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The Galactic Neutrino Diffuse Emission 
The Galaxy is not a neutrino desert !
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Thank you Venia !
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Galactic neutrinos: The early papers

Berezinsky & Smirnov 1975

Neutrino from hadronic interaction of Galactic cosmic ray with the interstellar gas
Uniform CR and extrapolated gas distributions were generally adopted

Galactic emission (mostly from the center) was estimated as a background to extragalactic

GC 𝛎

atm. 𝛎
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We perform a realistic estimate of the emission of TeV-PeV gamma rays and neutrinos by galactic matter irradiated by 
cosmic rays. Our calculation is directly based on profiles of matter in the galactic disk compiled by Bloemen. Our results can 
be compared with recent experimental limits. We investigate the consequences of hints associated with COS-B data, that 
cosmic ray spectrum is harder in the outer Galaxy and find that present air shower data rule out a straigtforward 
extrapolation of a hard spectrum up to 100 TeV. We show that we need neutrino telescopes of order 1 km* area to map the 
galaxy in TeV neutrinos. 

1. Introduction 

The photon emission from matter in the galaxy 
irradiated by cosmic rays was first mapped by 
SAS-2 [l] and COS-B [2]. The intensity of GeV 
y-rays observed by both instruments was found to 
follow approximatelly the matter distribution in 
the Galaxy [3,4]. The total luminosity of the 
galactic plane in photons of energy above 100 
MeV is (l-2) X 1O39 erg/s [S]. The diffuse galac- 
tic y-ray flux should extend to PeV energy. For 
E-2.7 energy spectrum of the galactic cosmic rays 
the luminosity above 1 and 100 TeV should be 
N 2 X 1O36 and N 1O35 erg/s, respectively. A re- 
alistic calculation of this flux is important as the 
present generation of VHE and UHE y-ray tele- 
scopes can search for a photon component in the 
primary cosmic ray spectrum at a level smaller 
than lop4 at 100 TeV. The detection of the 
diffuse galactic y-ray flux above a TeV would 
give important leverage to the analysis of the very 
interesting energy dependent phenomena already 
observed in the GeV range. 

Correspondence to: T. Stanev, Bartol Research Institute, Uni- 
versity of Delaware, Newark, DE 19716, USA. 

An estimate of the expected fluxes at TeV and 
PeV energy can be derived easily under the as- 
sumption of a constant cosmic ray density in the 
Galaxy. Imagine a concentration of matter of 
density p and linear dimension R. The intensity 
at Earth of photons (muon neutrinos) generated 
by pions produced in cosmic ray interactions with 
this matter is given by 

(1) 
where d N&d ECR is the cosmic ray intensity, 
uiine, is the total inelastic p-p cross-section, mN 
is the nucleon mass and pR is the column density 
of the source. The quantity Z,, = l/a/ dxxY 
da/dx is the spectrum-weighted moment for 
production of pions by nucleons with differential 
energy spectrum E-(Y+l), and fA is a correction 
factor to account for the fact that some primaries 
and targets are nuclei [61. Cc”, < 1 reflects the 
difference of kinematics for u-production com- 
pared to production of photons. 

In the calculations below we explicitly account 
for the energy dependence of the inelastic cross- 
section, of the particle physics parameters and of 

0927-6505/93/$06.00 0 1993 - Elsevier Science Publishers B.V. All rights reserved 

i An update to this article is included at the end
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• Assume uniform CR spectrum as locally measured


• Use gas density distribution (in galactocentric rings) as determined from 
CO and HI emission (Bloemen)


• Account for 𝛄-ray opacity (only on CMB)


• Use 𝛄-ray production yields from p-p computed (with SIBYLL 1.0)


• Compute the neutrino emission


• Use the first 𝛄-ray measurements (COS-B) extrapolated to higher energies 
(as a comparison)
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Table 1 
Matter density distribution for 1 b 1 < 2”. 

Distance from Density 
GC (kpc) (cmm3) 

0 - 0.3 38.1 
0.3- 0.6 2.23 
0.5- 2 1.91 
2 -4 1.04 
4 -6 1.14 
6 -8 0.87 
8 -12 0.40 

12 -20 0.18 

;;kpc-‘1 

4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
3.8 
0 

tudes I b I less than 2, 5, and 10 degrees. The 
charts were smoothed and averaged for positive 
and negative galactic longitudes and a simple 
matter density model was constructed that fits 
reasonably well Bloemen’s compilation. At every 
galactic latitude the Galaxy is represented as a 
cylinder with radius of 20 kpc. The radius of the 
solar circle is 8 kpc. The radial distribution of the 
matter density in the galactic plane is presented 
in table 1. Figure 2 shows the contour plot of the 
resulting column density for 1 b I < 15” when the 
numbers of table 1 are folded with an exponential 
decrease exp(-ah) of the density with the height 
above the galactic disc, consistent with the aver- 
age column density in the three maps. The expo- 
nents used are also shown in table 1. The mini- 
mum matter density in the galaxy is taken to be 
0.087 cme3. Figure 3 shows the average density 
distributions for I b I less than 2, 5, and 10 de- 
grees. 

