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Observation of high-energy neutrinos from the Galactic plane

IceCube CASCADE best fit pre-trial 
significance distribution map

IceCube coll. 
Science 2023

- 10 years of data 
- Cascade events were analyzed (lower background, better energy resolution, and lower energy 

threshold of cascade events compensate for their inferior angular resolution) 
- Neutrino emission from GP is detected. Three models tested.
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“the neutrino luminosity of the Milky Way is one-to-two 
orders of magnitude lower than the average of distant 
galaxies. This finding implies that our Galaxy has not 
hosted the type of neutrino emitters that dominates the 
isotropic neutrino background at least in the past few tens 
of kiloyears.”

Is the Milky Way a “Neutrino Desert”?
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… actually, more neutrino emission than formerly expected!

DG, D. Grasso, A. Marinelli, A. Urbano, 
M. Valli, ApjL, 2016
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Figure 2. Solid and dashed red (blue) lines: expected neu-
trino spectra (all flavors, both neutrinos and antineutrinos) in the
inner Galactic plane region computed for the conventional KRA
(the novel KRAγ) models for two different cutoff values. We also
show the maximal flux, estimated considering three years of Ice-
Cube HESE events as described in (Spurio 2014), the constraint
from the ANTARES experiment (Fusco & ANTARES 2015) (1500
days of experiment livetime between 2007 and 2013) as well as
the deduced sensitivity of the future Mediterranean observatory
KM3NeT (Piattelli & KM3NeT 2015) with four years (∼ 1500
days) of livetime.

sults – we find that the flux corresponding to the KRA
model may require long times of observation even by the
KM3NeT observatory (Adrián-Mart́ınez et al. 2013), our
prediction for the KRAγ model is instead well above the
sensitivity reachable by that experiment in four years and
it is almost within the ANTARES observation capabili-
ties.
Interestingly, our result is in good agreement with the

maximal flux inferred from the fraction of IceCube HESE
events compatible with that region (see Fig. 3). We no-
tice that in that region the expected EG contribution, as
constrained from the muon neutrino flux in the northern
hemisphere (see below) gives a subdominant contribution
with respect to that computed with the KRAγ model.
Therefore the possible detection of a signal in that sky
window would be a smoking gun for the presence of such
Galactic emission.
IceCube should also have the potential to detect that

emission on a larger region. In this context, we also
note that an independent analysis (Neronov & Semikoz
2015a) already found a significant hint of an excess in
the 4-year HESE sample (Aartsen et al. 2015d) along the
Galactic plane.
We now turn our attention to the recently published

IceCube results, both concerning the full-sky and the
northern and southern hemispheres separately.
In Fig. 3 we represent the full-sky total neutrino spec-

trum (all flavors, including antiparticles) computed for
the KRAγ and KRA models, with global CR hardening,
and compare it to the IceCube results.
Our prediction for the conventional setup (KRA

model) is in good agreement with (Ahlers et al. 2015):

Figure 3. Full-sky neutrino spectrum (all flavors, both neutri-
nos and antineutrinos) predicted by the KRAγ and KRA mod-
els (with global CR hardening), adopting two different choices for
the CR high-energy cutoff. We also plot the combination of the
Galactic (KRAγ) and a benchmark EG spectrum. The EG flux
is consistent with that inferred from the IceCube collaboration in
the northern hemisphere (Aartsen et al. 2015b). The models are
compared with the 68% confidence region for the IceCube astro-
physical neutrino flux obtained with a maximum-likelihood (yellow
region) (Aartsen et al. 2015a) and the three years HESE (green
points) (Aartsen et al. 2014).

