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In this work we use a multi-messenger approach to determine if the high energy diffuse neutrino
flux observed by the IceCube Observatory can originate from «-ray sources powered by Cosmic Rays
interactions with gas. Typical representatives of such sources are Starburst and Ultra-Luminous
Infrared Galaxies. Using the three most recent calculations of the non-blazar contribution to the
extragalactic ~-ray background measured by the Fermi-LAT collaboration, we find that a hard
power-law spectrum with spectral index a < 2.12 is compatible with all the estimations for the
allowed contribution from non-blazar sources, within 1o. Using such a spectrum we are able to
interpret the IceCube results, showing that various classes of hadronically powered v-ray galaxies
can provide the dominant contribution to the astrophysical signal. With the addition of neutrinos
from the Galactic plane, it is possible to saturate the IceCube signal. Our result reverses previous
findings in which evidence was claimed against hadronic sources being the dominant source of

IceCube neutrinos.

Introduction.— The IceCube Collaboration has de-
tected a diffuse high-energy astrophysical neutrino flux
[1]. However, despite the six years since its detection,
its origin remains unclear. Several candidate source pop-
ulations have been proposed, such as blazars [2H4], ~-
Ray Bursts (GRBs) [6HE], Star Forming Galaxies and
Starburst Galaxies [9HI2], dark matter decay [I3| [I4]
or Galactic sources, like Galactic center [I5HI7], Galac-
tic plane [I8420], Galactic halo [2I]. Some models are
strongly constrained by the absence of correlations be-
tween the directions of the high-energy neutrinos and
known sources. This result is compatible with neutrino-
bright sources being dim photon sources. For example,
distant blazars that are not resolved by the Fermi satel-
lite due to their low luminosity, could have a high frac-
tion of interacting protons and thus be efficient neutrino
sources [22]. GRBs with chocked jets are another type of
~-ray dim and neutrino-bright sources [23]. So far, only
one neutrino source candidate has been tentatively iden-
tified, the blazar TXS 05064056 [24], one of the brightest
blazars located at a redshift z = 0.34.

The multi-messenger approach can be applied in var-
ious ways, either on a “per source” basis where a single
object is studied simultaneously in multiple wavelengths,
in neutrinos and in gravitational waves. Alternatively,
one can also study the entire populations of sources us-
ing diffuse (time and angular integrated) fluxes of neutri-
nos and photons, where the relative differences between
observed energy spectra can constrain certain scenarios.
The latter approach has been recently applied to study
the contribution of Star Forming Galaxies (SFG), includ-
ing Starburst and Star-Forming Active Galactic Nuclei,
to the diffuse neutrino flux [I2]. The study concluded
that these sources can only contribute at most a few
percent of the observed neutrinos, essentially excluding
SFGs as the dominant sources of high-energy neutrinos
in IceCube. Since the 7-ray radiation in SFGs predomi-
nantly originates from Cosmic Ray interactions with gas,

the result may be generalized to the extent that proton-
proton (pp) interactions can not be the main mechanism
of astrophysical neutrino production.

In astrophysical environments where pp interactions
dominate cosmic ray cooling, the relation between the
~v-ray and the neutrino emission is fixed. With approxi-
mately equal numbers of 71, 7~ and 7° being produced
in high-energy collisions, the total energy budget of -
rays is 2/3 of the total energy budget of neutrinos. If
these “hadronic sources” power the entire diffuse neu-
trino flux, it is sufficient that only a subset of all galaxies
significantly contributes, in line with the requirement for
a high-energy cutoff of F, ~ few PeV. Such sources are
likely to carry characteristics of Starburst galaxies (SBG)
such as enhanced stellar light and dust production, which
results in infrared luminosities 10-100 times higher com-
pared the more abundant normal galaxies [25]. In reality,
this heightened level of infrared galaxies is a continuum,
with even higher values observed in what are classified
as Ultra-Luminous Infrared Galaxies (ULIRGs), which
are more luminous (infrared luminosity 100-1000 higher
than normal Galaxies, see Fig.1 of [26]) but less nu-
merous. Fermi reveals an almost linear correlation be-
tween the infrared and the ~-ray luminosities [26, 27].
Therefore, “infrared bright” galaxies like Starburst and
ULIRGs are good candidates of HAdronically powered
~-ray GalaxieS (HAGS). The neutrino and ~-ray spec-
trum from these objects is expected to be a power law,
whose spectral index remains uncertain in the relevant
energy range (above 50 GeV), since only a few members
of the broad HAGS source class (NGC253, M82) have
been detected up to very high energies. We will there-
fore consider the spectral index as a free parameter in
the present work, keeping in mind that the observation
of NGC253 suggests an ~ E~215%010 ahove 50 GeV,
which is the energy region relevant for our purpose (see

Fig. [2).

