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Abstract: The recent IceCube detection of significant neutrino flux from the inner Galactic
plane has provided us valuable insights on the spectrum of cosmic rays in our Galaxy. This
flux can be produced either by a population of Galactic point sources or by diffused emission
from cosmic ray interactions with the interstellar medium or by a mixture of both. In this
work, we compute diffused gamma-ray and neutrino fluxes produced by a population of
giant molecular clouds (GMCs) in our Galaxy, assuming different parametrizations of the
Galactic diffused cosmic ray distribution. In particular, we take into account two main
cases: (I) constant cosmic ray luminosity in our Galaxy, and (II) space-dependent cosmic
ray luminosity, based on the supernovae distribution in our Galaxy. For Case-I, we found
that the neutrino flux from GMCs is a factor of ∼ 10 below compared to π0 and KRAγ

best-fitted models of IceCube observations at 105 GeV. Instead, for Case-II the model can
explain up to ∼ 90% of the neutrino flux at that energy. Moreover, for this last scenario
IceCube detector could be able to detect neutrino events from the Galactic centre regions.
We then calculated gamma-ray and neutrino fluxes from individual GMCs and noticed that
several current and future Cherenkov telescopes and neutrino observatories have the right
sensitivities to study these objects. In particular, very neutrino-bright region such as Aquila
Rift is favourable for detection by the IceCube-Gen2 observatory.
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1 Introduction

Our Galactic plane is a plausible source of neutrino emission. Indeed, in a recent paper
by the IceCube collaboration [1], a 4.5σ neutrino signal from the Galactic plane has been
discovered using 10 years (2011-2021) of observations. Their work provides a significant
improvement compared to the previous IceCube paper, where the authors reported only a
2σ hint of neutrino signal from our Galaxy [2]. The observed gamma-ray spectrum in the
inner Galactic plane exhibits a harder spectral index compared to the one derived from the
observed cosmic ray (CR) spectrum on Earth [3]. However, for neutrinos the situation is still
unclear and the spectral index is model dependent. The origin of this neutrino flux could
be due to secondary pions, produced in the interactions of Galactic CR (GCR) sea with the
target gas in the interstellar medium [4–7] or to freshly accelerated CR interactions in the
vicinity of their accelerators in our Galaxy [6–10]. In both cases, the neutrino emission is
accompanied by gamma-rays produced by the decay of neutral pions [4, 11].

In the past, the inner Galactic plane has also been observed in diffused MeV-GeV gamma-
rays by the Fermi-LAT [12] and in diffused TeV gamma-rays by the Milagro observatory [13].
Using these observations, phenomenological CR transport models were developed, also known
as KRAγ models [14]. Further, ARGO-YBJ [15], H.E.S.S. [16], HAWC [17], Tibet-ASγ [18]
and LHAASO [19] gamma-ray observatories have also reported the detection of TeV-PeV
diffused gamma-ray spectra from Galactic plane. These observations are important to
constrain the neutrino flux levels [3, 6–8, 12, 20–22]. By including KRAγ models for the
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Galactic plane neutrino search analysis, [1] found that these models are consistent with
neutrino flux detected from the Galactic plane. Neutrino detection from the Galactic plane is
an important ingredient in our understanding of the origin of GCRs and of the nature of their
sources. These observations also help us to investigate CR transport in our Galaxy and their
interactions with the ambient gas, radiation and magnetic fields [23–25]. Using the IceCube
results, [7] studied the sample of Galactic TeV gamma-ray sources and found that the upper
bound of their contribution in the diffuse Galactic neutrino flux is ∼ 40% for a maximum CR
proton energy of 500 TeV, which lowers to ∼ 20% for maximum CR proton energies of 5 PeV.

The difficulty in determining the origin of neutrino flux from our Galaxy is due to the
ambiguity in the possible origin of CRs producing it. From one side, the interaction of
pre-existing GCRs with interstellar gas and dust elements mainly produces diffused emissions.
On the other side, freshly accelerated CRs from sources interacting with dense material in
their surroundings may also contribute. After the very recent results obtained by ultra-high
energy (UHE) and very-high energy (VHE) gamma-ray instruments, the most plausible
sources of freshly accelerated GCRs are the following [16, 26–36]; supernova remnants (SNRs),
Young Massive Stellar Clusters (YMSCs), Young Massive Stars, Microquasars and also the
Pulsar Wind Nebulae (PWNe), etc. In all cases, however, the Galactic dense gas regions likely
irradiated by GCRs are the most useful target to understand gamma-ray and neutrino fluxes
origin [37]. Gamma-ray emission from GMCs has been used to probe the CR spectrum at
several locations in our Galaxy [38]. Using gamma-ray data of 8 local GMCs (distances up to
a few hundred pc from the solar neighbourhood) in the Gould Belt, a power-law CR spectrum
was found with an energy spectral index of 2.3 [39]. The importance of GMC population
for diffused gamma-ray and neutrino emission is also supported by the fact that individual
GMCs can produce secondary gamma-rays through p − p inelastic interaction process [40–42]
as expected in theory [42–47]. Hence, utilizing the neutrino and gamma-ray connection,
we can investigate the origin of neutrino emission in connection with CR spectrum [48–50].
In a recent work [47], we found that Aquila Rift is a very promising candidate to explain
the detected neutrino signal. This motivated us to study the role of all the other known
GMCs in our Galaxy in neutrino production.

In this paper, we have included all the clouds based on the available GMC catalogs.
Then the multimessenger (gamma-rays + neutrino) connection of these GMCs is explored
by assuming a constant and radially dependent GCR distribution model. The detectability
of multimessenger fluxes from individual GMCs is checked with the current and upcoming
gamma-ray and neutrino detectors. Further, the stacked neutrino flux is calculated from
these GMCs and corroborated by the corresponding observed gamma-ray flux. In the end,
we compare the spatial correlation of TeV Galactic point sources with the observed neutrino
significance map of the IceCube.