In that work, the benchmark Galactic model accounts
for 8% of the flux measured by IceCube above 60 TeV,
for a CR spectrum similar to the one used here above 50
PeV.
On the other hand, the KRAγ predicts a ∼ 2 times

larger full-sky flux above 10 TeV: the model prediction
is therefore only ≃ 4 times smaller than the best fit of
the astrophysical flux measured by IceCube on the whole
sky.
We remark that another analysis (Neronov & Semikoz

2015b), based on an extrapolation of Fermi-LAT data,
points toward a non-negligible Galactic contribution to
the full-sky neutrino flux due to a hard diffuse CR spec-
trum. In that scenario the (softer) locally observed CR
spectrum may get a major contribution from one or more
local sources: this interpretation still has to be validated
against Fermi-LAT data, while our model is based on
those measurements.
Setting a threshold energy at 60 TeV and convolving

the KRAγ spectrum (with Ecut = 50 PeV) with the Ice-
Cube HESE effective areas (Aartsen et al. 2013a), the
expected number of neutrino events in three years of
IceCube observation represents ∼ 15% of the published
sample (Aartsen et al. 2014). These rates are well above
those expected due to atmospheric muons and atmo-
spheric neutrinos and confirm the spectral comparison
between KRAγ and IceCube data.
Clearly, another component – most likely of extragalac-

tic (EG) origin – needs to be invoked in order to account
for all of the IceCube events.
Here we assume this EG component to be isotropic

“our model also provides a different interpretation of the 
full-sky neutrino spectrum measured by IceCube with 
respect to the standard lore, since it predicts a larger 
contribution of the Galactic neutrinos to the total flux, 
compared to conventional models. These predictions will 
be testable in the near future by neutrino observatories 
such as ANTARES, KM3NeT, and IceCube itself via 
dedicated analyses that are focused on the Galactic 
plane”

“Base model” 
(tuned on local 

CR data)

“Gamma/ 
KRAgamma 
model” (with 
hard inner CR 

spectrum)

equivalent to 
“pi0 model”

Base (“pi0”/“Conventional”) models VS Gamma (“KRAgamma”) models 



DG, A. Urbano, M. Valli, P. Ullio, PRD 2015 5

so, does the IceCube discovery inform about a harder CR 
spectrum in the inner Galaxy?

FERMI galactic interstellar emission model (GEIM)– 47 –
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).

Gaggero et al. (2015)
single-zone model

single-zone model

flat gradient

SNR tracers {

FERMI Collaboration, arXiv:1602.07246
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In table II we list the �2 for our optimized model,
showing a remarkable improvement with respect to the
FB model.

FIG. 6. The same as in fig. 1 but considering the window
|l| < 10�, |b| < 5�.

FIG. 7. The same as in fig. 1 but considering the strip
|l| < 180�, 10� < |b| < 20�. The azure band represents the
contribution of the Fermi bubbles according to ref. [37].

There are in principle alternative scenarios leading to

FIG. 8. Longitudinal profile at fixed energy E� = 10 GeV.
We average in latitude over the interval |b| < 5�.

tilted �-ray fluxes, see e.g. [1, 38–40]. However:

• Following ref. [41], we find that a population of un-
resolved pulsars, consistent with the observed coun-
terpart, gives an extra contribution to the total �-
ray flux more than one order of magnitude smaller
than needed.

• Running a dedicated MC code where the analyti-
cal solution of the di↵usion equation with the cor-
rect boundary is implemented, as described in [42],
we simulate Supernova explosions with a reason-
able rate ' 3/century distributed according to the
source term presented in [36].

We fit each realization with a power-law. We find
that fluctuations in the proton spectrum due to the
stocasticity of the sources never exceed – even in
the inner Galactic region – the few percent level.

• We test the possibility of an enhanced IC emission;
we find that a rescaling of the ISRF by one order
of magnitude, together with a factor of 10 decrease
in the XCO, may solve the discrepancy.

However, we discard this hypothesis since in this
case the bulk of the �-ray flux would have leptonic
origin, in contrast with the obserbed correlation
with the gas distribution as shown in fig. 8.

While the paper was undergoing the review process,
the 4-year Point Source Catalog (3FGL) was released by
the Fermi-LAT collaboration. We checked that our re-
sults are not a↵ected by this update, given the subdom-

A CR hardening in the inner 
Galaxy inferred by gamma-
ray data interpreted as a 
progressively harder scaling 
of the diffusion coefficient

Fermi-LAT collaboration, 2016

Spectral index

Galacto-centric 
radius [kpc]

Emissivity

CR proton 
normalization
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Galaxy inferred by gamma-
ray data interpreted as a 
progressively harder scaling 
of the diffusion coefficient

so, does the IceCube discovery inform about a harder CR 
spectrum in the inner Galaxy?
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A bit more about these models