This work aims to re-evaluate the compatibility of the



most recent neutrino observations by IceCube with an
origin from HAGS. We apply a multi-messenger method
and combine the diffuse extragalactic y-ray background
(EGB) observations by Fermi with the throughgoing
muon energy flux measured by IceCube. Then we also
evaluate the agreement with other two IceCube dataset,
where low energy events (down to ~ TeV) are contained.

Methods.— We start with a comparison of the three
IceCube data analyses, namely: i) the through-going
muons (TGM) [28, [29] originating from muon neutrino
and anti-neutrino interactions outside the detector. This
selection contains tracks from the opposite (Northern)
hemisphere and at a higher energy threshold of 200 TeV;
ii) the high-energy starting events (HESE) [30, [31], char-
acterized by an interaction vertex contained in the fidu-
cial detector volume. HESE contain shower and track like
events mostly coming from the Southern hemisphere;
iii) the 4-year cascade (CASy) [3Z] sample contains neu-
trinos of all flavors interacting with a cascade topol-
ogy, i.e. mostly electron and tau neutrinos. The energy
threshold is the lowest for this dataset, around ~ TeV
energies.

We notice that above 200 TeV both throughgoing
muons and HESE suggest a hard power law spectrum
d®, /dE < E~2?*0-1 Since above this energy the contri-
bution coming from the atmospheric background is small
(~ 20% using the signalness reported in Tab.4 of [2§]),
we assume that this flux is representative of the true as-
trophysical signal. On the other hand one cannot neglect
the information coming from the spectrum measured be-
low 200 TeV; therefore, at the end of our multi-messenger
analysis, we subsequently evaluate the compatibility be-
tween our findings with low energetic HESE and CAS,
datasets.

In order to compute the diffuse neutrino and ~-ray
fluxes we make use of the relation, in which the en-
ergy budget in neutrinos is 3/2 of that in ~-rays. We
assume for the density of the hadronic sources an evo-
lution p(z) = po(1 + 2)™, with m = 3.4 for z < 1 and
m = —0.5 up to z = 4, like the star forming rate [33]. The
diffuse all-flavor neutrino flux ¢, is, therefore, related to
the product of the local source density p and the lumi-
nosity at 100 GeV Ligg gev, i.e. to the local emissivity:
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(1)

where &3 is constant and equal to 3 X
107 GeV™! em™? s sl LNGORS =
(542) x 10%%erg/s is the y-ray luminosity of NGC253 at
100 GeV [34], which we use here as a HAGS prototype.

We determine the spectral-index dependent local (z = 0)
source density po(«) by fitting the astrophysical neutrino
signal to the TGM spectrum in the range 0.1 — 1 PeV.
More details on the calculation are reported in the
supplementary material. We assume throughout that
the spectrum of neutrinos and ~-rays at the sources is
described by a power-law with a spectral index a and
an exponential cutoff energy F.,. The spectral index
remains approximately the same at Earth while the
energy cutoff is slightly different and we denote it with
E?%.. The values of p(a) and EZ,(a), given in TablI]

cut*
are discussed in the result section.

In the computation of the diffuse v-ray flux the inter-
actions with the Extragalactic Background Light (EBL)
have to be taken into account. The high-energy photons
are absorbed and reprocessed through electromagnetic
cascades, resulting in the re-appearance of this energy
flux at lower energies. We use the same source spectrum
as for the neutrinos, offset by 2/3 coming from energy
budget considerations (see Eq. ) The transport of
gamma rays through the intergalactic medium yields two
components at the observer ¢, = ¢3* +¢5**°. The direct
component here arrives from the source population, and
is attenuated at high energies by the EBL. This atten-
uation feeds electromagnetic cascades, giving rise to the
cascade component at energies below a few hundred GeV.
We use [35] for the EBL model and the method given in
[36] to compute the electromagnetic cascade during the
propagation.