The necessity of using a density model to cal- 
culate PeV y-ray fluxes comes from the absorp- 
tion of such y-rays on the microwave background. 
For example, at energies - 2 X lo6 GeV the flux 

of y-rays generated at the distance of the galactic 
center decreases by a factor of 4 because of 
absorption on y-y collisions. Since this correc- 
tion is higher than most other uncertainties in- 
volved in the estimate the use of a three-dimen- 
sional density distribution is quite important for 
air shower energies. The absorption does not, 
however, affect the y-ray fluxes below 100 TeV, 
and the column density can be used directly for 
such estimates. 

4. VHE and UHE gamma-ray fluxes from the 
galactic plane 

The intensity of y-rays from any direction in 
the galaxy is given by 

Xn,q(E,, R) dE,,, (2) 
where R,, is the distance to the edge of the 
Galaxy in this direction, rzn and d N&d E,, are 
the local density of the interstellar medium and 
cosmic ray spectrum, and Y(E,, EJ is the yield 
of y-rays with energy E, produced in interaction 
of a proton of energy E,. q(E,, R) is the trans- 
parency of the galaxy to PeV -y-rays due to y-ray 
interactions on the microwave background. The 
contribution of cosmic rays heavier than protons 
and of non-hydrogen targets, due to increased 
interaction cross-sections, are accounted for on 
the average by the factor fA. 

galactic longitude 

Fig. 2. Contour plot of the galactic column density derived from the model described in the text. Contours correspond to column 
density of 1, 2, etc. X  10” cm-‘. 
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𝛄-ray transparency    nuclear enhancement factor
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A not uniform spectral index ?

COS-B suggested a harder (𝛾 = -2.3) CR spectrum in 
the outer Galaxy ( 90o < l < 270o ) respect to the inner 
one ( 310o < l < 50o )  (𝛾 = -2.7). This might have 
implied a strong enhancement in the emission at VHE


This may have had relevant consequences also for 
the neutrino emission: 10 detection/year in a 105 m2 
detector at the South Pole may have grown up to 15 
for a hard CR spectrum in the outer galaxy (though 
remaining well below the atmospheric background).
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We use this spectrum up to 2000 TeV/nucleon, 
where we introduce a break and continue the 
spectrum to 10’ GeV, which we use in the calcu- 
lation as EFax. As we shall see further down, the 
choice of the position of the break and EF” 
affect only slightly the values of the calculated 
y-ray fluxes. Since we use the total cosmic ray 
spectrum (not only the protons) the applicable fA 
factor here should be 1.22, as derived by Gaisser 
and Shaefer [ll]. 

The calculation was performed by a numerical 
integration of eq. (2). Gamma-ray production 
yields like the ones shown in fig. 1 were folded 
with the cosmic ray spectrum of eq. (3). The 
density at galactic longitude 1 was integrated 
along the line of sight in 1 kpc bins and the flux 
of y-rays from each bin was absorbed in y-y 
collisions on the microwave background. The ra- 
tio of the y-ray to cosmic ray flux from the 
direction of the galactic center ( I1 I < l”, nH = 

5.75 X 1O22 cm-2> is shown in fig. 4. The ratio 
shows two main features - a slow increase of the 
ratio up to energies of few hundred TeV and a 
sharp drop afterwards. The slow increase is due 
to the logarithmic growth of the inelastic nucleon 
cross-section and to a smaller degree to the 
growth of the rapidity density in the central re- 
gion of the interaction. The sharp drop in the 
range above lo6 GeV is caused by the absorption 
on y-y collisions. The results of our calculation 
for the Galactic center are similar to those of 
Berezinsky and Kudryavtsev [12], who also used 
-y-ray yields based on accelerator results. There 
are small differences which could be explained by 
the different assumptions for the matter spatial 
distribution and thus the strength and location of 
the absorption feature. Since we use here a 
three-dimensional model of the galactic matter 
density distribution, the absorption feature is 
smeared by the contribution of cosmic ray inter- 
actions at different distances from us. 

When the absorption is negligible one can use 
directly the column density compilations to calcu- 
late the y-ray flux, as shown in fig. 5. The left 
hand scale shows the column density of atomic 
and molecular hydrogen in the galactic plane 
averaged in longitudinal bins of 10” from Bloe- 
men’s compilation. The right hand scale shows 

-5.5 ~ 
40 so loo  120  140  160  180  60 

Galactic longitude. degrees 

Fig. 6. Expected (solid curve) galactic plane y-ray emission for 
the experimental conditions of the Utah-Michigan array com- 
pared to experimental limits. The dotted histograms show the 
expectations from the outer galaxy for A, = 0.1, 0.2, 0.3, and 

0.4 (from top to bottom). 

the expected flux of y-rays above 1 TeV, which at 
that energy is strictly proportional to nH. The 
conversion factor for the integral y-ray flux above 
1 TeV is 6.02 X lO_” photons (cme2 s-l sr-l) at 
n H = 1O22 cmP2. This longitude dependence can 
be scaled up or down with the 1.73 slope of the 
primary spectrum for y-ray energy up to 100 TeV 
and folded with the density contours of fig. 2 for 
a more detailed picture. 