- They are tuned on local CR 
data 

- The CR density is computed 
everywhere (typically with the 
DRAGON code) by solving 
the CR transport equation

and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
51]:

r · ( ~Ji � ~vwNi) +
@

@p


p2Dpp

@

@p

✓
Ni

p2

◆�
� @

@p

h
ṗNi � p

3

⇣
~r · ~vw

⌘
Ni

i
=

Q+
X

i<j

✓
c�ngas �j!i +

1

�⌧j!i

◆
Nj �

✓
c�ngas �i +

1

�⌧i

◆
Ni

(2.1)

where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by

2See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.
3For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX
4A technical documentation will be released during 2017.

– 3 –

⌧i, while �i is the spallation cross-section with the interstellar gas. In this paper
we do not consider these latter nuclear processes, and we postpone a detailed
description to a forthcoming publication. The CR macroscopic current ~J(~r, p) is de-
termined by the spatial di↵usion tensor Dij , as Ji = �DijrjN .

These quantities can be either inferred from independent observations (e.g. the gas
distribution, the magnetic field entering the loss term) or fitted to the data (e.g. the di↵usion
coe�cient, the Galactic wind velocity). For all of them, di↵erent parameterizations are
provided in literature and can be used to estimate the systematic uncertainty a↵ecting the
corresponding process. We therefore implement in DRAGON2 several options for the relevant
transport quantities, as extensively described in Appendix C; in most cases, the quantities
are position-dependent.

As discussed in the Introduction, one of the main novelty of our code with
respect to other existing codes is the possibility to implement inhomogeneous
transport5 (e.g., advection, momentum and spatial di↵usion).

In particular, assuming di↵usion as inhomogeneous and anisotropic has a very natural
motivation. In fact, the presence of a large scale Galactic magnetic field (GMF) clearly
breaks isotropy and introduces a preferred direction, so that charged-particle di↵usion should
be expressed in terms of a di↵usion tensor with components given by:

Dij =
�
Dk � D?

�
bibj +D?�ij + ✏ijk DAbk , (2.2)

where ~b is a unit vector along the mean (large scale) GMF. With this choice of versors,
Dk and D? are the components of the di↵usion tensor parallel and perpendicular to the
mean magnetic field and describe di↵usion due to small-scale turbulent fluctuations. The
coe�cient DA gauges the anti-symmetric component of the di↵usion tensor: It is usually
identified as the drift coe�cient since it describes a macroscopic drift orthogonal to both ~b
and the gradient of the CR density, ~rN [52, 53]. In this paper we always assume DA = 0
since the associated drifts are negligible up to ⇠PeV energies as shown, e.g., in [54].

Although the physics behind CR di↵usion is far from being understood (see e.g. [55]
for a comprehensive review), some basic aspects may however be clarified starting from
the weak-turbulence approximation where GMF random fluctuations are treated as a small
perturbation over the regular one. Under this assumption it is possible to treat analytically
the problem of resonant CR interactions with the random-phase Alfvén wavemodes. This
framework is known as quasi-linear theory (QLT) [56, 57]. The classical result for QLT gives
that di↵usion coe�cients are described by a power-law in rigidity with di↵erent slopes for
the parallel and perpendicular components (see also [58]). Moreover, these coe�cients are
spatially inhomogeneous since they are determined by local properties of the turbulent and
regular fields. In this perspective, for the di↵usion coe�cients Dk and D? we adopt several
phenomenological parameterizations as proposed in recent works based on local fluxes and
gamma-ray data (see Appendix C.8).

DRAGON2 can work either in a (2+ 1)-dimensional (2D) or in a (3+ 1)-dimensional (3D)
configuration. In the 2D case we use cylindrical coordinates defined by the radial distance r
and the height form the Galactic disk z and we assume azimuthally symmetry. For the 3D case
we consider Cartesian coordinates x, y, z. The quantities defined as function of cylindrical
coordinates are consistently mapped in Cartesian coordinates by the relation r =

p
x2 + y2.

In the next Sections, we will specify the transport equation in these two configurations.

5Not necessarily separable in a spatial and an energy term.