The paper is organised as follows. In section 2, we discuss about the GMC catalogs
used for this purpose and their properties; then, we describe the spectrum of CR interacting
with GMCs in section 3. In section 4, we present our estimation of gamma-ray and neutrino
fluxes, and we show our results in section 5. In section 6, we analyse the implications of
spatial correlations of GMCs and Galactic TeV-sources compared to the IceCube neutrino
observations. We present our conclusions in section 7.

– 2 –
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Figure 1. Left panel: face-on view of the MW Galaxy with the scattered distribution of GMCs on it.
The marker colour here corresponds to the GMCs selected from different catalogs ([54, blue points:
Miville et al. (2017)], [55, orange points: Chen et al. (2020)], [56, green points: Baghmanyan et al.
(2020)], and [57, red points: Hou & Han (2014)]) and the marker size of each GMC is proportional to
log(R). The Sun here is indicated by the black-coloured star marker. Right panel: the 2D-density
distribution of all the GMCs considered within the combined cloud catalog.

2 Details on the GMC catalogs

The ISM has several components: coronal gas, intercloud gas, diffused clouds, dark clouds,
bok globules, molecular clouds, etc [51]. These components are mostly comprised of hydrogen
(in atomic HI , molecular H2 or ionised HII form) and of a small fraction of heavy elements.
Molecular hydrogen (H2) is found mainly in dense and cold regions of the ISM (e.g., dark
clouds, bok globules, molecular clouds). This is difficult to detect in such regions because of its
homonuclear diatomic nature and of the extremely cold temperature of the regions themselves
(∼ 10◦ kelvin), at which the H2 is predominantly in its ground state. Consequently, emission
from carbon monoxide (CO) molecules is used to trace its presence, and the density of H2
regions is calculated using a constant conversion factor XCO. Atomic hydrogen regions, on the
other hand, are largely found in the intercloud gas and diffused clouds, and they can be easily
probed with the 21 cm radio emission line. The coronal gas is an intercloud gas comprising
mainly fully ionized hydrogen (HII) that becomes extremely hot (with a temperature similar
to the solar corona) due to the shock waves from SNRs or stellar objects [52, 53].

The identification of isolated H2 structures in the ISM is a difficult task because they are
arbitrarily distributed between well-defined gravitationally bounded spherical structures and
poorly structured clumpy multi-phase geometry [54]. Despite such difficulties, several authors
have identified isolated H2 structures in the Milky Way (MW) and collected their results in
cloud catalogs [54–57]. Most of them are limited to certain Galactic regions of space, and
the cataloged clouds can explain only a maximum of ∼ 40% CO emissions data observed

– 3 –
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Figure 2. Distributions of various GMC parameters in our Galaxy [a]: distance from the Galactic
centre (Rgal), [b]: mass (M), [c]: radius (r), [d]: distance from the Earth (Edist), [e]: population w.r.t.
the galactocentric azimuthal angle (ϕgal) and [f]: polar angle (θgal). In these histograms the dotted
vertical line indicates the mean value of each parameter.

by [58]. However, recently a detailed catalog of GMCs in the Galactic plane was published,
restricted to a region with Galactic latitude |b| ≤ 5◦ [54] recovering 98% of the observed CO
emissions [58]. It is worth noticing that taking into account different detection schemes for
the same CO data could lead to different cloud catalogs. However, all of them are expected
to follow the same statistical features, such as similar distributions of cloud mass and similar
size vs line width relations [54]. In this work, we have used four different cloud catalogs: 8246
clouds are taken from [54] within |b| ≤ 5◦, while beyond that Galactic latitude, 182 clouds are
taken from [55], 10 clouds are taken from [57], and 6 clouds are taken from [42]. A face-on view
of the GMC distribution in the MW Galaxy can be seen in the left panel of figure 1, where
different colour indicates clouds from different catalogs. In the right panel of figure 1, we show
a 2D-density distribution of GMCs in the MW Galaxy considered here for the calculations.

The total mass of the interstellar gas in the MW is about ∼ 7 × 109M⊙, where about
∼ 20% of it is in the form of molecular hydrogen (H2) [59]. The total mass of estimated
H2 in the combined GMC catalog is about ∼ 1.3 × 109 M⊙, within the uncertainty range of
the previous estimation (1 ± 0.3)×109 M⊙ by [60]. We have calculated the average distance
of the GMCs from the Galactic centre (R̄gal), their mass (M̄), and their radius (r̄) in the
combined catalog. The values for these quantities are 7.9 kpc, 1.6 × 105 M⊙, and 34 pc,
respectively, and they are shown by the vertical dotted lines in figure 2.

We have also computed the surface mass density (ΣGMC
H2

) of all the clouds, splitting
the Galaxy in concentric rings of 1 kpc radius from the Galactic centre, dividing the total

– 4 –
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Figure 3. The distribution of H2 surface mass density (ΣGMC
H2

) along the galactocentric radius (Rgal).
The blue star markers represent the variation in surface mass density of diffused atomic hydrogen gas
in the MW Galaxy. The data points are extracted from figure 9 in [54] and figure 3.5 in [70], and
corresponds to [64] in orange colour, [65] in gray colour, [66] in blue colour, [61] in green colour, [63]
in pink colour and [62] in violet colour points respectively.

mass of GMCs in each ring by its surface area:

ΣGMC
H2 =

MGMC
ring

π(r2
out − r2

in)
(2.1)

It’s important to note that we are looking at the projected area of these rings (projection
of a three-dimensional GMC onto a 2D plane). The computed values of the surface mass
density are compared with the reference data as shown in figure 3. The highest ΣGMC

H2
of the

GMCs is in the Galactic centre region, decreasing gradually thereafter, in agreement with
the reported values in the literature [61–65]. In contrast, the surface mass density of atomic
hydrogen (star points in figure 3) increases with galactocentric radius, dominating after ∼ 8
kpc. These values are taken from [66] and are provided for reference. Hence, H2 in the GMCs
is expected to contribute to multimessenger emission towards the Galactic centre more than
the diffused HI . However, [67] found that the role of HI could be important for neutrino
production in the halo of the Galaxy [67]. Other authors [12, 25, 68, 69] have estimated the
neutrino flux using diffused HI and H2 gas distributions in the MW. In this work, we have
taken a step forward, computing gamma-ray and neutrino fluxes from the individual GMCs
in the MW and also showing their total contribution towards the multimessenger emission.