5. Comparison to experimental results 

The Michigan-Utah group has searched for 
diffuse galactic y-radiation within 10” from the 
galactic plane. In their publications [13] they give 
enough information about the time averaged en- 
ergy threshold and effective detector area to en- 
able us to predict the detected ratio of the y-ray 
to cosmic ray flux as a function of the galactic 
longitude, which is shown with a thick line in fig. 
6 together with the experimental limits (J. 
Matthews, private communication). Although 
these are the best experimental limits achieved 
with an air shower array, they do not approach 
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Important messages holding true
reported in the conclusions of Berezinsky et al. 1993

The detection of the galactic plane will be extremely difficult for current air shower arrays if the cosmic ray 
spectrum is as steep elsewhere in the galactic plane as observed locally. However, the comparison of > TeV 
𝛾-ray fluxes with GeV satellite results can place important limits on possible cosmic ray spectral differences 
in different galactic regions, which may arise from cosmic ray source distribution and propagation 
phenomena.

The VHE and UHE 𝛾-ray fluxes from cosmic ray interactions with the matter in our Galaxy should be viewed 
as a standard candle for these energy regions, although the luminosity is low. Understanding the diffuse 
galactic radiation, with its predictable latitude and longitude dependence, is a precondition for the 
exploration of the deeper universe in this energy range. 
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Releasing the CR homogeneity assumption 
Main motivations:

1. Inhomogeneos CR sources                                                               
after propagation a footprint of the source distribution remains in the CR density


   (The leaky box approximation is not good enough). When convoluted with the         
inhomogenous gas distribution this turns into a quite peaked 𝛄 and 𝝂 emissions 


2. Inhomogeous and anisotropic CR transport  has to be expected 
and may boost the emission  


3. 𝛄-ray data require it !
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 D (𝝆, x)   ∝ D0(x) 𝝆 - 𝜹 

The effect of inhomogeous CR sources

⌅N i

⌅t
� ⇤ · (D⇤� vc) N i +

⌅

⌅p

�
ṗ� p

3
⇤ · vc

⇥
N i � ⌅

⌅p
p2Dpp

⌅

⌅p

N i

p2
=

= Qi(p, r, z) +
⇤

j>i

c�ngas(r, z)⇥jiN
j � c�ngas⇥in(Ek)N i

Total inelastic cross 
section.  
Disappearance of 
nucleus i

Spallation cross 
section. Appearance 
of nucleus i due to 

spallation of nucleus j

SN source term.

We assume everywhere


a power law energy spectrum

Convection term
Energy loss ReaccelerationDiffusion tensor

D(E) = D0 (⇢/⇢0)
�

⇢ = rigidity ⇠ p/Z
Dpp /

p2v2
A

D

A large number of parameters to be fixed against data !

Ginzburg & Syrovatsky, 1964

The CR trasport equation

The CR Galactic population 

Solved imposing it reproduces the locally 
measured CR spectra


In the conventional approach D is assumed 
to be a space independent scalar tuned 
against secondary/primary CR 

𝜹 ≃ 0.5 


The cosmic ray local population

It is not expected to be 
representative of the entire Galaxy !

Radial distribution of sources
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This has to be convolved with the gas distribution resulting in a quite peaked 
 emission profile ! 

BUILDING SIMULATED MAPS OF THE GAMMA DIFFUSE EMISSIONHow to test diffusion models: B/C, antiprotons. Previous results. 31

(a) Source term (b) Propagated protons at 100 MeV

(c) Propagated protons at 10 TeV

Figure 3.2: These 3D plots show the spatial distribution (in arbitrary units) of our source term (Taken
from [9]), and the CR proton distribution after propagation computed with DRAGON at 100 MeV and 10
TeV

centric coordinates R and z. The source term is plotted in Fig. 3.2(a) for comparison. It
is clear that in the whole energy range the hadronic part of the CRs diffuse through all
the halo and get out of the slab where the source term peaks.

The main difference between low and high energy comes from the fact that the diffusion
coefficient gets higher as the rigidity increases: so the CR escape in the z direction
is favoured for high-energy CRs: this affects the spectrum that is steepened by energy-
dependent diffusion with respect to the injection one, as we mentioned in the Introduction.
I will come back to this with more details in the following.

Of course the main direct observable that is used to test all this scenario is the en-
ergy spectrum of each species at Sun position, although gamma-ray maps, synchrotron
maps and other astrophysical observations may help to trace also the spatial distribution
through the Galaxy.