– 4 –

- “Base models” -> homogeneous diffusion 
- “KRAgamma models” -> CR hardening in the inner Galaxy

https://github.com/cosmicrays/DRAGON
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A bit more about these models
- The associated radio/

gamma-ray/neutrino flux 
due to synchrotron, 
bremsstrahlung, IC 
scattering, pion decay is 
computed with HERMES 
and tested on all available 
data

https://github.com/cosmicrays/hermes
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A multi-messenger analysis: Updated “Base” and “Gamma” models.
Local hadronic data
• De La Torre Luque et al., Astron.Astrophys. 672 (2023)  
• De La Torre Luque, DG, Grasso, Marinelli, Front.Astron.Space Sci. 9 (2022) 

• De La Torre Luque, DG, Grasso, Marinelli, in preparation

Local hadronic data



• De La Torre Luque et al., Astron.Astrophys. 672 (2023)  
• De La Torre Luque, DG, Grasso, Marinelli, Front.Astron.Space Sci. 9 (2022) 

• De La Torre Luque, DG, Grasso, Marinelli, in preparation
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A multi-messenger analysis: Updated “Base” and “Gamma” models.
Fermi-LAT diffuse gamma-ray data + High-energy diffuse gamma-ray 

data

A&A proofs: manuscript no. PeVdiffuse

Injection parameters

1
H �1

1
H �2

1
H �3

1
H �4

4
He �1

4
He �2

4
He �3

4
He �4

Max model 2.33 2.23 2.78 — 3.28 2.18 2.69 —

Min model 2.33 2.16 2.44 3.37 2.30 2.06 2.34 3.01

Table 1: Spectral indexes at injection for the Max and Min models. These spectral indexes are tuned to CR local data as described above and
correspond to spectral breaks at the following energies: 335 and 6 · 106 GeV for the Max models and 335, 2 · 104 and 4 · 106 GeV for the Min
models.

We compute the full-sky maps of the diffuse gamma-ray
emission associated to ⇡0 emission, Inverse Compton scatter-
ing and Bremsstrahlung with the HERMES code (Dundovic et al.
2021). We choose an angular resolution characterized by the
Healpix resolution pararameter nside = 512, corresponding
to a mean spacing between pixel of ' 0.11� (Górski et al. 2005),
nicely matching the angular resolution of the gas models adopted
to compute the hadronic emission. For illustrative purpose, we
show the Mollweide projection of the total emission associated
to the �-optimized Min model in Fig. 3, in a lower resolution.

In order to directly compare our models to the different ex-
perimental results described above, we consider several regions
of interest, directly associated to the spectral data provided by
the experiments focused on the very-high-energy domain. In par-
ticular, we show in the same Figure the contours of the regions
observed by LHAASO (coincident with Tibet AS� and ARGO)
and IceCube-86.

We obtain the integrated flux in these regions, which we
compare to the experimental data without any further ad-hoc
tuning and post-processing. We emphasize once again that all
the details of the setup (in particular, the ring-by-ring normal-
ization of the molecular gas density, and the CR transport setup)
are set by the comparison with both local data on charged CRs
and Fermi-LAT data in the GeV-TeV domain, as commented in
more details in the Appendix. The results are presented in Fig.s
(4) and (6). The absorption due to � � � scattering is accounted
as described at the end of Sec.3.2. Its effect is shown in Fig. 7
for the �-optimized scenario.

Fig. 4, in particular, clearly represents the main result of this
paper. This plot demonstrates that the diffuse emission models
presented in this work — obtained under the assumption that the
emission is fully originated by the diffuse Galactic CR “sea” —
are able to capture the main features of the observed data in a
remarkably large range of energies, from 10 GeV all the way up
to the PeV domain. This is already a major result.

However, since we are willing to go beyond this first level
of interpretation and use our results to learn something about
Galactic CR properties we face two main problems:

– there is a significant degeneracy between the choice of the
CR transport setup and that of the source spectra (which, as
we shown, depends also on the CR data systematics);

– there is a significant scatter of the Tibet and LHAASO data
above 50 TeV.

