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The detection of high-energy astrophysical neutrinos and ultra-high-energy cosmic rays (UHECRs)
provides a new way to explore sources of cosmic rays. One of the highest energy neutrino events detected
by IceCube, tagged as IC35, is close to the UHECR anisotropy region detected by Pierre Auger
Observatory. The nearby starburst (SB) galaxy, NGC 4945, is close to this anisotropic region and inside the
mean angular error of the IC35 event. Considering the hypernovae contribution located in the SB region of
NGC 4945, which can accelerate protons up to ∼1017 eV and inject them into the interstellar medium, we
investigate the origin of this event around this starburst galaxy. We show that the interaction of these
protons with the SB region’s gas density could explain Fermi-LAT gamma-ray and radio observations if the
magnetic field’s strength in the SB region is the order of ∼mG. Our estimated PeV neutrino events, in
ten years, for this source is approximately 0.01 (4 × 10−4) if a proton spectral index of 2.4 (2.7) is
considered, which would demonstrate that IC35 is not produced in the central region of this SB galaxy.
Additionally, we consider the superwind region of NGC 4945 and show that protons can hardly be
accelerated in it up to UHECRs.
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I. INTRODUCTION

The detection of high-energy (HE) astrophysical neu-
trinos provides us the unique opportunity to investigate
their origin. The IceCube observatory reported the discov-
ery of 28 TeV-PeV neutrino events in 2013 [1,2]. In their
latest update, 54 more neutrino events have been added
to the high-energy starting events (HESE) catalog [3]. The
Pierre Auger Observatory detected ultra-high-energy cos-
mic rays (UHECRs) above 57 EeV in their 3.7 years of
observations [4,5]. These observations exhibited an aniso-
tropic distribution of UHECRs and their possible correla-
tion with nearby extragalactic objects. Additionally, a
large-scale anisotropic distribution was detected above
8 EeV, indicating a nongalactic origin [6]. The Pierre
Auger Collaboration showed that if nearby starburst gal-
axies (SBGs) are included in the UHECR source popula-
tion with active galactic nuclei (AGNs), then patterns of
arrival directions of UHECRs above 39 EeV could be
explained with a 4σ (4.5σ for a recent update) confidence
level against the isotropic hypothesis [7,8]. Furthermore,
many works have pointed out that Centaurus A (a type of
AGN) [9–12], and/or M82 and NGC 253 (types of SBGs)

[13–17] are potential UHECR candidate sources. These
astrophysical objects have also been proposed as candi-
dates for HE neutrino production (for a review see [18,19]).
Up to date, TXS 0506þ 056 is the only astrophysical
object identified as a neutrino source [20,21]. However, a
recent search for pointlike neutrino sources showed a
2.9σ fluctuation over the expected background near the
location of the SB/Seyfert 2 galaxy NGC 1068 [22].
Although the significance is not enough to claim a real
connection, several works have been developed to explore
feasible explanations of the neutrino flux coming from this
galaxy [23–26].
Inside the direction of the suggested Auger hotspot and

the neutrino event IC35 with an energy of 2004þ236−262 TeV,
which is one of the most energetic neutrino events reported
by IceCube Observatory in the HESE catalog, is located the
galaxy NGC 4945. This galaxy is also detected in gamma
rays by Fermi-LAT (Large Area Telescope) and reported in
the first Fermi-LAT catalog [1FGL; [27]]. The gamma-ray
emission was explained using the interaction of cosmic ray
(CR) protons with the gas medium in the SB region [28,29].
NGC 4945 a nearly edge-on spiral galaxy classified as

SB type is located at a distance of 3.82� 0.31 Mpc
[30,31]. This galaxy is one of the brightest emitters in
the infrared (IR) band, which originate from the heating of*eaguilar@astro.unam.mx
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dusty medium by ultraviolet (UV) and optical photons from
the central SB activity. Moreover, optical line splitting
provides evidence of an ionization region embedded within
a conical cavity with a dimension of ∼1 kpc × 6 kpc along
the minor and major axis of the galaxy [32,33]. This
conical-shaped region was also observed in the x-ray band,
which is consistent with a super wind driven by SB activity
[34]. Furthermore, NGC 4945 has an obscured AGN/
Seyfert type 2 nucleus indicated by the variability on
timescales of hours in the hard x-ray emission [35]. This
galaxy is considered one of the nearby brightest hard x-ray
emitters at 100 keVonly after NGC 4151 [36]. The mass of
its supermassive black hole is ∼4 × 106 M⊙, estimated by
the detection of H2O megamaser [37].
In this work, we investigate if there could be a con-

nection among the SBG/Seyfert 2 NGC 4945, the IceCube
neutrino event IC35, and UHECRs hotspot (Fig. 1 shows
their spatial correlation). We analyze if the nuclear SB
region could produce PeV neutrinos via proton-proton (pp)
collisions for protons accelerated up to ∼1017 eV. We
assume that protons can be accelerated up to these energies
by an energetic supernovae (SNe) explosion called
hypernovae (HNe). This assumption differs from the work
of [29] because they only consider SNe as proton accel-
eration sites, for which PeV neutrinos are not expected.
Additionally, they did not consider the contribution of both
primary and secondary pairs, which are important to
explain the radio emission in the SB region. Although
neutral pion decay products dominate the Fermi observa-
tions, the resulting cascade of secondary electrons could
have significantly contribution. Furthermore, we estimate
the maximum energy that CRs can reach in the superwind
region and its possible contribution to the Auger hotspot.

The paper structure is as follows: in Sec. II, we introduce
the sources of CRs in starburst galaxies, including two
regions: the nuclear starburst and the superwind. Section III
describes the theoretical model to calculate the gamma-ray
and radio spectrum produced in starburst galaxies. Also, we
include neutrino production. In Sec. IV, we apply the model
described in the previous section for the case of the
starburst galaxy NGC 4945. Finally, in Sec. V, the con-
clusions are presented.

