
P
o
S
(
I
C
R
C
2
0
2
1
)
1
2
3
2

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

A novel multimessenger study of Starburst galaxies:
implications for neutrino astronomy

Antonio Marinelli,a,∗ Antonio Ambrosone,a,b Marco Chianese,a,b Damiano Fiorillo,a,b
Gennaro Mielea,b,c and Ofelia Pisantia,b

aINFN - Sezione di Napoli,
Complesso Univ. Monte S. Angelo, I-80126 Napoli, Italy

bDipartimento di Fisica “Ettore Pancini” , Universitá degli studi di Napoli “Federico II” ,
Complesso Univ. Monte S. Angelo, I-80126, Napoli, Italy

cScuola Superiore Meridionale, Universitá degli studi di Napoli “Federico II”,
Largo San Marcellino 10, 80138 Napoli, Italy
E-mail: antonio.marinelli@na.infn.it

Starburst galaxies (SBGs) and more in general starforming galaxies (SFGs) represent a class of
galaxies with a high star formation rate (up to 100Mo/year). Despite their low luminosity, they can
be considered as guaranteed “factories” of high energy neutrinos, being “reservoirs” of accelerated
cosmic rays and hosting a high density target gas in the central region. The estimation of their
point-like and diffuse contributions to the neutrino astrophysical flux measured by IceCube can be
crucial to describe the diffuse neutrino spectral features as well as the peculiar point-like excess
like NGC1068. To this aim we use the latest gamma-ray catalog of this class of objects to perform
a multimessenger study and describe their gamma-ray emission through a calorimetric scenario.
For the diffuse analysis we perform a blending of the measured spectral indexes and obtain a
multi-component description of extragalactic background light (EGB), high energy starting events
(HESE) and high-energy cascade IceCube data. Remarkably, we find that, differently from recent
prototype scenarios, the spectral index blending allows starburst galaxies to account for up to 40%
of the HESE events at 95.4% CL and favors a maximal energy of the accelerated cosmic rays at
tens of PeV. For the point-like analysis we apply the calorimetric approach to the known SBGs
within 100 Mpc, considering, where possible, a source-by-source description of the star formation
rate. These results are then compared with what can be expected from IceCube, IceCube/Gen2
and the incoming KM3NeT.
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1. Introduction

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 non-wind galaxies are available just from few of them, confirming
their low luminosity at high energies and making difficult an exhaustive prediction of the neutrino
counterpart. Recent works [19, 22] have reexamined the neutrino and gamma-ray emissions from
SBGs pointing out that these sources can indeed account for the IceCube through-going muon
neutrino flux at hundreds of TeVs in agreement with gamma-ray data. In particular, they 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 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, the cosmic-ray spectrum injected in
all the SBGs is fixed to be a power-law with spectral index of 4.2 1 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 generally expected. In this ICRC
contribution we go through two different multi-messenger and multi-component analyses of SBGs
(diffuse and point-like) to obtain the expected neutrino emission.
For the diffuse emission 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 [8] 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 [22], 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 right behaviour required
to potentially explain IceCube low-energy events and alleviate the tension between neutrino and
gamma-ray data. To further investigate this result, we perform amulti-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 [20] that, using the TXS0506+056 as a standard candle, describes the neutrino
and electromagnetic emission satisfying the IceCube stacking limit [2]. For both the two classes of
sources, we include the secondary gamma-ray emission from electromagnetic cascades using the
public code γ-Cascade. Regarding neutrino data, we examine the latest 7.5-year HESE data as
well as the 6-year high-energy cascade ones which probe the neutrino emission at lower neutrino

1It 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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energies. 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 [9].
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 highlighting the differences in the results 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 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 SBGmodel with blending generally requires a cut-off energy smaller than few tens of
PeV, in agreement with an expected dominant neutrino emission from blazars above 200 TeV [20].
Finally, we point out that our model for the SBG component is allowed to 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 [16].

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
dimness [11, 22]. 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. Currently,
only a dozen of these sources have 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.