3 Spectral distribution of primary GCRs in MW galaxy

The distribution of GCRs is not very well known throughout the Galaxy; however, their
spectrum is expected to be harder in the inner regions of the Galactic plane [1]. These
particles randomly traverse the Galactic volume and interact with ISM, radiation, and
magnetic fields [71]. These interactions modify the GCR spectral distribution observed

– 5 –
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near the Earth, ranging over a broader energy range. The spectral distribution of GCR
proton observed near the Earth can be approximated by eq. (3.1) (figure 4, black solid line),
which is a superimposition of two spectral distributions; one Ep ≤ 550 GeV [72], and the
other for Ep > 550 GeV [19]. Here we consider the extreme GCR proton flux distribution
from [19] because the post-LHC hadronic interaction models favoured the extreme data points,
including the newly published GCR proton distribution by GRAPES-3 experiment [73]. In
fact, the pre-LHC interaction models exhibit a significant difference ranging from 20% to
50% in muon production when compared to the post-LHC model [74].

F⊙(Ep, R⊙) = N0
E1.12

p

β2

(
Ep + E′

1 + E′

)−3.93
, Ep ≤ 550 GeV (3.1)

= A1

(
Ep

GeV

)−B1

exp
(

−Ep

C1

)
+ A2

(
Ep

GeV

)−B2

exp
(

−Ep

C2

)
, Ep > 550 GeV

where E′ = 0.67 GeV, N0 = 2.7 × 10−1 proton cm−2 sr−1 s−1 GeV−1, A1 ≈ 3.81 × 10−2 proton
cm−2 sr−1 s−1 GeV−1, A2 ≈ 3.47 × 10−1 proton cm−2 sr−1 s−1 GeV−1 are the normalization
factors, Ep is the kinetic energy (in GeV) of GCR proton, β is particle velocity divided by
speed of light, B1 = 2.35, B2 = 2.6 are the spectral index and C1 = 25 × 103 GeV, C2 =
15 × 106 GeV (i.e., 15 PeV) are the exponential cutoff energy in the power-law distribution.

The investigations of GCRs and their secondary radiation have provided the clue that
GCR distribution in the MW is not constant, as discussed by [39, 89–91]. These authors
reported a dependence of GCR proton density on the galactocentric distance (Rgal), showing
that GCR proton spectral index near the Galactic centre is harder compared to the one
observed in the Solar neighbourhood. Following the methodology defined in [92, 93], we also
consider a position-dependent GCR distribution at different locations in the MW Galaxy. The
variation of GCR spectral distribution with the Rgal can be approximated by the eq. (3.2):

F (Ep, Rgal) = F⊙(Ep, R⊙) × S(Rgal) × H(Ep, Rgal) (3.2)

H(Ep, Rgal) =
(

Ep

20 GeV

)∆(Rgal)
, where ∆(Rgal) = 0.3

(
1 − Rgal

R⊙

)
(3.3)

and F⊙(Ep, R⊙) is the observed GCR distribution near the Earth (i.e. at the solar neighbour-
hood, R⊙ = 8.34 kpc), S(Rgal) is the observed SNR rate normalised to the rate at the solar
neighbourhood, H(Ep, Rgal) is the function for position-dependent spectral index variation,
dependent on particle energy and galactocentric distances.

In this work, we assume that SNRs are the GCR sources [94], and we consider their
distribution along Rgal, parameterised by [95, 96]. Since we are mainly interested in the
calculation of diffused emission from the Galactic plane, we neglect the dependency of both
S(Rgal) and H(Ep, Rgal) on the z-direction. The value of H(Ep, Rgal) is normalised at 20 GeV
because, above that energy, the integrated CR proton density roughly follows the GCR source
(SNR) distribution S(Rgal) [90, 97]. The hardening in the GCR proton spectral index near
the Galactic centre, as observed by Fermi-LAT above 20 GeV [90, 98], is approximated by
∆(Rgal), that represents the deviation in the spectral index of GCR particles along the Rgal
from the observed one at R⊙ (i.e., ∼ 2.7). It is also worth noting that, to our knowledge,
observations at PeV energies or above remain scarce. Moreover, we recommend that readers
refer to the [68] for a thorough discussion on the uncertainty due to CR source distribution,
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Figure 4. The spectral distribution of GCR protons, from hundreds of MeV to above PeVs,
observed by different detectors (AMS-02 (blue points) [75], ATIC (orange points) [76], CALET (green
points) [77], CREAM-I+III (red points) [78], DAMPE (purple points) [79], ISS-CREAM (brown
points) [80], IceCube + IceTop(pink points) [81], KASCADE (gray points) [82], KASCADE-Grande
(olive points) [83], NUCLEON (cyan points) [84], PAMELA (blue points) [85], RUNJOB (light salmon
points) [86], Voyager1 (hot pink points) [87], Voyager2 (gold points) [88], GRAPES-3 (red circle) [73]).
The black line represents the combined spectral form described in the Eq (3.1).

gas maps, cross-section, etc. Their study provides an in-depth examination of the complexities
and challenges in accurately characterizing and quantifying the parameters that influence CR
propagation, interaction and their subsequent emission. In our calculation of diffuse gamma-
ray and neutrino fluxes from GMCs, we consider two different cases of GCR distribution:
‘Case I’ — we consider the observed GCR flux near the solar neighbourhood, i.e., F⊙(Ep, R⊙)
at R⊙, constant in the whole Galaxy (the black solid line in figure 4). ‘Case-II’ — more
realistic, takes into account a position-dependent GCR flux model based on observations.