II. COSMIC RAYS IN SBGs

A. Cosmic-ray acceleration requirements

A charged particle moving along a uniform magnetic
field has a helical motion with radius given by rL ¼
ECR=ðZeBÞ ≈ 1.08ZE15;CRB−1

μG pc where Z is the atomic
number, E is the particle energy, e is the electron charge,
and B is the strength of the magnetic field. The so-called
Hillas criterion provides the maximum energy that CRs
can reach, expressed as rL < R with R the source’s size.
The maximum energy of CRs that a source can confine,
independent of the acceleration mechanism, is given by
Emax
CR ≈ 9.25 × 1017 ZBμGRkpc eV [38]. A useful paramet-

rization of the characteristic acceleration timescale of CRs,
independent of the Fermi first and second order acceler-
ation mechanism is tacc ¼ AtL with A≳ 1 [39] and
tL ≃ rL=c. Therefore, the characteristic acceleration time
can be written as tacc ≈ 350 Z−1AECR;17B−1

μG yr, with the
parameter A ∝ β−2D, where β is the velocity of the source
and D is the diffusion coefficient. This coefficient in
the Bohm limit is DB ¼ 1=3crL, and in the case of
Kolmogorov turbulence is DK ≈ 1=3cr1=3L l2=3c , with lc as
the coherence length scale.

B. Cosmic rays in SB region

It is well accepted that CRs are accelerated in SN shocks
via the Fermi mechanism up to energies of ∼1015 eV [40].
Similarly, CRs can be accelerated up to higher energies
in a special and most powerful SN type called HN. These
HNe can provide CRs with energies as high as ∼1017 eV
[41–43]. Therefore, CRs are injected by SNe and/or HNe
into the SB region with a rate of QðEÞ ¼ NE−α, where α is
the spectral index and the normalization constant N in units
of ½GeV−1 s−1�, is calculated using the total CR luminosity

Lcr ¼
Z

Emax

Emin
EQðEÞdE ¼ ðfECR;hn þ ECR;snÞRsn; ð1Þ

where f ¼ Rhn=Rsn is the ratio of HN to SN rates,
ECR;hnðECR;snÞ is the CR energy provided by HNe
(SNe). We simplify the above equation defining the term
in the parenthesis as the effective or average energy of CR
supplied for both SNe or HNe

FIG. 1. This figure shows the attractive region of the skymap,
including the galaxy NGC 4945 (green point) and a region of 27°
centered at the biggest red point (red circle) corresponding to
Auger hot spot [8]. The neutrino IC35 corresponds to the blue
point and its median angular error (blue circle). UHECRs are
shown as red points.
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hECRi ¼
�
1þ f

ηhnEk;hn

ηsnEk;sn

�
ηsnEk;sn; ð2Þ

where ηhnðηsnÞ is the fraction of energy transferred from
HN (SN) to CR acceleration, and Ek;hnðEk;snÞ is the typical
energy released in a HNe (SNe). The terminology CRs
refers to both electrons and protons. The proton density,
Np, is higher in SBGs compared to the electron density,Ne,

(Np

Ne
∼ 50) [44]. The steady state of CR spectrum can be

approximated as [45,46]

NðEÞ ≈QðEÞτðEÞ; ð3Þ

where τ is the lifetime of CRs in the SB region. CR
distribution in the SB region is controlled by their diffusion
in the random magnetic field and their outflow due to
the galactic wind. The diffusion and advection timescales
are defined as tdiff ¼ 3h2=ð4DÞ and tadv ¼ h=Vw, respec-
tively, where Vw is the galactic wind velocity, h is the
scale height of the SB region and D is the diffusion
coefficient. The diffusion coefficient is parametrized as
DðEÞ ¼ D0ðE=3 GeVÞδ, where δ lies in the range of
0.1 ≤ δ ≤ 1 and depends on the spectrum of the magnetic
turbulence of ISM. In SBGs, the Kolmogorov turbulence
could be assumed, which agrees with recent studies of
CR propagation in our Galaxy with values of δ ¼ 0.3 and
D0 ∼ 6 × 1028 cm2 s−1 [47]. However, the escape time will
be a competition between diffusion and advection process
and defined as t−1esc ¼ t−1diff þ t−1adv. The lifetime of CRs is
compound by losses and escape, i.e., τ ¼ ðt−1loss þ t−1escÞ−1.
The Appendix lists the main loss processes for protons
and electrons.

C. Cosmic rays in superwinds

The SN-driven superwinds have been investigated by
[48,49]. The superwind is expected when SNe and stellar
winds collide each other. This collision forms a shock that
thermalizes the central region and creates a cavity with
heated gas at a temperature T ∼ 107 K. This hot gas can
reach the pressure necessary to produce an unbound gas
under the gravitational potential, leading to an outflow
away from the SB region. The escaping gas creates a region
with an x-ray emission surrounded by a warm material
detected in the optical band.
In superwind theory, there are two main quantities: (i) the

rate of energy transfer from SNe and stellar winds to the
superwind, defined by _E ¼ ϵ _E�, and (ii) the rate at which
the hot matter is injected into the superwind, i.e.,
_M ¼ β _M�. Using these quantities, we determine the tem-
perature of hot gas Tc ¼ ðγa − 1Þμmp

_E=ðγa _MkBÞ, where
kB is the Boltzmann constant, γa is the adiabatic index,
and μ is the mean molecular weight. The number density
of the hot gas in the central cavity is given by

nc ¼ 0.592
ffiffiffiffiffiffiffi
_M3

p
=ð

ffiffiffiffi
_E

p
μmpðRþ 2hÞRÞ, where R and h

are the radius and half-scale height of the nuclear star
formation region, respectively. Therefore, the thermal
pressure in the central cavity is Pc ¼ nckBTc. Once the
wind escapes from the nuclear star forming region,
the superwind undergoes reacceleration, reaching a termi-

nal velocity of V∞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 _E= _M

q
. The material is dragged

through the disk and the halo from the star formation region
in a strong shock. This strong shock accelerates particles
via the Fermi mechanism producing a power-law distribu-
tion with a spectral index of α ∼ 2. The total CR luminosity
provided by the superwind is Lcr;sw ¼ ξ _MV2

sw, where ξ is
the fraction of the superwind energy used to accelerate
particles and Vsw is the superwind velocity. The maximum
energy reached in the superwind region can be estimated
comparing tacc ≲ tdyn where tdyn ¼ Rsw=V∞ is the dynami-
cal timescale.