While this situation is likely to improve with the next data re-
leases we may already get some valuable hints limiting ourselves
to consider only the lowest energy bin of both experiments which
should be affected by lower systematics. Interestingly we notice
that the four lowest energy LHAASO points – below 50 TeV –
are well aligned among themselves and the Tibet ones. We no-
tice that those data favour the �-optimized Max model. Even if

we were to disregard Tibet data, or assume them to be contam-
inated by the emission of the Cygnus cocoon (see Sec. 2.3), the
�-optimized scenario would remain the preferred one though in
its Min realization (see also Fig. 7). Although the Base - Max
model is also in reasonable agreement with LHAASO data it is
disfavored by Fermi-LAT and ARGO results. This shows the im-
portance of using data over the widest possible energy range.

Fig. 4: The �-ray spectra computed within the conventional (base) and
�-optimized scenarios are compared to Tibet AS� (Amenomori et al.
2021) and LHAASO (Zhao et al. 2021) (preliminary) data in the win-
dow |b| < 5�, 25� < l < 100�. The Galactic diffusion emission spectrum
measured by Fermi-LAT and extracted as discussed in Sec. 2.2, as well
as ARGO-YBJ data (Bartoli et al. 2015) in the same region, are also
reported. The models account for the effect of �-ray absorption onto the
CMB photons (see Sec. 3.2).

We also consider the Tibet AS� data in the window |b| < 5�,
50� < l < 200� (Fig. 5). We notice that in this more external
region the predictions of the �-optimized and Base scenarios are
quite similar so that those data may help to remove the degener-
acy between the choice of the transport scenario and the shape
of the source spectrum. Remarkably, even accounting for a pos-
sible contamination due to Cygnus-OB2, Tibet results seems to
neatly favour the Max setup for the latter unknown. It will be
very interesting, therefore, to see if LHAASO will possibly con-
firm Tibet results in that region. This will be also relevant to
scrutinize an alternative interpretation of Tibet results given in
terms of the emission of unresolved pulsar wind nebulae (Vec-
chiotti et al. 2021).

We also performed a comparison of our models with Ice-
Top and CASA-MIA upper limits which refer to regions dif-
ferent from those probed by Tibet and LHAASO (see Fig.3).
As evident from Fig. 6, where we also report ARGO-YBJ data,
although those limits do not constrain any of our models yet,
the IceTop sensitivity is close to the level required to test the
�-optimized Max model.

Article number, page 6 of 11
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Fig. 5: Predicted �-ray spectra for the different scenarios stud-
ied in this work and compared to Tibet AS� (Amenomori et al.
2021) and Fermi-LAT data in the window |b| < 5�, 50� < l <
200�. The experimental errorbars show the 1� statistical uncer-
tainty of the measurement. Fermi-LAT systematic uncertainties
dominate above ⇠ 200 GeV, while the systematic error asso-
ciated to TIBET data in this region is estimated to be around
30% (Amenomori et al. 2009). CASA-MIA (Borione et al. 1998)
upper limits in the same region are also reported.

Fig. 6: The �-ray spectra computed in the conventional (base) and �-
optimized CR transport scenarios are compared to IceCube (Aartsen
et al. 2019b) and CASA-MIA (Borione et al. 1998) upper limits. Since
those data refer to different regions of the sky, they are rescaled as de-
scribed in Aartsen et al. (2019b) (see Fig. 12 in that paper).

5. Conclusions

In this paper we presented a set of gamma-ray diffuse emission
models that are able to consistently reproduce the available mea-
surements from the GeV domain all the way up to PeV energies
in the Galactic Plane region.

In particular, we discussed a reference model based on the
assumption of homogeneous transport properties in the whole
Galaxy, and an optimized model aimed at capturing the progres-
sive hardening of the proton slope inferred from Fermi-LAT data
in the GeV domain. Both scenarios are tuned on local CR data,
and are presented in two different versions, that correspond to a
different fitting strategy of local CR data in the very-high-energy
part of the spectrum, which results in different choices of the in-
jection spectra.

We found a relevant degeneracy between the choice of the
CR propagation setup and that of the injection spectrum. In spite

Fig. 7: In this figure we show the effect of �-ray absorption onto the
CMB photons (see Sec. 3.2) for the �-optimized scenario.

of that, we argued that the comparison between our models and
the combination of different �-ray data sets is able to provide
valuable hints and may help to shed light on CR transport prop-
erties in different regions of the Galaxy.