For the point-like emission analysis we employ a multi-messenger and multi-wavelength ap-
proach to assess the ability of current and upcoming neutrino telescopes to observe such galaxies as
neutrino point-like sources. We follow the scenario proposed by [21] which considers the transport
of high-energy protons and electrons and we analyze the 10-year Fermi-LAT data provided by [8],
taking into account the spectral energy distributions (SEDs) of 13 SFGs and SBGs. 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 SBG, we require the
star formation rate (SFR) to be consistent with the one derived from infra-red (IR) and ultra-violet
(UV) observations [13] within a maximal level of discrepancy, thus making our predictions more
robust. Hence, we compare the most-likely neutrino flux normalizations at 1 TeV with IceCube,
IceCube-Gen2, and KM3NeT sensitivities (see Figure 2).

2. Emissions of a single Starburst galaxy

SBGs are characterized by a high star formation rate (SFR) (ψ ∼ 10 − 100 M⊙ yr−1) which
highlights the 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), the IR emission of SBGs,
10 − 100 times greater than normal galaxies, can be considered a good tracer for the SFR. These
characteristics favour the production of high-energy gamma-rays and neutrinos through the hadronic
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proton-proton interaction and explain the linear relation between gamma-ray luminosity and infrared
emission observed by [23]. Beside an interstellar medium density of nISM ∼ 102 cm−3, these sources
present also a strong magnetic field (102 − 103µG) [24] which plays an important role in the CR
confinement. The episodes of starburst are caused by supernova explosions and usually happen in a
region called starburst nucleus (SBN). In particular, SNRs are expected to inject a massive amount
of gas and this becomes a supersonic wind flow [12]. Hence, winds and turbulence play a decisive
role in the motion and interaction of CRs. If these high-energy CRs are confined inside these
galaxies, SBGs could be thick enough to efficiently produce neutrinos and non-thermal radiation.
This calorimetric condition can be expressed by

Tloss ≤ Tesc , (1)

where Tloss is the typical CR timescale for interactions and Tesc is the timescale taken for a CR to
escape the source. Many authors focused on CR spectral features of SBGs [18] 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 [22]). In
this paper, we follow [21] to describe CR timescales. We consider the SBNs as a spherical region
with the advection time Tadv = R/vwind depending on the radius (R) of this region and on the
wind velocity (vwind). On the other hand, for the time loss of CR we take into account the proton-
proton (p-p) interaction. We describe CR diffusion through a Kolmogorov-like scenario, assuming
a density of the magnetic field F(k) ∝ k−d+1 with d = 5/3 and a regime of strong turbulence
inside the SBN [22]. These assumptions lead to a diffusion coefficient D(p) ∝ p1/3, which implies
Tdiff(E) ∝ E−1/3. For a magnetized fluid the Kolmogorov scenario should in principle be replaced
by the Kraichnan model [14] for turbulence. However, as shown by [21, 22], 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 Tesc in Eq. (1) is given by

Tesc =

(
1

Tadv
+

1
Tdiff

)−1
. (2)

For SBG typical values (R ∼ 102 pc and vwinds ∼ 102 − 103 km/s, see [24]), we have that
Tadv ∼ 105 −106 yr. On the other hand, the high level of turbulence and interstellar medium density
makes the diffusion timescale much greater than this timescale (see [21]); consequently, winds are
principally dominated by advection and therefore Tesc ' Tadv. The timescale Tloss 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 [21], Tloss 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 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

Fp,e = Qp,e

(
1

Tadv
+

1
Tloss

+
1

Tdiff

)−1
, (3)

where Fp,e and Qp,e are respectively the distribution function and the injection rate of protons
and electrons. Eq. (3) physically represents the balance between the injection and CRs loss terms.
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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 Qp,e(p,RSN, α, pmax) depends both on the rate of supernova explosions RSN and on
the spectral shape given by a single SNR.
It is worth noticing that the calorimetric condition given by Eq. (1) significantly affects the spectrum
of expected neutrinos and gamma-rays [22]. In fact, we have that Qν,γ ∝ Qπ ∝ nISM σpp Fp and Fp

principally depends on the minimum timescale in Eq. (3). In particular, we get

Qν,γ ∝

{
Qp Calorimetric Scenario
c nISM σppQp

R
vwind

Wind Scenario
(4)

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: RSN, α and pmax. Keeping
in mind the direct relation between RSN and the star formation rate (SFR) ψ ([22]), for the rest of the
paper we continue to describe the emission of the SBGs through: ψ, α and pmax. 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. [22], 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. A crucial role in this study is played also by
the the maximum proton energy expected in SBNs, which is here considered as free parameter in
the following multi-messenger likelihood analysis. Several authors discuss this point however the
possibility for the SNRs and fresh star formation regions to accelerate CRs up to the knees energy
is still an open question.