The resulting propagated ~-ray flux has to be com-
pared with the non blazar component of the extragalactic
gamma-ray background (EGB). This residual component
of the EGB was estimated by the Fermi collaboration
[37]. The remaining (non-blazar) fraction, is thought to
be shared by all the other ~-ray emitters, such as nor-
mal and starburst galaxies and misaligned blazars. The
share between the blazars and the non-blazar contribu-
tion varies between the different analyses, and are ac-
companied by large errors: the Fermi collaboration iden-
tifies the contribution from blazars to the EGB above 50
GeV as 86% 1% [37]; Lisanti et al. [38] as 68%'%¢ and
Zechlin et al. [39] as 81%?;)3;‘;. The cumulative ~y-ray
flux at Earth ¢ («) non-trivially depends on the spectral
index of the source prototype since the share between
the direct ¢gi;() and the cascade Peasc(@) components
change. We evaluate the compatibility of HAGS with the
non-blazar contribution by comparing the y-ray flux in-
tegrated above 50 GeV with the integral of the EGB flux
in the same energy range.

Results.— We check the compatibility of our model
with the TGM energy flux by scanning over the source
spectral index « and by performing fits of the local den-
sity po(«) of HAGS that maximize the throughgoing
muon energy flux. We remark that throughgoing muons
represent the cleanest way to observe astrophysical neu-
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FIG. 1. Summary of our main results. The grey band repre-
sents the region excluded taking into account the non blazar
contribution to the EGB calculated by Fermi [37]. The orange
band represents the region excluded by integrating the through-
going muon flur multiplied by energy between 200 TeV and 5
PeV, requiring that the energy budget predicted by our model
is below the one measured by throughgoing muons. The green
lines denote different contributions to the TGM energy flux.

trinos, since atmospheric muons are not present and the
200 TeV energy threshold reduces the contribution of at-
mospheric neutrinos. Moreover no contamination from
the Galactic plane is expected.

In Fig[l] we report our result for different spectral in-
dices and different luminosity densities. The bands rep-
resent forbidden regions at lo. The gray region indi-
cates the exclusion of the model by its contribution to
the most pessimistic non-blazar estimation of the EGB.
The orange band limits the allowed neutrino energy flux
integrated between 200 TeV and 5 PeV with respect to
what is maximally allowed by the TGM measurements.
The dashed green lines represent partial contributions to
the TGM energy flux. The result is valid for generalized
pp sources, since the luminosity density is given by the
product between the source density at redshift z = 0 and
the luminosity of the sources at 100 GeV. More details
are reported in Tab[II]of the supplementary material. For
harder spectrum and the two HAGS prototypes, the star-
burst galaxy NGC253 and the ULRIG Arp220 (with a
luminosity 100-150 times higher than NGC [26]), we find
the local densities (given in Tab to be compatible with
the expectation for such sources.

As demonstrated in the Supplementary Material, nor-
mal galaxies contribute very little to the diffuse ~-ray
and the neutrino fluxes due to their soft spectral indices
and low luminosities. Our result places an upper limit
on the source spectral index, with values of a > 2.3 be-
ing excluded at 50, thus confirming the findings by [12]
who based their arguments on the soft single power-law
fit to the HESE data available at that time. On the con-
trary, we find that a source spectral index a < 2.12 is
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FIG. 2. The spectrum of the starburst galary NGC 253 from
a combined analysis of Fermi (blue points) and HESS (red
points and red band) [3)]. The green band represent the flux
above 50 GeV. The observed data points are well fitted by an
E~215%010 goctrum, with an uncertainty of ~ 25% on the
normalization. The IceCube 7-year point source limit for a
harder E~2 spectrum and NGC253’s declination § ~ —25° is
represented by the dashed line [{1]].

found to be compatible with the three estimations of the
non blazar contribution within 1o. Moreover an index of
a = 2.12 allows the saturation of the throughgoing muon
energy flux.

We note here that this discussion on the contribution
to the non-blazar of the EGB neglects the inevitable con-
tribution from misaligned AGN. An estimation of the
level of this component is in the range between 4% and
40% [40], with a best fit value of 12%. Taking this into ac-
count the remaining non AGN contribution would sit at
level of 16%. Even for such a reduced level we still find
compatibility with the throughgoing muon energy flux
using a hard spectrum («a = 2) (see Appendix, Tab.