D. UHECRs

The recent anisotropic region reported by the Pierre
Auger Collaboration hints at a possible association with the
starburst galaxy NGC 4945. This galaxy is 6° away from
the hot spot’s center, being the astrophysical object with a
larger contribution in the model applied based on starburst
galaxies [50]. This anisotropic region was parametrized
with a circle centered at R:A: ¼ 202° and δ ¼ −45°. This
region has an excess of 62 events above the expected for
the isotropic case. To estimate the expected number of
UHECRs that could be observed from NGC 4945,NUHECR,
as function of the bolometric luminosity of UHECRs, Lcr,
we use the relation given by [11]

NUHECR ¼ 1

4πd2L

ðα − 2Þ
ðα − 1Þ

ΞωðδsÞ
Ω60 GeV

Eα−2
cr;minE

−αþ1
th Lcr; ð4Þ

where ΞωðδÞ=Ω60 ≃ ð101400 × 0.64=πÞ km2 yr is the
exposure of the Pierre Auger Observatory with almost
15 years of data, Ecr;min is the minimum energy of the CR
spectrum and Eth > 38 EeV is the threshold energy.

III. GAMMA RAYS AND NEUTRINOS
FROM SBGs

A. Gamma-ray production

1. Neutral pion decay products

During their propagation, protons interact with the gas
density of the medium, and the principal energy loss is via
inelastic hadronuclear ðppÞ collision (e.g., [51–53]). The
collision timescale is given by tpp ≃ ðκcσppngÞ−1, where
κ ≃ 0.5 is the inelasticity, ng is the average gas number
density of the medium and σpp is the inelastic cross
section [54,55],
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σppðEpÞ ¼ 34.3þ 1.88Lþ 0.25L2Þ ×
�
1 −

�
Eth

Ep

��
2

mb;

ð5Þ

where Eth ¼ 1.22 GeV and L ¼ ln ðEp=TeVÞ.
The pp collision produces neutral pions, and their

production rate using δ approximation is given by [54]

qπðEπÞ ¼ cñ
ng
Kπ

σpp

�
mπ þ

Eπ

Kπ

�
Np

�
mπ þ

Eπ

Kπ

�
; ð6Þ

where ñ ≈ 1,Kπ ≈ 0.17, Eπ is the pion energy andmπ is the
pion mass. Neutral pions decay into two gamma rays
(π0 → γγ; [56–58]). The gamma-ray spectrum is [59]

Qpp
γ ðEγÞ ¼ 2

Z
∞

Emin

qπðEπÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
π −m2

πc4
p dEπ; ð7Þ

where Emin ¼ Eγ þ m2
πc4

4Eγ
.

2. Bremsstrahlung

Another significant gamma-ray production is via
Bremsstrahlung, for which the spectrum produced is
given by [60]

Qbrem
γ ðEγÞ ¼ ngcσbremE−1

γ

Z
∞

Eγ=ðmec2Þ
NeðγeÞdγe; ð8Þ

where σbrem ¼ 3.38 × 10−26 cm−2.

3. Inverse Compton scattering

Ultrarelativistic electrons will suffer inverse Compton
(IC) scattering with the radiation field; lower-energy
photons are scattered up to very high energies (VHEs).
The spectrum produced by photons scattered, including the
Klein-Nishina regime, is [61]

Qc
γðEc

γÞ ¼
3

4
cσT

Z
dγe

NeðγeÞ
γ2e

Z
dϵ

nph
ϵ

Fcðq;ΓeÞ; ð9Þ

where Fc is the Compton scattering kernel for an isotropic

photon and electron distributions with q ¼ Ec
γ

Γeðγemec2−Ec
γ Þ

and Γe ¼ 4ϵγe
mec2

.

B. Secondary electrons

1. Pionic e� production

Electrons produced by pp collision can be approximated
as the pion production rate because the muon moves
nearly the pion speed. Then their source functions can
be equivalent qμðγμÞ ≃ qπðγπÞ with a little bit difference
on the value of ñ ≈ 0.77; 0.62; 0.67 for spectral index

α ¼ 2; 2.5; 3 [54]. Then, the electron production rate is
given by

Qpp
e ðγeÞ ¼

Z
γ0e;max

1

dγ0e
Pðγ0eÞ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
γ02e − 1

p
Z

γþμ

γ−μ

dγμ
qμðγμÞffiffiffiffiffiffiffiffiffiffiffiffi
γ2μ − 1

q ; ð10Þ

where γ�μ ¼ γeγ
0
e �

ffiffiffiffiffiffiffiffiffiffiffiffi
γ2e − 1

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
γ02e − 1

p
, γ0e;max ¼ 104,

and the electron distribution in the muon rest frame is
given by [62]

Pðγ0eÞ ¼
2γ02e

γ0e;max
3

�
3 −

2γ0e
γ0e;max

�
: ð11Þ

2. γγ → e� production

The radiation field of SBGs will attenuate VHE gamma
rays, where the principal internal attenuation source is the
IR radiation. The optical depth is calculated assuming a
homogeneous and isotropic photon distribution as [63–65]

τðEγÞ ¼ L
Z þ1

−1
dμ

ð1 − μÞ
2

Z
∞

ϵth

dϵσγγðβÞnphðϵÞ; ð12Þ

where L is the mean distance traveled by gamma rays,

σγγðβÞ is the total cross section, β ¼ ½1 − 2mec2

Eγϵð1−μÞ�
1=2 is the

velocity of the pair created in the center-of-mass system,

ϵth ¼ 2m2
ec4

Eγð1−μÞ is the threshold energy for the production of

electron-positron pairs and μ is the cosine of the angle of
collision. Assuming a planar geometry, the absorption
coefficient of gamma rays in the SB region would be
CSBs
abs ðEγÞ ¼ ð1 − exp−τγγðEγÞÞ=τγγðEγÞ. Once gamma rays

escape from the source, their absorption due to the
extragalactic medium becomes important so that we
include this effect using CEBL

abs ¼ exp−τγγðEγÞ. The pair
production rate in the nuclear SB region is [66]

Qγγ
e ðγeÞ ¼ 2

dEγ

dγe
QγðEγÞ

h
1 − CSBs

abs ðEγÞ
i
; ð13Þ

where Eγ ≈ 2γemec2.
Finally, the observed gamma-ray spectrum due to had-

ronic, cascade processes and Bremsstrahlung is calculated
using Qobs

γ ¼ ðQpp
γ þQc

γ þQbrem
γ ÞCSBs

abs C
EBL
abs .