4 Modelling of gamma-ray and neutrino fluxes from GCR interactions
with GMCs

Gamma-ray flux, Fγ(Eγ), and neutrino flux, Fν(Eν), emitted from the interaction of GCR
with GMCs, having mass M and located at a distance d, can be calculated as

Fγ,ν(Eγ,ν) = M

d2
ξN

mp

∫
dσ(Eγ,ν , Ep)

dEγ,ν
F (Ep, Rgal) dEp

≃ 1.25 × 1019 A ξN

∫
dσ(Eγ,ν , Ep)

dEγ,ν
F (Ep, Rgal) dEp,

(4.1)

– 7 –



J
C
A
P
0
6
(
2
0
2
4
)
0
7
4

10 1 100 101 102 103 104 105 106

E  (GeV)
10 14

10 13

10 12

10 11

10 10

E2
×

 F
lu

x 
(e

rg
 c

m
2  s

1 )

QGSJET
Geant4
SIBYLL
Pythia8

Figure 5. The gamma-ray flux resulting from the interaction of Case-I type GCR flux with a GMC
having parameter A = 1, taking into account different physical interaction models.

where F (Ep, Rgal) is the flux of GCR protons incident on the surface of GMCs from outside,
dσ(Eγ,ν ,Ep)

dEγ,ν
is the differential cross-section of γ-ray and ν production from p − p inelastic

interactions [11, 99], A = M5/d2
kpc, M5 = M/105M⊙ and ξN here represents the nuclear

enhancement factor (NEF), used to incorporate contributions from the heavy elements
presents in both GCRs and GMCs. The neutrino multiplicity parameters are given in [11].

The possible variation of GCR flux due to different positions of GMCs in the Galaxy,
F (Ep, Rgal), is calculated taking into account the GCR source distribution (see section 3
for details). The resulting gamma-ray flux can also vary with the interaction model of
p − p collision considered, as shown in figure 5 and described in [99]. The fluxes have
a little different behaviour above 10 GeV. Throughout this paper, we decided to use the
SIBYLL [100–102] model because it has the maximum gamma-ray flux compared to the other
model contributions, allowing us to optimize gamma-ray flux from GMCs.

The value of NEF, ξN , is actually energy-dependent [38, 99, 103–105]. Moreover, the
NEF is also affected by the composition of CRs and ISM. As such, it fluctuates throughout the
Galaxy and is not constant in energy. For example, [38] has reported a value 1.8 at 10 GeV and
that increases to 2.6 at 1 PeV. Also, discerning the effects of a change in the ISM or CR density
on this factor can be challenging, as the two are intertwined and difficult to untangle [106].
For all these difficulties, fixed value is generally used in the past [38, 42, 103, 104, 107, 108].
Several authors have calculated NEF independently, showing variation in its value in a range
from 1.45 to 2.1 [103]. The reason for this variation is strictly correlated with the use of
different p − p interaction models, heavy nuclei abundance values, spectral shape of GCR
particles, etc. In our work, we used a constant NEF, (ξN ) = 2.09, based on the value reported
by [103] at a photon energy 103 GeV (or ∼ 104 GeV proton energy). The value of NEF may
vary w.r.t. energies. Its value is lower at 10 GeV (10.05% lower) and 100 GeV (3.35% lower)
in comparison to the NEF value, 2.09 at 103 GeV [103]. Further, at 106 GeV (i.e., 1 PeV),
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the NEF value is higher, and its value is 19.62% larger [38]. This energy dependence of the
NEF value would, in turn, introduce some uncertainty into our flux estimation.

5 Results and discussions

As anticipated in section 3, we have tested two scenarios for the GCR distribution: Case-I
and Case-II. In the first case, we consider a constant GCR distribution equal to the one
measured in the solar neighbour, instead in the second case, we consider a radial dependent
distribution. For both cases, we calculated the differential energy spectrum of gamma-rays
and neutrinos for all the 8444 GMCs, following eq. (4.1).

Case-I. In this scenario, CR flux is assumed to be the same in the whole Galaxy (see section 3
and figure 4 for details), implying that multimessenger emission due to GCR/GMC interaction
depends only on A. Gamma-ray and neutrino fluxes resulting from hadronic interactions for
each of the individual clouds are then calculated using eq. (4.1), and the results for a few
GMCs are depicted in figure 6. The same figure also shows the sensitivity limits of various
current and future-generation gamma-ray and neutrino detectors for reference. It is evident
that only a fraction of GMCs can be detected for Case-I. These clouds have a larger A
parameter value, implying that they are either massive in size and/or located relatively close
to us. However, in the interpretation of these results, it is important to keep in mind that
the angular area of GMCs can vary significantly (See figure 15), and that they are located in
different parts of the Galaxy. We calculated the sensitivity degradation that occurs when the
source extension changes from 0.1 to 2 degrees. The available sensitivity data for CTA and
KM3NeT telescopes [108, 109] indicates a maximum decrease in sensitivity of approximately
128 and 14 times, respectively, when the source extension changes from 0.1 to 2 degrees.
Hence, the sensitivity limits of detectors shown in figure 6 and 8 can vary consequently.
The parameter A w.r.t. the galactocentric radius Rgal for all GMCs is plotted in figure 7
(left panel). Here, the horizontal lines indicate the minimum detection limits of GMCs by
several gamma-ray and neutrino detectors. The minimum value of A observable by a specific
instrument is calculated by dividing its sensitivity limit with the corresponding gamma-ray
or neutrino flux at A = 1. Among all the GMCs considered, only a few have A > 1 values
and are located close to the Galactic centre or to the Solar system, as can be seen from
figure 7 (left panel). The right panel of figure 7 shows the variation of A on left side of the
y-axis and A × S(Rgal) × H(Rgal, Ep) on right side of the y-axis as histograms with 1 kpc
binning. It reaches its maximum value between 8 - 9 kpc (blue line), close to the Sun. So, for
Case-I, where the emission from GMCs is proportional to this parameter, A will be higher in
correspondence with this region consequently resulting in a more locally generated flux.