We highlighted in particular that the Galactic diffuse emis-
sion measured by most experiments from 10 GeV to the PeV can
almost entirely be explained as truly diffuse emission stemming
from the Galactic CR “sea”, and showed that the Tibet AS� and
LHAASO data, in combination with Fermi-LAT results, seem to
favour a transport scenario characterized by spatially dependent
diffusion.

Our results give a stronger support to a similar claim of the
Tibet collaboration – based on the comparison of their data with
the phenomenological models in Lipari & Vernetto (2018) –
which however did not take into account the degeneracy men-
tioned in the above.

The comparison of our models with forthcoming experi-
mental results at lower energies by HAWC (Nayerhoda et al.
2020), H.E.S.S. (Abramowski et al. 2014), SWGO (Albert et al.
2019), CTA (Cherenkov Telescope Array Consortium et al.
2019; Acharya et al. 2018) and ALPACA (Takita et al. 2017;
Takashi et al. 2021) will be crucial to further validate this sce-
nario and to probe the CR shape throughout the Galaxy, espe-
cially by those experiments, which will have a better view of its
most central regions.

In order to facilitate the comparison with these forthcoming
data, we provide the scientific community with high resolution
all-sky-maps of the diffuse �-ray emission of the Galaxy from
few GeVs to few PeVs computed for our benchmark models4.
They can be valuable tools for experimental collaborations and
can be used as “background models” in different contexts, from
the generation of Galactic and extra-Galactic source catalogues
to indirect dark matter searches.

As a final discussion point, let us return to the potential role
of unresolved sources. In general, the relative weight of truly
diffuse emission and unresolved source contribution depends on
a wide range of parameters, that characterize: the nature of the
sources, the capability of the experiment to identify and resolve
individual sources, the transport/escape of the high-energy parti-
cles that constitute the diffuse CR sea, and of course on the total
amount of target gas and photon background that is directly re-
sponsible for the truly diffuse signal. In this work, we choose
to consider a specific model for the unresolved contribution and

4 https://github.com/tospines/Gamma-variable_
High-resolution
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Figure 4. �-ray diffuse spectra from the �-optimized scenario compared to Tibet AS� (Amenomori et al.,
2021), LHAASO (Zhao et al., 2021) (preliminary), Fermi-LAT (Ackermann et al., 2012) (CLEAN events
from PASS8 data with subtraction of flux from known sources and isotropic background)
and ARGO-YBJ (Bartoli et al., 2015) data in the window |b| < 5�, 25� < l < 100�. The KRA� model
(cutoff energy of Ec = 5 PeV) (Gaggero et al., 2015a) is also included. Here, we account for absorption of
�-rays into CMB photons (see Fig. 7 of Ref. Luque et al. (2022)) and do not include the contribution of
unresolved sources, which may be significant at the highest energies.

Figure 5. HEALPIX maps (NSIDE=512) showing the morphology of the hadronic emission for 100 TeV
�-rays for the �-optimized model (Min configuration). The left map shows the hadronic emission generated
by the interactions of CRs with molecular (H2) gas, while the right map shows the hadronic emission
generated by interactions of CRs with atomic (HI) gas. This distribution will be also followed by the ⌫
emission.
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Figure 10. Predicted flux from the �-optimized model in the MIN and MAX configurations compared
to the recent diffuse LHAASO data [3] in the inner (left panel) and outer (right panel) regions where
the collaboration report the data. The bands correspond to the difference in the flux predicted using
the Kelner-Aharonian and the AAfrag cross sections (see more details in the text). Improve this
figure which is the most important of the paper ! Show also other low energy data !

Figure 11.

– 8 –

• with cross section uncertainty
• official data release from LHAASO collab. (arXiv:2305.05372)
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The Gamma model is not equivalent to a “rescaled base 
model” when compared to gamma-ray data
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ECut = 5 - 100 TeV

A more detailed update in progress…
Local leptonic data, 2D and 3D runs
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Appendix A: Detailed comparison to Fermi-LAT data.
We present here a detailed comparison between the gamma-ray diffuse emission models presented in this work and the Fermi-LAT
data, with particular focus on the Galactic plane. We note that our modeling aims at capturing at first order the large-scale spectral
trend inferred from the data and highlighted in several papers (Gaggero et al. (2015b); Pothast et al. (2018); Acero et al. (2016)).
We do not perform any post-processing or fitting of the templates nor do we include specific models for extended emission, for
instance, from star-forming regions.