C. Radio emission

Synchrotron emission is the main responsible for radio
observation, which has an emissivity given by

JsynðϵÞ ¼
ffiffiffi
3

p
e3B

2πℏmec2

Z
γe;max

γe;min

dγeNeðγeÞRðxÞ; ð14Þ
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where x ¼ 2meϵc=ð3eℏBγ2eÞ and the function RðxÞ is
defined in [67].

D. Neutrino production

SB galaxies have been proposed as neutrino sources.
The main assumption is that SNe accelerate protons and
inject them into ISM shooting pion-production via hadro-
nuclear interactions [68]. As discussed by [42,69–71],
HNe inside SB galaxies can provide CRs in order to
explain PeV neutrinos.
A simple way to relate the CRs and neutrino production

is via the efficiency of the process given by fπ ¼
1 − exp ð−tesc=tppÞ. Therefore, the relation between pro-
tons and all neutrino flavor in the case of pp interactions is
given by [72],

E2
νQνðEνÞ ≃ 0.5fπE2

pQpðEpÞ: ð15Þ

The average fraction of energy transferred from protons
to neutrinos is Eν ≈ 0.05Ep. The expected number of
neutrinos between 30 TeV and 10 PeV observed in the
IceCube detector can be estimated from neutrino flux as

Nν ≈
Tobs

4πD2
L

Z
10 PeV

30 TeV
dEνAeffðEνÞQνðEνÞ; ð16Þ

with Tobs the observation time, Aeff the effective area at
specific energy and DL the luminosity distance.

IV. APPLICATION: NGC 4945

A. Starburst region

In the inner region (R ∼ 250 pc) for NGC 4945, [73]
derived the limits for the SN rate as 0.1 < ðRSNe=yr−1Þ <
14.4, and the star formation rate as 2.4<SFR=ðM⊙yr−1Þ<
370. Similarly, [74] obtained a value of SFR∼4.35M⊙yr−1
using H42α and 85.69 GHz free-free emission. The total IR
emission could also trace both the dusty region or the star
formation region. Given this fact, [75] reported a value of
SFR ≈ 4.6 M⊙ yr−1 using the total IR luminosity that arises
in a region of 1200 × 900ð215 × 161 pcÞ [76]. We follow
the relation between the SFR and the gas contained in
starburst galaxies, ΣSFR ∝ Σ1.4

g [77], where Σg ¼ 2hμmpng
is the surface gas density assuming a disk geometry. Then,
it is possible to estimate the gas content in the star
formation region

ng ≈ 5 × 103ðSFR=4.6 M⊙ yr−1Þ0.7
× ðR=110 pcÞ−1.43ðh=80 pcÞ−1 cm−3: ð17Þ

This value is in agreement with the estimation, nH2
≈

ð3 − 10Þ × 103 cm−3, obtained by [78].

1. Magnetic fields

The magnetic field, B, inside a starburst region plays an
important role to control diffusion and emission processes
(e.g., synchrotron and IC). The strength’s value will be
reflected in the shape and intensity of the observed
spectrum. For ultra-relativistic electrons, lower values
of B suppress synchrotron emission and lead to IC
scattering to be the dominant process. Otherwise, values
of B larger than Bcut (for which tsyn ≈ tIC), synchrotron
emission becomes dominant, and therefore IC scattering
is suppressed. The value of Bcut ≈ 450 μG is found with
the condition UB ≈Uph, where Uph ≈ πR2Lph ≈ 7.36×
10−9 erg cm−3 is the IR energy density and UB¼
B2=ð8πÞ is the magnetic energy density. We estimate B
using different methods: (i) the relation with ΣSFR follow-
ing [79] (see references therein) we have different values

B≈

8>><
>>:
214 ðng=103.7 cm−3Þ0.4 ðh=101.9 pcÞ0.4 μG
750 ðng=103.7 cm−3Þ0.7 ðh=101.9 pcÞ0.7 μG
4900 ðng=103.7 cm−3Þ ðh=101.9 pcÞ μG

: ð18Þ

(ii) The equipartition, Beq, and minimum, Bmin, values were
previously estimated by [46] under different assumptions.
They found the ranges of Beq ¼ ð110 − 130Þ μG and
Bmin ¼ ð89 − 130Þ μG. (iii) Radio emission is a feasible
way to set the value of B if SF activity is assumed as its
origin. Here, we estimate B from radio observations by
assuming that all emission in this band comes from primary
and secondary electrons confined in the SB region.

2. Gamma-ray absorption

The pair production process strongly attenuates VHE
gamma rays produced in the SB region due to the high
density of IR photons. Taking the energy peak of IR
spectrum provided by [74], the attenuation threshold for
VHE gamma rays in a head-on collision with IR photons is
Eγ ≈ 26ðϵIR=0.01 eVÞ−1. Additionally, [80] discussed the
existence of an accretion disk to explain the observed
spectrum. This accretion disk radiation permeates the central
region producing attenuation of gamma rays. Considering
the energy corresponding to the peak flux of the model
proposed in [80], the threshold energy of gamma rays for
attenuation is Eγ ≈ 0.87ðϵdisk=3 eVÞ−1 TeV. Finally, exter-
nal attenuation due to the extragalactic background light
(EBL) is considered using the parametrization introduced
in [81]. The total optical depth is calculated using Eq. (12)
and displayed in Fig. 2. The result shows that the principal
attenuation source above ∼10 TeV is the IR radiation field.