Case-II. In this scenario, multimessenger emission due to GCR/GMC interaction depends
on GCR source distribution S(Rgal) and on the position-dependent spectral index variation
function H(Ep, Rgal), both motivated by observations (see section 3 and eq. (3.2), (3.3), (4.1)
for details). Further, here we also study the effects of the SNR distribution based on two
different catalogs. We distinguish a Case-IIa, where we used their distribution from [95], and
a Case-IIb, where an updated SNR distribution based on a more recent observation of SNR
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Figure 6. Top panel: gamma-ray flux from a selected individual clouds in the combined GMC catalog.
The sensitivity limits of different gamma-ray detectors are also depicted here by different coloured
lines [110, 111]. Bottom panel: similarly, the neutrino emission (ν + ν̄: all flavor) from individual
GMCs having unique A values are depicted here with the sensitivity limits of IceCube detectors [112].
The sensitivities for IceCube-Gen2 pertain solely to the sensitivity of the optical array.
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detection limit of current and future generation detectors. Right panel: the variation of A and A ×
S(Rgal)×H(Rgal, Ep) as a histogram along the galactocentric radius with a constant bin width of 1 kpc.

distribution and has a larger sample size [96] is included. The source distribution S(Rgal)
reaches its maximum value at Rgal around ∼ 2–3 kpc and then it gradually decreases [96].
The factor S(Rgal) × H(Rgal, Ep) reaches its maximum value of about ∼ 53 at Rgal = 1.3
kpc for Ep = 1 PeV, implying that GCR flux at this location will be greater than the one
around the Sun (F⊙(Ep, R⊙)) by this factor. Gamma-ray and neutrino emissions from all
individual GMCs taken into account are calculated for this radially dependent GCR flux (i.e.,
F (Ep, Rgal)) variation model. The flux for a few GMCs are shown in figure 8 (considering
Case-IIb type GCR flux distribution), together with the sensitivity curves of various detectors.
The fluxes are relatively harder than those obtained in Case-I, and the flux levels of the
GMCs are also different and dependent on the GMC location.

5.1 Implication for the IceCube observations

Here, we discuss the total gamma-ray and neutrino contributions from the GMC population
and compare them with the IceCube observations. The stacked diffuse gamma-ray and
neutrino fluxes from the Galactic plane are shown in figure 9. On the top panel, the gamma-
ray flux observed by Fermi-LAT from the Galactic plane at Galactic latitude b < 10◦ [113] is
shown. We have also included Tibet-ASγ, ARGO-YBJ, CASA-MIA, and LHAASO gamma-
ray observations at different Galactic longitudes and latitudes. These curves are shown
in the appendix of figure 13 and 14, compared with the predictions of our model. The
stacked gamma-ray flux from all the clouds located in this region is also displayed for the
different cases considered here. The bottom panel, instead, portrayed best-fitting fluxes
of π0 and KRAγ models for neutrino emission observed by the IceCube collaboration [1].
The π0 emission template is based on the Galactic diffuse gamma-ray emission model of
Fermi-LAT [12], calculated using GALPROP code [114]. The KRAγ model [14] employs a
radially dependent diffusion coefficient in the CR transportation code DRAGON [115].

The blue, red and green curves in figure 9 are our model predictions for Case-I, Case-IIa
and Case-IIb, respectively, and the shaded region indicates 14% uncertainty in estimating
the A parameter (due to the relatively small uncertainty and large Y-axis range, it is not
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Figure 8. Top panel: the gamma-ray flux for GMCs having unique A parameters in the combined
cloud catalog as indicated by the coloured lines. The sensitivity limit of different gamma-ray detectors
is also displayed by different coloured lines [110, 111]. Bottom panel: the neutrino flux (ν + ν̄: all
flavor) from the same set of GMCs, along with the sensitivity limits of the IceCube detector is depicted
here [112]. The sensitivities for IceCube-Gen2 pertain solely to the sensitivity of the optical array.
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Figure 9. Top panel: the diffuse gamma-ray flux observed by the Fermi-LAT within the Galactic
latitude b < 10◦ [113] along with the flux calculated by combining the contributions from all the
individual GMCs located in that region is depicted here. The data points were extracted from figure 1
in [113]. Bottom panel: the diffuse neutrino flux (ν + ν̄: per flavor) from all the GMCs stacked together
in the Galactic plane along with the best-fitted flux of π0 emission template and KRAγ models is shown
here. The shaded region indicates the superimposition between the best-fitted flux of π0 emission
template, KRA5

γ and KRA50
γ models along with their 1σ uncertainty. The total all-sky astrophysical

neutrino flux for starting track-like events [116, 117] (interacting within a fiducial volume of the
detector) is also plotted here for comparison. The data points were extracted from figure 5 in [116].
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visible in figure 9, but can be seen in figure 13 and 14, as discussed in the appendix). The
contribution of stacked gamma-ray and neutrino fluxes for Case-I is the least while Case-IIb
contributes the most. The predictions result in a significant contribution to the observation
without oversaturating it. In figure 9, we plotted the per-flavor neutrino flux (ν + ν̄) (assuming
the flavor ratio at the Earth is roughly νe : νµ : ντ = 1 : 1 : 1 due to neutrino oscillations)
calculated using this model that is consistent with the best-fitted KRA5

γ model. This suggests
that neutrinos observed by the IceCube detector might have a substantial contribution from
GMCs. However, the fluxes are almost a factor ∼ 2 lower than both Fermi-LAT observed
gamma-ray flux [113] and KRAγ model predicted neutrino flux level [1] (see figure 5 of [1]).
These excesses could be due to GCR interaction with diffuse gas in the ISM mostly composed
of atomic hydrogen, or to some unresolved sources [12, 69, 118], or again to any exotic physics
such as dark matter decay [119, 120] which are not taken into account here. Additionally,
the low energy gamma-ray flux below 30 GeV could also be due to electromagnetic emission
mechanisms, such as bremsstrahlung or inverse Compton interactions [12, 14] (see section A,
for comparison with VHE gamma-ray observations). The total astrophysical neutrino flux
averaged over the whole sky for starting track-like events interacting within the fiducial region
of the detector multiplied by 4π (coming from per steradian unit conversion) is shown in
the bottom panel of figure 9. In this plot, we have also compared the contribution of the
Galactic GMCs towards the total astrophysical neutrino flux. Ref. [1] estimated that the
MW Galactic plane contributions may vary from 6 to 13% of the total astrophysical neutrino
flux at 30 TeV, depending on the emission model considered.