On the other hand a too hard spectrum is disfavored by
the observation of the Starburst Galaxy NGC 253. The
update measurements, provided by Fermi and HESS [34],
suggest an F~215%0-10 ghectrum above 50 GeV, i.e. our
energy region of interest (see Fig. Therefore as a base-
line spectrum we choose o = 2.12, i) being the softest
spectrum that is able to saturate the TGM energy flux,
i1) without producing any tension with the non blazar
contribution, %) being compatible with the recent up-
date on the observation result of NGC 253.

Figure 3| confirms that a neutrino spectrum of the form
dN/dE, x E;*'? with a source energy cutoff at 10 PeV
is well in agreement with the TGM measurement and
with the high-energy part of HESE. Smaller cutoff val-
ues are generally found to yield a better compatibility
with the EGB, gradually falling short in explaining the
highest energy neutrinos. An energy cutoff of 10 PeV for
neutrinos at the source corresponds to an average cut-
off of 200 PeV for protons. According to [9], SBGs may
be capable of accelerating protons to such high energies,
supporting the compatibility of HAGS with the multi-



messenger observations. Alternatively, a more effective
accelerator members of the HAGS class is discussed in
[42]. Contrary to these expectations, recent indications
by the two Ultra-High Energy Cosmic Ray (UHECR)
observatories see first indications for a directional corre-
lation between the arrival directions of cosmic rays above
39 EeV and nearby SBG [43, [44]. Should HAGS be the
sources of these UHECR, the local abundance of sources
capable of reaching 200 PeV should be rather high.

Comparison with low energy events: We check the
compatibility of our result with the other IceCube
dataset. Concerning the low energy measurements, the
expected number of HESE events are reported in Ta-
ble[l] Using the HESE effective areas [I] and our baseline
spectrum, we find that HAGS can account for 33 out of
about 41 astrophysical signal events, obtained by sub-
tracting the ~ 41 expected background events from the
82 detected events in HESE [29]. While the event counts
are well described by our model, the hard spectrum un-
dershoots the second HESE bin, leaving space for other
small contributions from other sources or background in
this energy range. A possible additional contribution
may come from the Milky Way’s galactic disc can be
present among the events below 100 TeV from the South-
ern hemisphere. Galactic neutrinos are expected to give a
contribution below ~ 150 TeV, reflecting the possible ~ 3
PeV knee of the primary proton spectrum [I8] 20, [45].
The current estimates predict ~1 neutrino/year in the
HESE dataset (above 30 TeV), in line with the latest ex-
perimental limits [46]. Together with the galactic compo-
nent, our model saturates the HESE signal event count
to 94% at the best fit.

We also compare our result with the differential event
distribution of the CAS, sample. This comparison re-
quires a more technical discussion, that is reported in
the Appendix. Using the baseline spectrum we find this
model to be compatible within the uncertainties.

Conclusion.— We applied a multi-messenger approach
to study the contribution of HAGS to IceCube’s diffuse
neutrino flux combining the constraints from current -
ray and neutrino observations. HAGS are (typically) in-
frared bright sources with a hard ~-ray spectrum from
proton-proton interactions, for which the relation to the
expected neutrino flux is well defined. The strongest con-
straint comes from the non-blazar contribution to the ex-
tragalactic y-ray background.

We find that a hard power-law spectrum with an index
a < 2.12 and an energy cutoff at 10 PeV at the source
to be compatible with the currently available estimations
of the non-blazar contribution. In particular, due to the
large uncertainties of these estimates it is impossible to
derive tighter constraints solely from v-ray observations
and exclude HAGS, which include Starburst Galaxies and
ULIRGS, as the dominant sources of diffuse neutrinos.
Moreover, this conclusion remains valid even when an
estimation of the misaligned AGN are further removed
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FIG. 3. Diffuse extragalactic neutrino and y-ray fluzes from a
population of HAGS, using our baseline spectrum (a = 2.12)
and 10 PeV as the energy cutoff at the source. The latest
HESE data is indicated by the purple points [31)] and the TGM
energy fluz by the green band [{7]. The black data points show
the total Fermi EGB [}8]. The ~v-ray flux associated with
HAGS is shown separately for the direct and the cascade frac-
tions (red curves). The red curves are below the measurement
since the integral flux above 50 GeV from HAGS can not ex-
ceed the non-blazar contribution accounting for a few tens of
% of the entire EGB.

TABLE 1. Decomposition of the 5.7 years of the 82 HESE
events [31] into different source components. The background
events are given by IceCube in [29], whereas the Galactic neu-
trinos are computed in [19] and they are roughly 1 per year in
the HESE dataset. Neutrinos from HAGS accounts for 33 of
the 41 signal events, i.e. about 80% of the astrophysical signal.