3. Radio and gamma-ray spectrum

We explain radio observation with synchrotron emission
of electrons (primaries and secondaries) and gamma rays
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with the hadronic model (pp collisions). We consider
secondary electrons, as pointed by [46]. They showed that
these electrons are dominant over the primary ones by a
factor Qe;sec=Qe;prim ≈ 4.6, for typical values of α ¼ 2.2,
Np=Ne ¼ 50, and Fcal ≈ 1.
We use the bolometric CR luminosity injected by SN

(HN) and the spectral index as parameters [see Eq. (1)] to
normalize the CR injection rate, Q ∝ E−α. Another param-
eter is the magnetic field, which influences mainly in the
radio emission. In order to explain the radio emission with
SF activity, B ∼mG is demanded. As discussed above, if
B≳ 450 μG electrons are cooled mainly by synchrotron
while IC scattering is suppressed. Additionally, we assume
an equal spectral index for protons and primary electrons
and a constant ratio between them Np=Ne ∼ 50 [44].
Finally, the steady-state spectrum, NðEÞ, was calculated
using the lifetime inside the star formation region, as given
by Eq. (3). The computed lifetime of electrons and protons
is plotted in Figs. 3 and 4, respectively. In this work, we
chose two extreme values α ¼ 2.4 and 2.7, because softer
and steeper values cannot fit the spectrum of gamma rays
appropriately (see Fig. 6). We mention that only frequen-
cies below ≲50 GHz was considered, because at high
energies free-free and dust emission are expected to be
dominant. Therefore, the radio and gamma-rays spectra
have good fits for α ¼ 2.4, Lcr ¼ 1.3 × 1042 erg s−1 and
B ¼ 1.4 mG whereas if α ¼ 2.7 is chosen, we demand
Lcr ¼ 1.82 × 1042 erg s−1 and B ¼ 0.9 mG. Results are
plotted in Figs. 5 and 6. From our resulting radio spectrum,
we observe that below frequencies of ≲GHz secondary
electrons are the dominant population, but, at high frequen-
cies, primaries equal or even overwhelm the secondary
contribution. In the case of γ rays, our result shows that
secondary electrons, although the dominant population
over the primary, do not have essential contributions.

This does not happen for Bremsstrahlung because, at
sub-GeV, energies cannot be neglected. Furthermore,
depending on the choice of spectral index, future TeV
gamma-ray observations are expected. As we observe in
Fig. 6 only α ∼ 2.4 implies future detection by the
Cerenkov Telescope Array [82].

4. Energy injection of cosmic rays by HN and SN

We consider the contribution of HN and SN to the
injection of CRs. These CRs correspond to the source of the
observed resulting spectrum. Until now, we do not empha-
size what provides more CRs energy into the SB region;
only the average CRs provided by both SN and HN can be
estimated hECRi ¼ Lcr=Rsn [see Eq. (1)]. Then, using our

FIG. 3. CR proton timescales: losses via ionization and inelastic
pp interaction are taken. The escape is due to advection and
diffusion mechanism.

FIG. 4. CR electron timescales: e� energy losses via ionization,
Bremsstrahlung, inverse Compton, and synchrotron process in
the magnetic field of value B ¼ 100 μG and B ¼ 1 mG, while
escape is only due to advection (diffusion is neglected).

FIG. 2. Total optical depth due to pair production in the SB
region’s radiation field: the IR radiation, disk radiation, and the
external radiation field due to the extragalactic background.
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result from previous subsection we have, hECRi ≈ 4.2 ×
1050 erg and ≈5.9 × 1050 erg for α ¼ 2.4 and 2.7, respec-
tively. Hereafter, we use the value hECRi ≈ 5 × 1050 erg.
Similar CRs luminosity from HNe and SNe must be

expected because of HN rate represents a tiny fraction
of the SN rate about of the 7% [83] but HNe are more
energetic event with typical kinetic energy of Ek;hn ¼
1052 erg whereas SNe have Ek;sn ¼ 1051 erg. In the case

of NGC 4945 we have Rsn ≳ 0.1 yr−1 (see Table I) then
will have Rhn ≳ 0.007 yr−1. The efficiency of CR accel-
eration of SNe, ηsn, is uncertain but some works based
on the observation of our Galaxy suggest that it lies in
the range of (0.1 − 0.3) (e.g., [84,85]). Note that with
these values SNe cannot be the only accelerator of CRs
because they demand kinetic energies Ek;sn ¼ hECRi=ηsn ≈
ð1.7 − 5Þ × 1051 erg, which are slightly bigger than the
typical SN kinetic energy. Therefore, the efficiency of CR
acceleration by HNe could be estimated from Eq. (2) as

ηhn ¼ 0.28ðf=0.07ÞðC=0.2Þ
× ðEk;sn=1051 ergÞðEk;hn=1052 ergÞ−1; ð19Þ

with

C ¼ ½0.5ðhECRi=1050.7 ergÞðEk;sn=1051 ergÞ−1 − ηsn� > 0:

ð20Þ

Taking ηsn ¼ 0.1–0.3 and from Eq. (20), we have that the
value of C lies in the range of ≈0.4�0.2. If an HN has
similar or less efficient particle acceleration than SN,
therefore, only the higher value ηsn ≈ 0.3ðC ≈ 0.2Þ leads
to a feasible value of ηhn ≈ 0.28. This suggests similar
contributions of CRs from SNe and HNe to the SB region
of NGC 4945, Lcr;sn ¼ ηsnRsnEk;sn ¼ 8.87 × 1041 erg s−1
and Lcr;hn ¼ ηhnRhnEk;hn ¼ 6.97 × 1041 erg s−1.
It is worth noting that we use the lower limit on Rsn,

which translates into an upper value of hECRi ¼ Lcr=Rsn ≲
5 × 1050 erg, but higher values of Rsn can be considered,
as estimated by [73]. However, examining Eq. (20) again,
we notice that only hECRi > ð1 − 3Þ × 1050 erg satisfies
C > 0 if typical values are chosen. This lower limit could
be interpreted as a case of complete CR injection by SNe
without any contribution by HNe. The last lower value set

FIG. 5. Spectral energy distribution for radio emission. The
total flux in the central SB for spectral index 2.4 (red solid line)
and 2.7 (blue solid line) is produced by primary (dotted line) and
secondary (dashed line) electrons. We observed that if the spectral
index is steeper, we demand a stronger magnetic field to explain
the data. Data are taken from [74,80].

FIG. 6. Spectral energy distribution for γ rays. The total flux in
the central SB region for spectral index 2.4 (red solid line) and
2.7 (blue solid line) is shown. The contribution from pp model
(dashed line), Bremsstrahlung (dotted-dashed-dashed line), ex-
ternal IC for secondary (dotted-dotted-dashed line), and primary
(dotted line) are shown. The contribution from γγ absorption has
no significant contribution and is not plotted.

TABLE I. Observational parameters of NGC 4945.