In order to develop a complete diffusion model for CR propagation, it is necessary

+ ➡

A&A proofs: manuscript no. rings_description

Fig. 2. Maps of the atomic hydrogen column density in cm�2 for the 11 rings, assuming optically thin emission. The maps have been smoothed
with a Gaussian kernel of 0�.07. The lower limit of the colour scale is saturated at 1018.4 cm�2. Pixels with NH < 1016 cm�2 have been masked.

Fig. 3. Same as Fig. 2 for the high-velocity sky including high-velocity clouds and extragalactic objects.

Article number, page 4 of 12page.12

CO maps in several rings.          
requires a XCO  profile to get H2


HI obtained from 21cm 
emission maps 

transport eq. → 
CR spatial/energy 
distribution

�6

This has to be done with dedicated numerical codes, like 

GALPROP  Strong, Moskalenko et al. 1998, 2000   https://galprop.stanford.edu/publications.php 
DRAGON   Evoli et al.  JCAP 2008, JCAP 2017      https://github.com/cosmicrays/

which compute the CR spatial and rigidity distributions obtained solving transport equation (in 2 or 3D) 
compute emissivities and integrate them along the l.o.s.

𝛄-ray or 𝝂 diffuse emission 
simulated maps at several 
energies
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𝛄-ray diffuse emission 
Conventional models

MODELLING THE INTERSTELLAR DIFFUSE EMISSION

6

The conventional approach - issues 

!0

IC

bremss.

sources

isotrop. bkg

total diff.

CR spectral index radial gradient 
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of 27L. Tibaldo Interstellar gamma-ray emission

The cosmic-ray gradient across the Milky Way

19

• emissivity spectrum in rings    
(H I line Doppler shift)

• intensity/spectral variations 

• challenge simple propagation 
models

Fermi LAT collab. ApJS 223 2016 26
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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).
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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).

GALPROP
Fermi LAT collab. ApJ 750 2012  3A

DRAGON
Gaggero+ PhRvD 91 2015  083012

proton spectral index

proton density > 10 GeV

Fermi-LAT coll.  2016

 ⬅   Yang, Aharonian & Evoli 2016

CR spectral index radial gradient 
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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).
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p + p → π0 + hadrons

π0 → γγ
e± + γ → e±γ

These tools were generally used for photon 
energies up to ~ 1 TeV but rarely at larger 
energies for neutrinos !
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Figure 1. The SNR radial distribution f(r, z = 0) is shown in arbitrary units
versus the distance from the GC. The distribution is such that, in cylindrical
symmetry, 2π

∫
rf(r, z) dr dz represents the total SN rate in the whole galaxy.

The upper line (red, continuous) is that derived in [32], which we adopt here,
while the lower one (blue, dashed) is from [29]. They are both normalized to
unity at r = r! = 8.5 kpc.

2.2. Regular and random magnetic fields

The Milky Way, as well as other spiral galaxies, is known to be permeated by large-
scale, so called regular, magnetic fields. The orientation and strength of these fields is
measured mainly by means of Faraday rotation measurements (RMs) of polarized radio
sources. From these observations it is known that the regular field in the disc of the galaxy
is prevalently oriented along the disc plane and it seems to follow the galactic arms as
observed in other spiral galaxies. According to [40], its strength at the Sun position is
B0 ≡ Bdisc

reg (r!, 0) = 2.1 ± 0.3 µG while at smaller radii Bdisc
reg (r) = B0 exp{−(r − r!)/rB}

where rB = 8.5±4.7 kpc. A 1/r profile seems to give the worst fit of data. Unfortunately,
observations are not significant for r < 3 kpc. Most likely [40] the regular field in the
disc has a bi-symmetric structure (BSS) with a counterclockwise field in the spiral arms
and clockwise in the interarm regions. Concerning its vertical behaviour, it is generally
assumed that Bdisc

reg decreases exponentially for increasing values of |z| with a scale height
of a few hundred parsecs. There is increasing evidence that the field is symmetric for
z → −z (BSS-S) [41].

Superimposed on the regular field a random, or turbulent, component of the GMF is
known to be present. In the disc, this component is comparable to, or even larger than,
the regular one. Indeed, the locally observed rms value of the total field is about 6±2 µG,
which is two to four times larger than Breg(r!, 0). From polarimetric measurements of
stellar light and RMs of close pulsars it has been inferred that the GMF is chaotic on
all scales below Lmax ∼ 100 pc. The power spectrum of the GMF fluctuations is poorly
known. Observational data, obtained from RM of pairs of close pulsars, are compatible
with a Kolmogorov spectrum, i.e. B2(k) ∝ k−5/3, though with a very large uncertainty
(see e.g. [42] and references therein).
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Figure 2. Left panel: the HI volume density along the galactic plane (z = 0)
is plotted versus the radius r. Green crosses display the binned distribution as
given in [44] while the continuous line (green) is our fit of these points (model
A). Blue crosses are derived from [46]. The dashed (red) line is our fit of these
points with the distribution given in [48] for r > 3 kpc (model B). Right panel:
the radial profile of the HWHM scale height (z1/2) for the same models.

uncertainties are involved in this operation. Here we consider two models, which we call
gas models A and B, both for the atomic and molecular hydrogen, that will be discussed
in detail in appendix A.