The variation in the neutrino flux at different distances from the Sun for Case-I and
Case-IIb is shown in figure 10 along with the IceCube sensitivity limits. The stacked neutrino
flux from GMCs located around the Sun in concentric circular disks of 1 kpc thickness is
shown here (labelled as Ring, and the integers indicate the corresponding ring number).
Comparing the top and bottom panels, we can see significant discrepancies in the two cases:
the maximum flux for Case-I (top panel) is observed at ring 0 (i.e., within 1 kpc distance
of the Sun), instead, for Case-IIb (bottom panel), the highest flux is concentrated at ring 9
(i.e., the circular ring closest to the Galactic centre). We can also have an idea about the
rings that significantly contribute to the observable diffused neutrino signals by IceCube.
Consequently, the ring number that makes the most contribution not only depends on the
GCR model assumptions but also on the completeness of the catalogue used.

6 Spatial correlation of GMCs and TeVCat sources compared to IceCube
significance correlation map

The density distribution of A parameter for all GMCs in the galactic plane is represented
in figure 11. The GMC shape is assumed to be spherical for simplicity, but, actually, it
may be different. The circle sizes in the top panel correspond to the angular size of the
GMCs in degree square. We introduce a 2◦ angular uncertainty in their sizes, as shown in the
bottom panel, using the Gaussian smearing technique. The dark and light grey (dashed-dot
and dashed) contour lines represent the region including 50 and 20% of predicted neutrino
signal [1] and the inclined black lines represent the celestial equator, separating the two
hemispheres of the MW sky. The coloured bar at the bottom of the figure represents constant
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Figure 10. Top panel: considering the Sun as the origin (R⊙, 0, 0), the neutrino flux is calculated
from GMCs located in concentric circular disks of 1 kpc thickness (SolarCentric SC-Rings) for constant
GCR flux scenario (Case-I). Bottom panel: the galactocentric variation of GCR flux with [96] type
source distribution is used in this case (Case-IIb) to calculate the flux in SC-Rings. The differential
sensitivity limits of the IceCube detector are also shown here for comparison [112]. It should be noted
that the ring number that contributes the most depends not only on the GCR model assumptions but
also on the completeness of the catalog used.
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Figure 11. Top panel: density distribution of the A parameter for all GMCs in the Galactic plane
(representing Case-I type GCR source distribution). The dotted gray contour lines (dashed and
dashed-dot) indicate the 20% and 50% of the expected neutrino signal derived from the π0 model that
matches Fermi-LAT observation. Bottom panel: a Gaussian smearing of 2◦ is introduced to add angular
uncertainties in the GMC position. The brightest yellow region in the plot is Aquila Rift GMC location.

A values, ranging from 10−2 to 10 with 10-unit intervals. Aquila Rift GMC (the brightest
yellow region in the plot) appears to be the most promising candidate as a potential neutrino
source under the condition of Case-I. However, other hot-spot regions can also be seen, and
also these regions could be potential neutrino source locations.

To showcase the effects of diffused source contribution in the observed diffuse neutrino sig-
nal from the Galactic plane, we plotted the density distribution of A×S(Rgal)×H(Rgal, 1 PeV )
in figure 12. The normalised SNR distribution from [96] is used for this case. The top panel
displays the density distribution of GMCs, taking into account their actual angular sizes.
The middle panels are the same distribution with a Gaussian smearing of 2◦ and 7◦ where
the contour lines here correspond to 10−2, 10−1, 10, 101, and 102. For this case, a clear
enhancement near the Galactic centre can be seen as compared to figure 11. This density dis-
tribution map can be compared with the significance signal observed by the IceCube detector
(bottom panel), in order to find their possible sources. Some correlations between observed
signals and density distribution can be seen in the figure. As the Gaussian smearing size
increases, small-scale structures disappear, but large-scale structures persist. This indicates
that GMCs are passive sources of neutrino produced by diffuse GCRs interacting with gas
molecules inside them. However, we cannot exclude that the apparent signal missing regions
may be due to the sensitivity limits of detectors.

Finally, we also investigated whether the observed signal was correlated with any astro-
physical neutrino sources. The middle and bottom panels show all Galactic gamma-ray sources
from the TeVCat catalog [121] and LHAASO PeVatrons [28], corresponding to a 1σ significance
of the signal detected by IceCube. They could be the possible neutrino sources, but further
studies are needed to confirm this. We can observe a significant signal near the Cygnus region,
and the contributions from GMCs are not substantial in this region. Therefore, we should
investigate this region for potential neutrino sources. The operation of the IceCube-Gen2
observatory will be very useful for the detection of these individual GMCs in the future.
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Figure 12. Top panel: the density distribution of A × S(Rgal) × H(Rgal, 1 PeV) in the Galactic
plane for [96] type GCR source distribution (i.e., Case-IIb). Middle panels: the angular size of the
GMCs are smeared by 2 and 7◦ to include an angular uncertainty of their positions. Bottom panel: the
neutrino significance map of the Galactic plane as recently observed by the IceCube detector [1]. The
TeVCat & LHAASO PeVatrons gamma-ray sources, which are spatially correlated with the observed
neutrino significance, are also plotted here.

7 Conclusions

GCR interactions inside GMCs provide us insights on the non-thermal multimessenger
emissions from the Galactic plane. Their neutrino emission is an important asset for revealing
Galactic sources of CRs. In addition to GCR flux inside GMCs, CR particles might also be
injected by young stellar objects embedded inside them. Detection of neutrino flux from GMCs
will be crucial to reveal the properties of primary CR sources inside GMCs. Since the intensity
of non-thermal multimessenger emissions is directly proportional to the mass and inversely
to the square of the distance of the GMCs, it can put constraints on its mass and distance.