Starburst region Value Description

SFR ½M⊙ yr−1� 4.6 Star formation rate (1)
R ½pc� 110 Radius (2)
h ½pc� 80 Half-scale height (2)
Rsn ½yr−1� >0.1 SN rate (3)
LFIR ½1043 erg s−1� 8 Total far infrared luminosity (2)

Superwind Value Description

θsw ½°� 40 half-open angle (6)
Rsw ½kpc� ∼1.8 Scale length (4), (7)
Vsw ½km s−1� ∼300–600 Superwind velocity (5)
Tsw ½keV� ∼0.6 Temperature (6)

References: (1) [75], (2) [86], (3) [73], (4) [87], (5) [32], (6) [34],
and (7) [33].
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an upper limit on Rsn < 1 yr−1. Using the relationship
given by [88], we obtain SFR < 24.4 M⊙ yr−1. Note that
this result suggests that SN rate and SF rate cannot be as
high as the values estimated by [73]. Our result of the SB
region is summarized in the Table II.

5. Expected HE neutrino and UHECR events

We calculate the expected number of neutrinos in the
range of 30 TeV to 10 PeV in the IceCube detector during
10 years of observations. Using Eq. (16) and an spectral
index αp in the range of 2.4–2.7, we obtain the number of
neutrino events to beNν ≈ ð1 − 0.04Þ × 10−2. Furthermore,
the neutrino flux obtained with our model is compared with
that associated with the IC35 event, as shown in Fig. 7. This
figure shows that fluxes are consistent with the point-source
flux upper limit established by IceCube [22], and also that

our model cannot explain the IC35 flux with any value of
parameters used to describe the gamma-ray observations.
This implies that the IC35 neutrino event could not have
been produced inside the nuclear SB region. Interestingly,
the IC35 event would imply a flat spectrum instead of a
steeper one as the IceCube’s result for NGC 1068.
We have assumed that HN are CR accelerators up to

100 PeV. However, some authors have pointed out that
these astrophysical objects could reach energies beyond
EeV [89,90]. Extrapolating our results at ultrahigh ener-
gies, the luminosity above 37 EeV would be L>37 EeV ≈
7.6 × 1037ð7.1 × 1034Þ erg s−1 for α ¼ 2.4ð2.7Þ. Using
these quantities in Eq. (4), we found that the expected
number of UHECRs above 37 EeV would be N>37 EeV

UHECR ≈
1.3ð0.002Þ for α ¼ 2.4ð2.7Þ. These values are too low to
explain the anisotropy reported by the Pierre Auger
Observatory.

B. Superwind

A conically shaped x-ray morphology was observed in
NGC 4945 by [34], which infers a thermal temperature
of ∼0.6 keV (similar to NGC 253). Additionally, optical
emission lines were detected, attributed to a superwind with
a velocity of 300–600 km=s at a distance of 70–700 pc
from the nucleus [32]. Reference [33] observed optical
radial filaments from a region with an extension of
∼1 kpc × 6 kpc towards the halo. Along the major axis
of the galaxy, these filaments are ionized gas flowing from
the nuclear region.

1. Scaling relations

Following [49], the rate of energy transferred from SNe
and stellar winds to galactic wind is

_E ≈ 2.5 × 1041ϵðSFR=ðM⊙ yr−1ÞÞ erg s−1 ð21Þ

and the rate at which the hot matter is injected into the
wind is

_M ≈ 0.117β ðSFR=ðM⊙ yr−1ÞÞ M⊙ yr−1 ð22Þ

From the above two quantities, it is possible to determine
the temperature of hot gas in the central cavity. To be in
agreement with observations performed by [34], we con-
sider the limits 0.3 ≤ ϵ ≤ 1 obtained by [49] for the case of
M82 and find a temperature of

Tc ≈ 0.6ðϵ=0.75Þðβ=10Þ−1 keV: ð23Þ

The limits of thermalization parameters provide the con-
strains 4 ≤ β ≤ 14. Using the dimensions of the starburst
region, we can estimate the hot gas’s number density in the
central cavity as

TABLE II. Derived parameters from radio and gamma rays
observations using pp interaction model in the SB region.

Parameter Value Description

ng ½cm−3� 5 × 103 Gas number density
Emax
p ½PeV� ∼100 Maximum proton energy

α 2.4–2.7 spectral index
B ½mG� 1.4–0.9 Magnetic field strength
Lcr ½1042 erg s−1� 1.3–1.8 Bolometric CRs luminosity

injected by SN and HN
hEcri ½1050 erg� 4.2–5.9 Average CRs energy injected per

SN and HN
RUL
sn ½yr−1� ≲1 Upper limit of SN rate

Nν ½10−2� 1 − 0.04 Expected number of ν in IceCube
during 10 years

FIG. 7. Neutrino flux comparison among the resulting by our
model (solid-lines), the 90% C.L. upper limit for muon-neutrino
at 1 TeV set by [22] (black arrow), and the associated flux to the
IC35 event considering 10 years of observations and assuming
spectral index of 2.4 (red dashed-dotted line) and 2.6 (blue
dashed-dotted line).
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nc ≈ 14ðϵ=0.75Þ−1=2ðβ=10Þ3=2
× ððh=RÞ=0.72Þ−1ðR=110 pcÞ−2 cm−3: ð24Þ

Given the values of number densities in the range of
5 ≤ nc=cm−3 ≤ 20, the thermal pressure lies in
3 ≤ Pc ðkeV cm−3Þ ≤ 12. Once the wind escapes from
the starburst region, the terminal velocity is

V∞ ≈ 713ðTc=0.6 KeVÞ1=2 km s−1 ð25Þ

2. Cosmic rays inside the superwind

The superwind shocks accelerate particles via the Fermi
mechanism. The CR luminosity inside the superwind
is Lsw

cr ¼ ξ _MV2
sw with Vsw as the terminal velocity.