Expected Fraction
252473 32% + 9%
156755 20%* L%
33+8 41%+10%
< 5.7 < 7%
79.51103 -

Atmospheric muons
Atmospheric neutrinos
Extragal. neutrinos (HAGS)
Galactic neutrinos
Total

from the extragalactic y-ray background.

Such a spectrum is also found to be consistent with the
spectrum of the NGC253 (a prototype of HAGS) above
50 GeV and with both the throughgoing muon energy
flux detected by IceCube and the high energy part of the
HESE flux. We also evaluated the contribution of our
baseline spectrum to the low energy part of the HESE
and CAS, events. We do not find any contradiction
between the hypothesis that the dominant contribution
of the IceCube neutrino energy flux comes from HAGS,
since they can fully power the throughgoing muon energy
flux and contribute to the majority of the signal neutri-
nos contained in HESE. The small remaining fraction can
be attributed to neutrinos from the Milky Way’s galactic
plane. Due to the soft spectral index and low maximal
energies, the contribution from an entire population of
“normal galaxies” (like ours) is at the few % level.



This result reverses the conclusions drawn in previ-
ous studies, which found evidence against “Star Forming
Galaxies” [12] as the major source of IceCube neutrinos.

Compared to the brightest y-ray sources (like blazars)
HAGS are comparatively dim steady emitters, with their
detection as neutrino sources requiring neutrino detectors
with at least an order of magnitude more sensitivity com-
pared to IceCube’s current sensitivity. In the y-ray do-
main, the upcoming Cherenkov Telescope Array (CTA)
will be able to discover more nearby HAGS, as well as
extend the energy spectral energy range up to higher en-
ergies of those already detected. Being hadronic sources,
HAGS are natural candidates for this neutrino emission.
We find good compatibility of HAGS being the dominant
neutrino source class.
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Supplementary material

The next sections are dedicated to more detailed cal-
culations of i) the diffuse neutrino flux, ii) the expected
number of events in the HESE and CAS, data sets and
i11) the contribution from Normal Galaxies.

Computation of diffuse neutrino flux

For hadronic, i.e. proton-proton, interactions the y-ray
and the all-flavor neutrino spectrum obey the following
energy budget relation:

/ %Edhwg/ 90 b @)
0 dE 0

3 dE

where % is the differential flux at the source. The diffuse
neutrino flux expected from HAGS, we start from the -
ray luminosity spectrum from a single source. We assume
that it is a power law with a spectral index equal to a+2,
an energy cutofl E.,; and we denote it as % (E, Ecyt, ).
For each value of «, the related neutrino spectrum is nor-
malized in order to reproduce L, = 3/2 LI;IGC 253 in the
energy range between 0.1 GeV and 3 TeV, since we take
the Starburst Galaxy NGC 253 as a benchmark object in
our calculation. This object has been recently observed
by both Fermi-LAT and HESS [34]. Under the previ-
ous assumptions the neutrino flux from a single source is
given by:

doy ?
(E, Ecut, @, 2) :/ dz
dE ‘ 0

We denote the neutrino flux from a single source with
d(E,). where zmax = 6, D.(2) = Dy x d(z) is the co-
moving distance, Dy is the Hubble distance and d(z) =
Jo dZ h(%)7'. In the previous equation the terms h(z) =
VU + Qi (1 + 2)3 with Q) = 0.73 and ,,, = 0.27.

In order to obtain the cumulative neutrino flux we pa-
rameterize the evolution of the sources in redshift as in

33]:
e (120) " (1Y
(4)

where a = 3.4, b = —0.3, ¢ = —3.5, B = 5000, C =9,
1n = —10. The parameter py denotes the local density of
sources at redshift (z = 0). In our case po(«) is obtained
by fitting data and depends on the spectral index (values
are given in Tab. The diffuse neutrino flux is indicated
using ®(E,) and it is obtained from:

(fi,EE" [E(l + Z)a Ecuta Oé] ( )
47D (2)%(1 + 2)2E?