Model A. This has been developed by Nakanishi and Sofue (NS) in [44] for HI and by the
same authors in [45] for H2.

Model B. We construct model B by suitably combining the results of different analyses
which have been separately performed for the disc and the galactic bulge. For the H2

and HI distributions in the bulge we use a detailed 3D model recently developed by
Ferriere et al [46] on the basis of several observations. For the molecular hydrogen in
the disc we use the well known Bronfman et al model [47]. For the HI distribution
in the disc, we adopt the Wolfire et al [48] two-dimensional model. Although the
Ferriere et al model is not cylindrically symmetric, we verified this by fitting their
3D distribution with a cylindrically symmetric one and assuming a Gaussian vertical
profile peaked on the GP; we get γ-ray and neutrino fluxes that, when integrated over
windows larger than 1 degree squared, differ very little from those obtained using the
complete 3D models. For this reason, in the following we work only with averaged
2D distributions.

In figures 2 and 3 we show the volume density radial and vertical profiles of HI and
H2 obtained with models A and B together with the continuous fits we use in our analysis
without reporting observational errors, as they are typically much smaller than systematic
ones (the difference between models A and B will provide a glimpse of the extent of these
uncertainties).

While the gas densities in models A and B differ relatively little close to the solar
circle (what is most relevant here is H2), the main discrepancies arise in the galactic bulge.
Indeed, this is the region where the uncertainties on the gas velocity are the largest. This
discrepancy, however, has little consequence on the gas column density (see figure 4), as
it should since this quantity is almost directly related to the observed CO emission.
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Figure 3. Left panel: the H2 volume density along the galactic plane as a function
of r. Green crosses display the binned distribution as given in [45] and the
continuous (green) line is our continuous fit of these points (model A). Red and
blue crosses are derived (see text) from [47] and [46] respectively. The dashed
(red) line is our combined fit of all these points (model B). Right panel: the radial
profile of the HWHM scale height (z1/2) for the same models.

Figure 4. Profiles of the hydrogen nuclei (HI + 2H2) column density are shown
along the galactic plane (left panel) and along the l = 0 line (right panel). The
three diagrams correspond to model A (dashed, blue line), model B (continuous,
red line) and the hydrogen distribution adopted in [21]. Column densities are
averaged over 1◦ × 1◦ angular bins.

In the following we will use model B as our reference model since, in the central region
of the GE, it provides a better fit of the 12CO emission survey [49]. In figure 4 we also
compare the hydrogen column density distributions obtained with models A and B with
that used in [21], finding that the former are more narrowly peaked along the GP. In the
following we will assume that helium is distributed in the same way as all hydrogen nuclei.

3. Numerical simulation of CR diffusion in the galaxy

The ISM is a quite turbulent magneto-hydro-dynamic (MHD) environment. Since the
Larmor radius of high energy nuclei,

rL(E) =
E

ZeBreg
" 0.1

(
E

102 TeV

) (
Breg

1 µG

)
pc , (9)
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Figure 7. The γ-ray and νµ + ν̄µ yields are represented as a function of the
primary nuclei spectral index α. Neutrino oscillations are accounted for.

in [56], is shown in figure 7.5 Those values are in agreement with previous results (see
e.g. [57]–[59]) within 20%. Above a few GeV, yields are practically independent of energy.
For α = 2.7 the γ/νµ + ν̄µ flux ratio is 3.1.

The factor fN in (13) represents the contribution from all other nuclear species both
in the CR and the ISM. We find

fN !
∑

Z,A

fZ
α1

αZ

(
Eν

E0

)α1−αZ
(

1 + 4
nHe

nH

)
A1−αZ ! 1.4, (14)

which is in good agreement with the value found in other works (see e.g. [60, 61]). Here
we used experimental values of fZ and αZ as given in [39] and the helium/hydrogen ratio
in the ISM nHe/nH ! 0.09 [32]. All other nuclear components in the ISM give a negligible
contribution.

The differential γ-ray (neutrino) flux reaching the Earth is given by the line integral

Iγ(νµ+ν̄µ)(Eν ; b, l) =
1

4π

∫
Qγ(νµ+ν̄µ)(Eν ; b, l, s) ds, (15)

where s is the distance from the Earth and (l, b, s) are related to (r, z, φ) through

z = s sin b r =
√

(s cos b cos l − r")2 + (s cos b sin l)2, (16)

in cylindrical symmetry. Finally, the integrated fluxes are determined by integrating the
power law spectrum over the energy up to 1 PeV.