We consider different regions of interest along the Galactic plane, and compare the Fermi-LAT PASS8 data to the sum of the
following components, for each model setup considered here.

– A model for the ⇡0 emission obtained with HERMES as described in the text. The rescaling factor XCO is tuned on a ring-by-ring
basis in order to match the data normalization in the [1 � 10] GeV interval.

– A model for the leptonic inverse Compton scattering onto the diffuse low-energy photon component, obtained with HERMES.
– A model for the emission due to Bremsstrahlung, obtained with HERMES.
– The total flux associated with the resolved point sources, taken from the fourth Fermi Large Area Telescope catalog (4FGL)

(Abdollahi et al. 2020).
– A model for the unresolved flux contribution, described in Sec. 3.

We show the comparison in Fig. A.1. The three components of the Galactic diffuse emission (GDE) modeled with HERMES are
computed in both the Base (Min) and the Gamma-Optimized (Min) setups. In both cases, the total GDE is added to the isotropic
spectral template and to the (unresolved plus resolved) source model: The corresponding total contribution is plotted as a dashed
(solid) black line for the Base (optimized) model. We notice an overall good agreement of the gamma-optimized model with the
data. In particular, the region characterized by �10� < l < 10� is better reproduced by this setup, due to the hard spectrum detected
by Fermi-LAT, and confirm the previous findings.

Fig. A.1: Comparison between Gamma-optimized models and Fermi-LAT data.
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Figure 5. Penso che qui sia meglio mostrare solo una figura per tutto il piano galattico
oltre il profilo in longitudine e spostare questo set di figure in appendice C.

Figure 6. Aggiungere figura con confronto profilo in longitudine di Fermi
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Conclusions
• “(KRA)-Gamma models” featuring a harder CR spectrum in the inner Galaxy 

are compatible with most multi-messenger data available 
• Rescaled conventional models are compatible with neutrino data but 

overshoot the gamma-ray data at all energies 
• The Galaxy may be a “neutrino desert”, but with a “KRAgamma oasis”
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P. De La Torre Luque et al. Prospects for detection of a Galactic diffuse neutrino flux

Figure 6. Full sky ⌫ diffuse emission predicted from the �-optimized model (Min and Max configurations)
compared to the model-independent upper limits obtained from the ANTARES collaboration. The predicted
galactic ⌫ flux from the KRA� model (cutoff energy of Ec = 5 PeV) (Gaggero et al., 2015a) is also
included. In addition, the IceCube astrophysical ⌫ flux as measured from IceCube using 7.5 years of track
events (Abbasi et al., 2021) are added for completeness.

Frontiers 15
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Figure 9. Figures adapted from Ref [2]. Left panel: Total Predicted flux from the �-optimized model
in the MIN and MAX setups (�astro in the legend - dark purple lines) including the contribution
from sub-threshold sources to the TIBET experiment (�sTH in legend - green line) at |b| < 5�,
25� < l < 100�. We also show the truly diffuse emission from the �-optimized model as light purple
lines (�IE in legend). Right panel: Similar to the left plot but compared to the HAWC diffuse
emission at the region |b| < 4�, 43� < l < 73�.
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The GeV-TeV Gamma-ray diffuse 
sky: Diffuse emission components
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Fermi-LAT

Galactic diffuse gamma-ray emission

�e + N → e′ � + γ + N′�

e + γ → e′ � + γ′�

p + p → π0π+π−
π+ → μ+ + νμ
μ+ → ν̄μ + νe + e+

Diffuse emission totally correlated 
with the propagation of cosmic rays 
dominated by protons and He. 
Hadronic emission follows ISM gas 
distribution as well.

Bremsstrahlung emission follows 
the ISM gas distribution  

IC emission depends on the energy 
density of the ISRFs

!3

Bremsstrahlung: radiation is emitted by a 
lepton passing through the electric field of 
a particle in the ISM (electron or nucleus).
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