3. Diffuse 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 neutrino
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. The former contains neutrino 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) measured by Fermi-LAT [6]. Most of the
EGB spectrum is accounted by for resolved and unresolved blazars, while the contribution of other
sources is in general sub-dominant [15]. Therefore, in addition to the starburst galaxies, we take
into account other classes of sources contributing to the neutrino and gamma-ray skies, in details
for the gamma rays we consider additional components from blazars and radio galaxies while for
neutrino we consider only a additional component from blazars.
For both the neutrino and the gamma-ray components, we perform a maximum likelihood analysis
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Figure 1: 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.

using a chi-squared likelihood. For the neutrino data, we use the following chi-squared function:

χ2
ν =

∑
i

(
ΦIC
ν,i − NBlazarsΦ

Blazars
ν,i − NSBGΦ

SBG
ν,i (p

max)

σIC
ν,i

)2

, (5)

where ΦIC
ν,i is the diffuse single-flavour flux observed by IceCube in each energy interval i with

uncertainties σIC
ν,i, whereas Φ

Blazars
ν,i and ΦSBG

ν,i are the neutrino flux of blazars and SBG sources,
respectively. The resulted neutrino spectra considering EGB, HESE and cascade data are reported
in Fig. 1.

4. Point-like 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 [17],
which is not included in the following analysis. Thuswe test the hypothesis that the observed gamma-
ray SEDs are saturated by star-forming activity only, and determine themost-likely neutrino emission
under this assumption. We analyze the gamma-ray SEDs of 13 galaxies observed by Fermi-LAT
with 10 years of observation [8].2 For M82 and NGC 253 we make also use of the data provided by
VERITAS [5] and H.E.S.S. [4], 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 ÛM∗
and the spectral index Γ of injected protons and electrons. We determine the posterior distribution
as

p( ÛM∗, Γ|SED) ∝ p(SED| ÛM∗, Γ) p( ÛM∗) p(Γ) , (6)

2The data reported in [8] are normalized to a constant value of 10−9 GeV cm−2 s−1 at an energy of 1 GeV. We have
suitably rescaled them using the reported best-fit parameters of the power-law model.
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Figure 2: 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 values of the source parameters
deduced by current gamma-ray data [10], while the bands represent the 68% credible intervals of the
marginal flux distributions. The lines shown the point-like sensitivity of different neutrino telescopes: 6-year
KM3NeT/ARCA [7], 10-year IceCube [3], and 10-year IceCube-Gen2 estimated according to [1].

with a Gaussian likelihood function

p(SED| ÛM∗, Γ) = e
− 1

2
∑

i

(
SEDi−E

2
i
Φγ (Ei |

ÛM∗ , Γ)

σi

)2

. (7)

Here, SEDi are the measured data, where i runs over the energy bins centered around the energy
Ei, and σi are the observational uncertainties. The data are compared to the gamma-ray emission
Φγ(Ei | ÛM∗, Γ) predicted by our model. We adopt the source distances provided by [13] and neglect
the uncertainty on such values. For all the galaxieswe consider the same uniformprior 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 ÛM∗ to be consistent within a factor of 3 with the corresponding values
reported in [13]. This choice is made to cover the wide variety of SFR estimates presented in the
literature [8]. To compare the values of ÛM∗ with the one measured we follow the relation between
ÛM∗ and the radiation density reported in [10]. The results of the analysis are summarized in Fig. 2.

5. Results and conclusions

Event though the nearby known SBGs can contribute at the level of ∼ % to the whole sky
astrophysical flux measured by IceCube, the upcoming neutrino telescopes will potentially observe
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nearby some 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. On the other hand whenever we extend the analysis of SBG neutrino emission to the
deep sky (z ∼ 4) the total contribution to IceCube measurements can rise up to 20% − 40% of the
measured neutrino astrophysical flux.
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