For the sake of clarity, in the following we will show flux diagrams as obtained only
with our model 3B (model 3 for the CR distribution and B for the gas), which is our
preferred model. As we mentioned in section 2.3, gas model B gives the best matching of
CO surveys, while CR model 3 has to be preferred because, by adopting gas model B, it
best reproduces EGRET observations above a few GeV (see section 5.1). At the end of

5 An almost 10% contribution to the photon emissivity coming from η decay, which was not considered in [56],
has been included here.
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Figure 8. The integrated νµ + ν̄µ flux is shown along the galactic equator (b = 0,
left panel) and along l = 0 (right panel). Fluxes are averaged over 1◦ × 1◦ (dot–
dashed, orange line), 2◦ × 2◦ (continuous, red line), and 5◦ × 5◦ (dashed, brown
line) angular bins. The corresponding γ-ray flux can be obtained by multiplying
this diagram by 3.1.

Figure 9. The νµ + ν̄µ flux for E > 1 TeV, averaged over 1◦ × 1◦ angular bins,
is shown. The continuous (red), dot–dashed (blue), dashed (green), and dotted
(orange) curves correspond respectively to our model 3B, a model with the same
gas density distribution (model B) but a uniform CR density as observed at the
Earth position, the model considered in [21], and the model considered in [22].
The corresponding γ-ray flux can be obtained by multiplying this diagram by
3.1.

this section we will briefly discuss how our predictions would change on adopting different
models.

In figure 8 we show two representative sections of the neutrino flux profile above 1
TeV. In order to show how the expected signal may depend on the experimental angular
resolution, in the same figure we draw the flux averaged over angular bins of different
sizes. It is evident that due to the narrowly peaked behaviour of the gas density along the
GP (b = 0) the averaged flux which may be measured from these regions should change
significantly on varying the angular resolution.

In figure 9 we compare our results with those obtained in [21] and [22], which have
been derived assuming a uniform CR density. We also show the flux as obtained by using
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Figure 9. The νµ + ν̄µ flux for E > 1 TeV, averaged over 1◦ × 1◦ angular bins,
is shown. The continuous (red), dot–dashed (blue), dashed (green), and dotted
(orange) curves correspond respectively to our model 3B, a model with the same
gas density distribution (model B) but a uniform CR density as observed at the
Earth position, the model considered in [21], and the model considered in [22].
The corresponding γ-ray flux can be obtained by multiplying this diagram by
3.1.

this section we will briefly discuss how our predictions would change on adopting different
models.

In figure 8 we show two representative sections of the neutrino flux profile above 1
TeV. In order to show how the expected signal may depend on the experimental angular
resolution, in the same figure we draw the flux averaged over angular bins of different
sizes. It is evident that due to the narrowly peaked behaviour of the gas density along the
GP (b = 0) the averaged flux which may be measured from these regions should change
significantly on varying the angular resolution.

In figure 9 we compare our results with those obtained in [21] and [22], which have
been derived assuming a uniform CR density. We also show the flux as obtained by using
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Figure 9. The νµ + ν̄µ flux for E > 1 TeV, averaged over 1◦ × 1◦ angular bins,
is shown. The continuous (red), dot–dashed (blue), dashed (green), and dotted
(orange) curves correspond respectively to our model 3B, a model with the same
gas density distribution (model B) but a uniform CR density as observed at the
Earth position, the model considered in [21], and the model considered in [22].
The corresponding γ-ray flux can be obtained by multiplying this diagram by
3.1.

this section we will briefly discuss how our predictions would change on adopting different
models.

In figure 8 we show two representative sections of the neutrino flux profile above 1
TeV. In order to show how the expected signal may depend on the experimental angular
resolution, in the same figure we draw the flux averaged over angular bins of different
sizes. It is evident that due to the narrowly peaked behaviour of the gas density along the
GP (b = 0) the averaged flux which may be measured from these regions should change
significantly on varying the angular resolution.

In figure 9 we compare our results with those obtained in [21] and [22], which have
been derived assuming a uniform CR density. We also show the flux as obtained by using
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is shown. The continuous (red), dot–dashed (blue), dashed (green), and dotted
(orange) curves correspond respectively to our model 3B, a model with the same
gas density distribution (model B) but a uniform CR density as observed at the
Earth position, the model considered in [21], and the model considered in [22].
The corresponding γ-ray flux can be obtained by multiplying this diagram by
3.1.
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TeV. In order to show how the expected signal may depend on the experimental angular
resolution, in the same figure we draw the flux averaged over angular bins of different
sizes. It is evident that due to the narrowly peaked behaviour of the gas density along the
GP (b = 0) the averaged flux which may be measured from these regions should change
significantly on varying the angular resolution.

In figure 9 we compare our results with those obtained in [21] and [22], which have
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Figure 12. The blue (continuous line) is the differential γ-ray spectrum multiplied
by E2 as obtained with our reference model 3B in the region 73.5◦ ≤ l ≤
76.5◦, |b| ≤ 1.5◦. Green (red) bars represent EGRET (MILAGRO) measurements
in the same window.