In this work, we have calculated gamma-ray and neutrino emissions from a total of 8444
individual GMCs and their stacked contributions, taking into account three different GCR
distributions (Case-I, Case-IIa and Case-IIb). The neutrino flux calculation using Case-I is
a factor of ∼ 12.5/9.0/8.9 below from the π0/KRA5

γ/KRA50
γ best-fitted model of IceCube

observation at 105 GeV; however, for Case-IIb the model can explain ∼ 62.6/86.5/88.3%
neutrino flux of the corresponding models at that energy. Many of these GMCs can be
detected by current and future-generation detectors with a large field of view. Till now, only a
few GMCs have been detected by the Fermi-LAT [42], HAWC and HESS telescopes [122, 123].
Also, future detectors such as IceCube-Gen2, KM3NeT, SWGO, CTAO, etc., will be able
to detect these GMCs. For Case-IIb, the flux of stacked per flavor neutrino from GMCs
in the Galactic plane is comparable to the best-fitted KRA5

γ model. This suggests that,
under this condition, most of the observed neutrinos in the MW Galactic plane could be
associated with GMCs.
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We have also observed a correlation between the neutrino signal significance map and some
TeVCat and LHAASO PeVatron sources. Indeed, there could be non-negligible contributions
from several other sources that may account for the remaining neutrino flux. For example,
diffuse gas interaction (mostly HI) and astrophysical sources (such as SNR, PWN, Binary
system, etc.), unresolved GMCs or dark gas clouds, and CR injection by star-forming regions.
Moreover, although there is a lack of evidence, one cannot rule out the possibility of a
neutrino flux component originating from the Galactic dark matter halo. In the future, we
will study these isolated sources in detail.
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A Comparative analysis of diffuse gamma-ray flux in the galactic regions:
highlighting GMC properties and TeVCat sources

For the completeness of the study, we compared the gamma-ray flux observed by Tibet ASγ,
ARGO-YBJ, CASA-MIA, Fermi-LAT and LHAASO experiment in both inner (25◦ < l < 100◦

& |b| < 5◦) and outer (50◦ < l < 200◦ & |b| < 5◦) Galactic regions with our calculated flux
from the GMCs. The comparison is shown in figure 13; it is evident that the calculated
flux for Case-IIb is almost two times lower than the observed result at the inner Galactic
region. However, as we move towards the outer Galactic region, this factor increases to
almost four, and the fluxes for all three cases become nearly identical (see bottom panel of
figure 13). This growth of the multiplication factor for the outer galaxy is mainly because
the number density of atomic hydrogen (HI) starts to increase (see figure 3), and the GCR
source contribution decreases.

The diffuse gamma-ray flux observed by the LHAASO experiment up to PeV energies [19]
is shown in figure 14. However, the comparison between our results and their observations is
particularly difficult as they used some masking to exclude source contributions from the
inner (15◦ < l < 125◦ & |b| < 5◦) and outer (125◦ < l < 235◦ & |b| < 5◦) Galactic regions,
which also excludes the GMC contributions from those areas. As a consequence, the observed
flux from those regions will be lower than the total expected one. The figure also shows
gamma-ray contribution from GMCs in those regions, for reference. However, gamma-ray
absorption, which could be significant above 100 TeV, is not taken into consideration here.
The observed emission follows a power-law distribution, while the expected diffuse signal
shows more or less a flat distribution. According to [125], the gamma-ray flux estimated
from interactions between GCR and ISM gas below approximately 105 GeV is lower than
the flux observed by the LHAASO for both the inner and outer regions of the Galaxy.
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Figure 13. Top panel: the diffuse gamma-ray flux as observed by ARGO-YBJ, Tibet AS+MD,
Fermi-LAT and LHAASO experiment from the inner part of our Galaxy, along with the expected
gamma-ray flux from the GMCs in that region, is depicted here. Bottom panel: the comparison
between the observed diffuse gamma-ray flux from the outer part of the MW galaxy by Tibet AS+MD,
CASA-MIA and Fermi-LAT experiment with the expected diffused signal from the GMCs is presented
here. The data points were extracted from figure 4 in [18] and figure 4 and 5, in [124].

– 19 –



J
C
A
P
0
6
(
2
0
2
4
)
0
7
4

101 102 103 104 105 106 107 108 109

E  (GeV)

10 14

10 13

10 12

10 11

10 10

10 9

10 8

10 7

E2.
5  ×

 F
lu

x 
(e

rg
1.

5  c
m

2  s
1  s

r
1 )

Case-I (F (Ep, R ))
Case-IIa (SNR: C&B(1996))

Case-IIb (SNR: DA Green (2015))
LHAASO-KM2A, 15  < l < 125  and |b| < 5

101 102 103 104 105 106 107 108 109

E  (GeV)

10 14

10 13

10 12

10 11

10 10

10 9

10 8

10 7

E2.
5  ×

 F
lu

x 
(e

rg
1.

5  c
m

2  s
1  s

r
1 )

Case-I (F (Ep, R ))
Case-IIa (SNR: C&B(1996))

Case-IIb (SNR: DA Green (2015))
LHAASO-KM2A, 125  < l < 235  and |b| < 5

Figure 14. Top panel: the truly diffuse gamma-ray signal recently observed by the LHAASO
experiment from the inner Galactic plane by masking out the source locations is presented here. The
gamma-ray flux from the GMCs in that region calculated considering the three cases of GCR flux are
also plotted here without any masking for reference. Bottom panel: this plot shows the flux that was
observed by the LHAASO experiment with masking and the calculated flux from the GMCs without
masking for the outer region of our MW Galaxy. The data points were extracted from figure 2 in [19].

Additionally, the gamma-ray flux converted from neutrino flux measurements is consistent
with the model predictions [6], thus confirming the existence of the observed gamma-ray
excess, whose origin could be leptonic [125].
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Figure 15. The distribution of the angular areas of GMCs (in degree2) along the galactocentric
radius is shown here.
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Figure 16. Left panel: the 2D-density distribution of GMC Mass vs its distance from the Earth,
Right panel: the 2D-density distribution of GMC Radius vs its distance from the Earth.

The figure 15 illustrates the angular area distribution of GMCs taken into account in the
calculations. Its value ranges from 0.07 degree2 to a maximum value of 104 degree2 with an
average value of 0.6 degree2. So, they can be both point-like sources or extended objects.