Taking into account Eq. (25) and ξ ≈ 0.1, the total CR
luminosity becomes

Lsw
cr ≈ 1.6 × 1040ðξ=0.1ÞðSFR=4.6 M⊙ yr−1Þ

× ðTc=0.6 keVÞ erg s−1: ð26Þ
Considering the upper limit on the magnetic field in the

halo provided by [91] as a value in the superwind region,
the maximum proton energy that superwind can confine is

Emax
Z ≈ 5.6 ZðB=6 μGÞ−1ðRsw=kpcÞ EeV: ð27Þ

For heavy nuclei like iron, the maximum energy becomes
Emax
Fe ≈ 1.45 × 1020 eV. To determine if the superwind

can accelerate UHECRs, we compare the dynamical and
the acceleration timescales, such that tacc ≲ tdyn, where the
dynamical timescale is

tdyn ¼ 1.37ðRsw=kpcÞðVsw=700 km s−1Þ−1 Myr; ð28Þ
and the acceleration timescale is

tacc ≈ 5.19 Z−1ðVsw=700 km s−1Þ−2ðD=DBÞ
× ðEp=100 PeVÞðB=8 μGÞ−1 Myr: ð29Þ

Taking into account the relation tdyn ≈ tacc, the maximum
proton energy reached is Emax

p ≈ 10 PeV, and in the case of
iron nuclei is Emax

Fe ≈ 350 PeV. Therefore, superwind in
NGC 4945 cannot explain the Auger hot spot above
39 EeV. Our result agrees with that found for the
similar SBG NGC 253 [16]. On the other hand, our
result is different from the conclusion reported by [92]
because we use a more conservative assumption while they
used the larger size and larger magnetic field in the
superwind. Moreover, if the superwind could accelerate
UHECRs, as pointed out by [92], then the luminosity above
37 EeV would be L>37 EeV ≈ 1.5 × 1040, 1.2 × 1038, and
9.3 × 1035 erg s−1 for spectral indexes of α ¼ 2, 2.2, and
2.4, respectively. These luminosities correspond to

N>37 EeV
UHECR ≈ 7.6, 1.1, and 1.4 × 10−2 UHECRs, which are

too low to explain the 62 events over the expected back-
ground [50]. From Eq. (26), we can note that by increasing
the star formation rate, the CR luminosity could be
enhanced by a factor of ∼3 considering the gamma-ray
observations. Therefore, the number of UHECRs could be
increased by the same factor reaching a significant fraction
of the anisotropic flux, i.e., N>37 EeV

UHECR ∼ 22 but only for the
case of α ¼ 2. Finally, protons at 10 PeV interact with the
hot gas inside the superwind with a timescale of

tpp ≈ 30ðng=10−2 cm−3Þ−1 ðσpp=70 mbÞ−1 Gyr: ð30Þ

Therefore, the efficiency of pp collision in the halo region
is very low fpp ∼ 10−4, implying not a very significant
contribution to neutrinos and gamma rays in comparison
with the central SB region. Our result of the superwind
region is summarized in Table III.

C. Core region

The association of the neutrino hot spot with the Seyfert
2 galaxy NGC 1068 has been discussed in the scenario of
the AGN coronae-disk model by [25,26]. In this model,
neutrinos and MeV gamma rays emerge, and gamma rays
above GeV are fully attenuated by photons from the UV-
disk and x-ray corona. The issue with this scenario is that
PeV neutrinos are difficult to explain because protons
cannot accelerate beyond PeV energies due to cooling
processes. In the case of NGC 4945, no significant neutrino
emission at TeV energies was found by [22], and the
spectrum associated is harder than the one seen for the
NGC 1068 case.
NGC 4945 has an accretion disk with a temperature

close to Td ¼ 104 K, which radiates UV photons at
an energy of ϵd ¼ 2.3 eV. Protons with energies above
ϵpπp;th ≳ 30 PeVðϵd=2.3 eVÞ−1 interact with UV photons via
photopion processes and produce PeV neutrinos above
ϵν ≳ 1.6 PeVðϵd=2.3 eVÞ−1. The corresponding photopion
efficiency could be estimated as fpπ ≈ σpπRnd ≈
1ðR=1014 cmÞðTd=104 KÞ3, where the size is restricted
by the variability timescale of the order of ∼104 sec.
Therefore, the key to produce PeV neutrinos in the
AGN core is to accelerate protons beyond ∼PeV energies

TABLE III. Derived parameters of superwind.

Parameter Value Description

ϵ 0.3–1 Thermalization efficiency
β 4–14 Load mass factor
nc ½cm−3� ∼5–20 Density of the hot gas
V∞ ½km s−1� ∼713 Terminal velocity
Lp ½erg s−1� ∼1.6 × 1040 Bolometric proton luminosity
Emax
p ½PeV� ∼10 Maximum proton energy

COSMIC RAYS, NEUTRINOS, AND GeV-TeV GAMMA RAYS … PHYS. REV. D 104, 083013 (2021)

083013-9



near the accretion disk. These protons could be accelerated
by a relativistic jet, as observed in NGC 1068. Similarly,
NGC 4945 exhibited a structure with a morphology type,
suggesting a core jet with a size of 5 pc of length and 1.5 pc
of width [73].

V. CONCLUSION

SBGs are promising sources of HE neutrinos as well as
UHECRs. We analyzed if the nearby SBG NGC 4945
could contribute to the anisotropic region reported by the
Pierre Auger Observatory, and be associated with the
neutrino event IC35, which is close to this region. We
considered two regions around this galaxy: the SB and the
superwind or halo region.
For the SB region, we used spectral indexes in the range

of 2.4 and 2.7 to explain the Fermi and radio observations.
We found that the average CRs energy injected per SN or
HN is hECRi ≈ 4.2 − 5.9 × 1050 erg. Our estimations show
that HN and SN have similar contributions in the lumi-
nosity of CRs and similar CR efficiencies ηsn;hn ≈ 0.3. Also,
if there is not CR contribution by HNe, an upper value
of SN rate can be set Rsn ≲ 1 yr−1. This estimate is lower
than the value reported by other authors. Additionally, we
found that SB provides at a proton luminosity at least ∼100
times larger than that generated in the superwind. The
total gamma-ray flux is estimated by pp interactions in the
SB region, by Bremsstrahlung, and from secondary elec-
trons, i.e., pionic and pairs produced in the interactions
of primary gamma rays and the SB’s radiation field. The
radio observation is explained by both the primary and
secondary pionic electrons, but demanding a magnetic field
of ∼1 mG.
We estimated the maximum energy that CRs could reach

in the nuclear SB and the superwind regions. In the nuclear
SB region, particles are accelerated by HN reaching
energies of ∼100 ZPeV. We extrapolated the CR spectrum
obtained by modeling gamma rays up to ultra high energies
and showed that the contribution to the hotspot is too low
(less than one event).
For the superwind case, protons are accelerated in the

shock front via Fermi acceleration. The maximum energy
that could be reached is ∼10 ZPeV, although this value
could be higher if we do not consider conservative
parameter values. If the superwind accelerates UHECRs,
the contribution to the Auger’s hot spot is ∼7 events if we
assume a flat spectrum (α ¼ 2). This value could be
enhanced near one-third of the total number of events if
we increase the value of SFR without overproducing the
gamma-rays spectrum. This result suggests that the SBG
NGC 4945 could not be the only one responsible for
the Auger hot spot. Therefore, we concluded that only a
tiny fraction of UHECRs reported by the Pierre Auger
Observatory could have been produced in NGC 4945 (by
either the SB region or the superwind). It leads to the open
question about the origin of UHECRs.