Table 2. In this table our predictions for the mean γ-ray flux in some selected
regions of the sky are compared with some available measurements. Since
measurements’ errors are much smaller than theoretical uncertainties they are
not reported here.

Φγ(> Eγ) (cm2 s sr)−1

Sky window Eγ Our model Measurements

|l| < 10◦, |b| ≤ 2◦ 4 GeV "4.7 × 10−6 "6.5 × 10−6 [63]
20◦ ≤ l ≤ 55◦, |b| ≤ 2◦ 3 TeV "5.7 × 10−11 ≤3 × 10−10 [10]

4 GeV "4.4 × 10−6 "5.3 × 10−6 [63]
73.5◦ ≤ l ≤ 76.5◦, |b| ≤ 1.5◦ 12 TeV "2.9 × 10−12 "6.0 × 10−11 [11]

4 GeV "2.4 × 10−6 "3.96 × 10−6 [63]
140◦ < l < 200◦, |b| < 5◦ 3.5 TeV "5.9 × 10−12 ≤4 × 10−11 [9]

4 GeV "5.9 × 10−7 "1.2 × 10−6 [63]

the γ-ray diffuse emission of the galaxy above the TeV. The most interesting results are
those of TIBET [10] and MILAGRO [9, 11]. Both experiments probed different regions
of the GP. In all these regions only upper limits were found except in Cygnus, where
MILAGRO found a significant excess on the background [9, 11]. In table 2 we compare
our predictions, as obtained with our preferred model 3B (see section 4), with these
measurements. With the exception of Cygnus (see also the discussion about the GC ridge
at the end of this subsection), in all other regions we predict fluxes which are significantly
below the experimental limits. Therefore, there is still room for a large IC contribution.

Concerning the excess in the Cygnus region observed by MILAGRO, we confirm the
conclusion [11, 64] that it cannot be explained by the interaction of the diffuse component
of galactic CR with the gas in that region (see figure 12). Indeed, we find that a CR local
overdensity of about 20 is required to explain this signal in terms of hadronic emission.
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Figure 12. The blue (continuous line) is the differential γ-ray spectrum multiplied
by E2 as obtained with our reference model 3B in the region 73.5◦ ≤ l ≤
76.5◦, |b| ≤ 1.5◦. Green (red) bars represent EGRET (MILAGRO) measurements
in the same window.
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below the experimental limits. Therefore, there is still room for a large IC contribution.

Concerning the excess in the Cygnus region observed by MILAGRO, we confirm the
conclusion [11, 64] that it cannot be explained by the interaction of the diffuse component
of galactic CR with the gas in that region (see figure 12). Indeed, we find that a CR local
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Figure 12. The blue (continuous line) is the differential γ-ray spectrum multiplied
by E2 as obtained with our reference model 3B in the region 73.5◦ ≤ l ≤
76.5◦, |b| ≤ 1.5◦. Green (red) bars represent EGRET (MILAGRO) measurements
in the same window.

Table 2. In this table our predictions for the mean γ-ray flux in some selected
regions of the sky are compared with some available measurements. Since
measurements’ errors are much smaller than theoretical uncertainties they are
not reported here.

Φγ(> Eγ) (cm2 s sr)−1

Sky window Eγ Our model Measurements

|l| < 10◦, |b| ≤ 2◦ 4 GeV "4.7 × 10−6 "6.5 × 10−6 [63]
20◦ ≤ l ≤ 55◦, |b| ≤ 2◦ 3 TeV "5.7 × 10−11 ≤3 × 10−10 [10]

4 GeV "4.4 × 10−6 "5.3 × 10−6 [63]
73.5◦ ≤ l ≤ 76.5◦, |b| ≤ 1.5◦ 12 TeV "2.9 × 10−12 "6.0 × 10−11 [11]

4 GeV "2.4 × 10−6 "3.96 × 10−6 [63]
140◦ < l < 200◦, |b| < 5◦ 3.5 TeV "5.9 × 10−12 ≤4 × 10−11 [9]

4 GeV "5.9 × 10−7 "1.2 × 10−6 [63]

the γ-ray diffuse emission of the galaxy above the TeV. The most interesting results are
those of TIBET [10] and MILAGRO [9, 11]. Both experiments probed different regions
of the GP. In all these regions only upper limits were found except in Cygnus, where
MILAGRO found a significant excess on the background [9, 11]. In table 2 we compare
our predictions, as obtained with our preferred model 3B (see section 4), with these
measurements. With the exception of Cygnus (see also the discussion about the GC ridge
at the end of this subsection), in all other regions we predict fluxes which are significantly
below the experimental limits. Therefore, there is still room for a large IC contribution.