1
AN /n

W(z) = Po

dd, _[emex dg, dN av
diEu(EvECutva)*/O' dE (E,Ecut,Ol,Z) dV(Z7a) dz dz
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FIG. 4. Differential number of neutrino events in the South-
ern Sky compared to the 4-year cascade analysis (CASs) [32)].
The contribution from the pp model is shown for spectral in-
dices 1.9 < a < 2.12 by the blue band, assuming a flavor
composition of ve : v, : v, = 1 : 1 : 1. The atmospheric
background (cyan) is taken directly from [32] and the galac-
tic contribution (gray) from [19]. Due to the large statistical
error above 200 TeV, the sensitivity to the shape of the astro-
physical signal is low. This region is better constrained by the
TGM sample.

where dV/dz gives the relation between the comoving
volume and the redshift as follows, 4 = 47D3 f((zz)).
We have chosen zy,.x = 6 in our calculations but we have
checked that larger choices of zpax do not produce any

significant impact on the calculations.

Computation of neutrino event counts

This section describes the methods how we compare
our model with the IceCube data. The number of events
expected in six years of the HESE data [31] is

Ney = 4 T/OodE 1d¢”xZAi (E), (6)
ev — 4T ) u3dE.y - eff )

where T=5.7 years, phi, is the total neutrino flux. We
assume the equipartition of flavors ¢ at Earth (v, : v, :

vr =1:1:1) and Al4(F) is the effective area for v; [I].
For the CAS; sample, we compute the differential
event distribution by using

dN., ANCC ANNC
—onT |25 (Ba) + e (B (7
dBaep dEdep( dep) + dEdep( d p)} (7)

The dominant first term represents the contribution from
charged current interactions vy +nucleons — ¢+ X, which
is
dNS€
dE

() = nata(B)L(E) 40T (£ ) ot (£ ).

The second term

Dem-a-0 3 ab() it (o)

l=e,p,T Eno

describes the contribution from neutral current interac-
tions. The parameter 1 ~ 0.75 is the ratio between the
charged current cross section and the total deep inelas-
tic scattering cross section. It is approximately constant
in the energy region of interest [49]. The parameters
& = 0.7 and Ene = 0.25 give the relation between de-
posited energy and incident energy for CC interactions
of v; and all neutrino flavors interacting via NCs, re-
spectively [50]. The best fit (orange curve) is compared
to the data in Figure [df The orange band comes from
the different spectral indices that have been used, i.e.
1.9< a <212

Gamma-rays and neutrinos from Normal Galaxies

Normal galaxies, such as ours, are more abundant but
less luminous than HAGS. Therefore it might be impor-
tant to estimate their contribution to the diffuse y-ray
and neutrino fluxes, using the same procedure as for
HAGS. As a typical luminosity of normal galaxy we use
that of the Milky Way ~ 103° erg/s in the 0.1 GeV - 3
TeV energy range [26]. The local density is estimated
as pp = 10727 Mpc~3 from HERSCHEL data (Figure
4 of [5I]). The spectral index is varied in the range
o € [2.4—2.7], which includes the rather extreme KRA-y
model [52] and that of galactic cosmic-rays. The result-
ing diffuse fluxes from normal galaxies are presented in
Figure [5] for the range of spectral indices. Even for the
hardest spectral indices the contribution to the EGB and
the neutrino flux is at level of few %.



TABLE II. Summary of our main results. In the table the values of different parameters are reported, namely: the energy cutoff
E?,, in units of PeV, the local source density po(c) in units of Mpc™2, the contribution to the extragalactic y-ray background as
a function of the spectral index .. The parameter po(c) denotes the local density of sources that is required to power the TGM
energy flux. Here we show two different examples, assuming as a prototype source NGC 253 and ARP 220. In the last three
columns on the right we write what is the tension between the contribution to the EGB expected from our model and the results
of the three calculations discussed in the paper [37H39].

NGC 253 ARP 220 |Contribution to Tension with
a Ery  po() po(a) total EGB  Fermi coll. [37] Lisanti et al. [38] Zechlin et al. [39]
1.9 3.2 7.7x107% 5.1 x 1077 6% 1no 1no 1no
20 41 23x107* 1.6 x 107 11% no no no
21 51 79%x107*53x%x10°¢ 25% 0.8¢ no 0.3¢
2.12 5.3 1.0x 1072 6.7 x 1076 28% 1o no 0.50
2.2 63 28x107% 1.8 x107° 50% 2.60 2.10 1.70
23 78 1.1x107272x107° 100% 6.90 870 4.80
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FIG. 5. ~-rays (red band) and neutrinos (blue band) produced by normal galazies. The contribution to the EGB and to the
IceCube fluz is few %, therefore normal Galazies cannot be the dominant class of HAGS.
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