Finally, we estimated the expected number of neutrinos
in the energy range from 30 TeV to 10 PeV from the SB
region. We found that this number lies in the range of
ð0.04 − 0.1Þ × 10−2 for ten years of IceCube observations.
Also, we showed that IC35 flux was consistent with the
upper limit set by IceCube. Therefore, we concluded that the
SB region could not produce the IC35 event. It is worth
noting that our conclusion does not discard the AGN core,
which, as discussed above, is a highly efficient region for
≳ PeV-neutrino production. However, a feasible mechanism
to accelerate CRs above ≳10 PeV is unclear for Seyfert
galaxies, e.g., NGC 1068 case. If the AGN core of NGC
4945 produced the IC35 event, then a flat neutrino spectrum
would be associated to it. If this is the case, significant
differences must exist with the neutrino emission mechanism
in NGC 1068. An opposite case could be happening in NGC
1068, where a possible association with a TeV-neutrino hot
spot could exist. In this case, the absence of a PeV neutrino
would indicate a steeper spectrum, i.e., ϕνμ ∝ E−3.2.
Therefore, detailed studies are needed in the AGN core of
these two SB/Seyfert galaxies to claim differences in
PeV-neutrino emission and CR acceleration signatures.
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APPENDIX: CR TIMESCALES

1. CR escape timescale

We have discussed below the numerical values of char-
acteristic timescales, which affect the CR distribution in
the SB region. The escape time is a competition between
diffusion and advection t−1esc ¼ t−1diff þ t−1adv. Electrons and
protons escape following the same reaction. Assuming a
Kolmogorov turbulence spectrum as observed in our Galaxy,
the diffusion coefficient is parametrized as DðEpÞ ¼
D0ðEp=3 GeVÞ0.3 where D0 is the diffusion coefficient at
3 GeV. The value ofD0 in NGC 4945 must be lower than the
one obtained by our Galaxy, i.e., D0 ∼ 6 × 1028 cm2 s−1
[47]. This assumption is because of SBs galaxies have larger
magnetic field strength than our Galaxy, and the diffusion
coefficient is expected to scale with the Larmor radius as
D ∝ rL. Here, we use the assumptionD0 ≲ 1027 cm2 s−1 as
done in [93]. Therefore, the diffusion time is given by

tdiff ¼
3h2

4D

≈ 10

�
h

80 pc

�
2
�

Ep

50 PeV

�−0.3� D0

1027 cm2 s−1

�−1
kyr:

ðA1Þ
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Another way that proton can escape is via advective
transportation by the galactic wind. Considering the super-
wind lowest velocity the timescale is given by

tadv ¼
h
Vw

≈ 260

�
h

80 pc

��
Vw

300 km=s

�−1
kyr: ðA2Þ

From above estimation, we notice that advection is the
principal electron’s escape way and the diffusion mecha-
nism can be neglected.

2. Proton loss timescales

The proton lifetime is given by

τp ¼ ðt−1ion;p þ t−1pp þ t−1escÞ−1: ðA3Þ

At low energies, proton mainly losses energy by
ionization [62]

t−1ion;p ¼ 1.82 × 10−7Epng
2β2

10−6 þ 2β3

× ½1þ 0.0185 lnðβÞΘðβ − 0.01Þ�

≈ 1

�
Ep

GeV

��
ng

5 × 103 cm−3

�
kyr−1: ðA4Þ

where β is the proton velocity and Θ is the Heaviside
function. The energy loss timescale via pp collision is
simple approximated as

t−1pp ≃ κσppðEpÞcngΘðEp − 1.22 GeVÞ

≈ 0.811

�
σppðTeVÞ
34 mb

��
ng

5 × 103 cm−3

�
kyr−1: ðA5Þ

From comparing the above timescales, we can infer that
the advection process dominates protons’ escape while
losses dominate the total lifetime via pp interactions.
Furthermore, the reacceleration processes can be neglected.
The proton timescales are calculated as energy’s function
and are plotted in Fig. 3.

3. Electron loss timescale

Electrons are accelerated and injected together protons,
and the principal energy losses are synchrotron, IC,
Bremsstrahlung, and ionization. Then, the electron lifetime
is given by

τe ¼ ðt−1ion þ t−1brem þ t−1syn þ t−1IC þ t−1escÞ−1: ðA6Þ

Considering an electron Lorentz factor of γe ≈ 103 as
typical break value, we calculate the losses timescale
(e.g., [46] and references therein). The synchrotron cooling
time is

t−1syn ¼
σTcB2γe
6πmec2

≈ 0.092

�
γe
103

��
B

750 μG

�
kyr−1; ðA7Þ

the IC cooling time in the Thompson regime [γeϵ≲mec2;
[57,94]] is given by

t−1IC ¼ 4σTcUphγe
3mec2

≈ 0.036

�
γe
103

��
UIR

10−8 erg cm−3

�
kyr−1;

ðA8Þ

the Bremsstrahlung timescale is only dependent on the gas
density [95]

t−1brems ¼ ng
Z2e6

12π3m2
eϵ0c4h

lnð192=Z1=3Þ

≈ 0.128

�
ng

5 × 103 cm−3

�
kyr−1; ðA9Þ

while the ionization process is energy dependent

t−1ion ¼ γe
−1½2.7cσTð6.85þ 0.5 ln γeÞng�

≈ 0.023

�
γe
103

�−1� ng
5 × 103 cm−3

�
kyr−1: ðA10Þ

All loss processes are comparable at GeV energies, and
none can be neglected.
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