The TeVCat and LHAASO sources within the 1σ significance of the observed IceCube
signal are listed in table 1 and 2. Their nature could be leptonic, hadronic or a combina-
tion of both; however, we neglect some source classes here, like pulsars, which are mostly
electromagnetic in nature and hence may not contribute to IceCube-detected neutrinos.
Here, for simplicity, we categorised the source types into seven groups (i.e., PWN, Binary,
Star Cluster, SNR, GMC, PeVatron and UNID) in comparison to the actual TeVCat source
classification is also shown in table 1.
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Name l b Types TeVCat Source Classification
(deg) (deg)

Crab -175.442800 -5.788800 PWN PWN
MSH 15-52 -39.669671 -1.193044 PWN PWN
SNR G327.1-01.1 -32.843900 -1.078400 PWN PWN
HESS J1616-508 -27.609752 -0.141240 PWN PWN
HESS J1632-478 -23.615741 0.190197 PWN PWN
HESS J1708-443 -16.942474 -2.375754 PWN PWN
HESS J1718-385 -11.166402 -0.488102 PWN PWN
SNR G000.9+00.1 0.871897 0.075976 PWN PWN
HESS J1813-178 12.811507 -0.026289 PWN PWN
HESS J1831-098 21.850335 -0.109053 PWN PWN
MGRO J2019+37 74.923416 0.514332 PWN PWN
LS 5039 16.902186 -1.278106 Binary Binary
Cygnus X-1 71.334900 3.066600 Binary XRB
Westerlund 1 -20.453089 -0.352882 Star Cluster Massive Star Cluster
Terzan 5 3.783500 1.722900 Star Cluster Globular Cluster
IC 443 -170.927090 2.917722 SNR Shell
Tycho 120.091500 1.402200 SNR Shell
SN 1006 -32.431887 14.559082 SNR Shell
SN 1006 NE -32.156506 14.564999 SNR Shell
HESS J1534-571 -36.346800 -0.918500 SNR Shell
HESS J1614-518 -28.480485 -0.581325 SNR Shell
HESS J1640-465 -21.724900 -0.036000 SNR Composite SNR
RX J1713.7-3946 -12.664481 -0.472686 SNR Shell
CTB 37B -11.354731 0.378331 SNR Shell
CTB 37A -11.584300 0.142500 SNR SNR/Molec. Cloud
SNR G349.7+00.2 -10.280357 0.173978 SNR SNR/Molec. Cloud
Kepler’s SNR 4.521200 6.822400 SNR SNR
HESS J1731-347 -6.457600 -0.669800 SNR Shell
SNR G004.8+6.2 4.796100 6.246200 SNR SNR
HESS J1745-303 -1.290100 -0.639700 SNR SNR/Molec. Cloud
RS Ophiuchi 19.799500 10.372100 SNR Nova
HESS J1800-240C 5.711189 -0.058772 SNR SNR/Molec. Cloud
HESS J1800-240B 5.901986 -0.365181 SNR SNR/Molec. Cloud
W 28 6.656805 -0.267552 SNR SNR/Molec. Cloud
HESS J1800-240A 6.141203 -0.629279 SNR SNR/Molec. Cloud
SNR G015.4+00.1 15.409124 0.160685 SNR Composite SNR
Cassiopeia A 111.711383 -2.129547 SNR Shell
Cloud 877 -26.5399 -0.3101 GMC Giant Molecular Cloud

LHAASO J0534+2202 -175.514138 -5.830381 PeVatron PWN (Crab)
LHAASO J1825-1326 18.067863 -0.540475 PeVatron UNID
LHAASO J1908+0621 40.491859 -0.813784 PeVatron UNID
LHAASO J2018+3651 74.984112 0.454934 PeVatron UNID
LHAASO J2108+5157 92.277370 2.867798 PeVatron DARK

Table 1. TeVCat gamma-ray sources whose position lies within 1σ significance map of the IceCube
observation of neutrino from Galactic plane.
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Figure 17. Left panel: the 2D-density distribution of A parameter vs its distance from the Earth
Right panel: the 2D-density distribution of A parameter vs the angular area of the GMCs.

Name l b Types
(deg) (deg)

HESS J1626-490 -25.229819 0.047307 UNID
HESS J1634-472 -22.891150 0.217191 UNID
HESS J1641-463 -21.477200 0.090500 UNID
HESS J1702-420 -15.696067 -0.183715 UNID
HESS J1708-410 -14.317744 -0.468802 UNID
HESS J1729-345 -6.556293 -0.127430 UNID
HESS J1741-302 -1.723900 0.050200 UNID
Galactic Centre Ridge -0.055138 -0.043908 UNID
Galactic Centre -0.055138 -0.043908 UNID
HESS J1746-308 -1.549300 -1.112500 UNID
VER J1746-289 0.055100 -0.148100 UNID
HESS J1746-285 0.140100 -0.114100 UNID
MAGIC J1746.4-2853 0.137100 -0.120800 UNID
HESS J1804-216 8.400200 -0.028400 UNID
HESS J1808-204 9.978400 -0.242700 UNID
HESS J1809-193 11.180020 -0.087415 UNID
HESS J1813-126 17.310100 2.489900 UNID
2HWC J1814-173 13.331700 0.126800 UNID
2HWC J1819-150* 15.909200 0.089700 UNID
2HWC J1825-134 18.116700 -0.525900 UNID
HESS J1826-130 18.433800 -0.412600 UNID
HESS J1828-099 21.490100 0.379900 UNID
HESS J1832-085 23.205400 0.295600 UNID
MGRO J1908+06 40.385271 -0.785071 UNID
ARGO J1910+0720 41.654007 -0.881286 UNID
2HWC J2006+341 71.321300 1.159000 UNID
3HWC J2010+345 72.140000 0.560000 UNID
VER J2016+371 74.938300 1.146900 UNID
VER J2019+368 74.993200 0.360000 UNID
MilagroDiffuse 76.045266 0.940755 UNID

Table 2. TeVCat unidentified (UNID) gamma-ray sources whose position lies within 1σ significance
map of the IceCube observation of neutrino flux from Galactic plane.
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