
0.45-0.6 0.037
0.6 -0.8 0.057
0.8-1.0 0.054
1.0-1.2 0.057
1.2-1.7 0.092
1.7-2.0 0.089
2.0-2.5 0.078
2.5-3.0 0.056
3.0-4.2 0.016

Table B.2: Values of the SFRD obtained following Ref. [32].

Tab. [B:2l summarised the values obtained for the SFRD for each redshift bin. The values are

consistent with the ones obtained by Ref. [394] (see also [32] for further details).
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Appendix C

Profile likelihoods

Here, we collect the full set of likelihood contour plots for all the four parameters considered in
the multi-messenger analyses of the Fermi-LAT EGB data with the IceCube 7.5-year HESE data
(Figures for “blending” and for “M82 prototype” SBG models) and 6-year high-energy
cascade data (Figures for “blending” and for “M82 prototype” SBG models).

C.1 Multi-messenger analysis without EM cascades

In this appendix, we present the results for the multi-messenger analyses once we do not take
into account the production of secondary gamma-rays from the electromagnetic (EM) cascades
for the SBG and blazars components. It is indeed important to characterize the impact of the
EM cascades in obtaining the main results of the analysis. To this aim, we consider just the
gamma-ray absorption on CMB-+EBL for the SBG component modelled with the spectral index
blending, and simply take the gamma-ray spectral energy distribution of blazars as reported
by Ajello et al. [I1]. Accordingly, we consider the following positional prior imposed on the

contribution from resolved blazars [13] as

Nplagars — 0.98\ 2
2 azars
— ( Blazars 7 790 C.1
= (R R0 1)

which is fully consistent with the prior given by Ajello et al. [I1]. In Figure we compare to
data the 68.3% and 95.4% CL uncertainty bands for the SBG neutrino and gamma-ray fluxes.
We find that the non-inclusion of the EM cascades generally allows for a larger normalization
for the SBG component. Finally, in Figures and [C.7] we show the full set of two-dimensional

profile likelihoods obtained with the IceCube 7.5-year HESE and 6-year high-energy cascade
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Figure C.1: Two-dimensional profile likelihood plots for the multi-messenger analysis of the
IceCube 7.5-year HESE neutrino data and the Fermi-LAT EGB data using the blending modeling

of SBGs.
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Figure C.2: Two-dimensional profile likelihood plots for the multi-messenger analysis of the
IceCube 7.5-year HESE neutrino data and the Fermi-LAT EGB data using the M82 prototype

for SBGs.
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Figure C.3: Two-dimensional profile likelihood plots for the multi-messenger analysis of the Ice-
Cube 6-year cascades neutrino data and the Fermi-LAT EGB data using the blending modeling

for SBGs.
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Figure C.4: Two-dimensional profile likelihood plots for the multi-messenger analysis of the
IceCube 6-year cascades neutrino data and the Fermi-LAT EGB data using the M82 prototype

modeling for SBGs.
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Figure C.5: Gamma-ray (orange) and single-flavour neutrino (blue) uncertainty bands at

68.3% CL (dark colors) and 95.4% CL (light colors) for the SBG component deduced by the
multi-messenger analysis in case of data-driven blending of spectral indexes without the con-
tribution of electromagnetic cascades. The left (right) plot corresponds to the multi-messenger
analysis with IceCube 7.5-year HESE (6-year cascade) neutrino data. In the left plot, the solid
lines correspond to upper bounds at 95.4% CL.

neutrino data, respectively.
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Figure C.6: Two-dimensional profile likelihood plots for the multi-messenger analysis of the
IceCube 7.5-year HESE neutrino data and the Fermi-LAT EGB data using the blending modeling
for SBGs without the contribution of electromagnetic cascades.
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Figure C.7: Two-dimensional profile likelihood plots for the multi-messenger analysis of the
IceCube 6-year high-energy cascade neutrino data and the Fermi-LAT EGB data using the
blending modeling for SBGs without the contribution of electromagnetic cascades.
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