Concerning the excess in the Cygnus region observed by MILAGRO, we confirm the
conclusion [11, 64] that it cannot be explained by the interaction of the diffuse component
of galactic CR with the gas in that region (see figure 12). Indeed, we find that a CR local
overdensity of about 20 is required to explain this signal in terms of hadronic emission.
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2013: IceCube first detects cosmic 𝝂s !

IceCube found evidence for 28 (2 
years, PRL 2013) then 37 events (3 yrs 
PRL 2014) with reconstructed direction 
above 30 TeV corresponding to a                              
5.7σ excess respect to the atm. bkg. 

angular distribution compatible with 
isotropy  (see however below)

composition compatible with a equal 
mixture of e, μ, τ as expected for 
astrophysical generated neutrino

Best fit spectral index     - 2.3 ± 0.3

IceCube measured ν events

IceCube found evidence for 28 (2 
years, PRL 2013) then 37 events (3 yrs 
PRL 2014) with reconstructed direction 
above 30 TeV corresponding to a                              
5.7σ excess respect to the atm. bkg. 

angular distribution compatible with 
isotropy  (see however below)

composition compatible with a equal 
mixture of e, μ, τ as expected for 
astrophysical generated neutrino

Best fit spectral index     - 2.3 ± 0.3

IceCube measured ν events

28 (2 years, PRL 2013) then 37 events (3 yrs PRL 2014). 5.7σ excess respect to the atmosf. bkg. !
Isotropic distribution ! 
Best fit spectral index - 2.3 ± 0.3 
 

The beginning of high energy neutrino astronomy
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Conventional models against the first IC results
Ahlers et al. PRD 2016     


first use GALPROP (updated gas maps, model tuned against Fermi data).

Extend model  SSZ4R20T150C5  up to PeV. Source spectra are modelled to reproduce CR data well above 
that energy

Global fit, based on Gaisser, Stanev & Tilan 2013Broken power-law
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Conventional models against the first IC results
Ahlers et al. PRD 2016    

Expected Galactic emission < 8% (> 60 Tev) of IceCube HESE (2013) signal !

Starting from GALPROP model  
SSZ4R20T150C5     

IC sensitivity in 3 years to the Gal. fraction 30% (HESE), 25% (𝝂μ North)

THE END OF THE STORY ? 

18



Inhomogeous CR spectrum
Observational motivations

full-sky but the GP inner GP

Conventional models against Fermi data 

Fermi coll.  ApJ 2012

Fermi Benchmark (FB) conventional model:   
δ = 0.3 , !P = 2.72 in the whole Galaxy (the model does not account CR hardening)  
zh =  4 kpc

Gaggero, Urbano, Valli & Ullio, PRD 2015
     FERMI-LAT coll. ApJS 223 2016

 FERMI-LAT coll. ApJ  2012

To keep in mind: a part a rescaling this 
is the very same  model used by 
IceCube (see below) ! 

π0 The reference Fermi coll. model 
IS NOT a GALPROP model ! 

GALPROP

Model SSZ4R20T150C5  
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The KRA𝛄 model

assuming a uniform source spectrum  JS (𝝆, x)  ∝ nS(x) 𝝆 - 𝝰

 for not uniform diffusion coefficient     D (𝝆, x)   ∝ D0 𝝆 - 𝜹 (R) 

Non-factorized rigidity-position dependence  

➠ JCR (𝝆, x)  ∝ J0(x) 𝝆 - (𝝰 + 𝜹 (R))    

Gaggero, Urbano, Valli & Ullio, PRD 2015       implemented with the DRAGON code
δ(R) = A R + B  for r < 11 kpc    
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The DRAGON project

C. Evoli, D. Gaggero, DG, L. Maccione         https://github.com/cosmicrays/ 
JCAP 2008, JCAP 2017

Started in 2007.  Like GALPROP reproduce consistently primary and secondary CR spectra


Some of the main innovative features


• spatial dependent diffusion coefficient(s) (both normalization D0(R,z) and rigidity dependence index δ(R,z) )


• 3D: it allows spiral arm source distribution


• it allows anisotropic diffusion (2D) 


In combination with HERMES (see below) it is used by many experimental collaborations to                
model/interpret CR, 𝜸-ray and 𝝂 data

Diffusion Reacceleration and Advection of Galactic cosmic rays
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The KRA𝛄  (improved) model
The effects on the high energy 𝛄-ray emission 

Gaggero, D.G., A. Marinelli, Urbano, Valli  ApJ L 2015 
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Comparison with HESS 2017

Gamma model
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Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

| l | < 1° , | b | < 0.3° 

Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017                    

Inner Galactic plane Galactic centre ridge

Strong flux enhancement in the inner galactic plane above the TeV keeping it almost unchanged below 10 GeV !

THIS ALLOWS TO MATCH FERMI AND VERY HIGH ENERGY DATA CONSISTENTLY !

Hard spectrum in the inner GP ( spectral index ∼ - 2.5 ! )
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The boost ! 
This kind of models predict hard CR spectrum in the innermost (dense) GP 
regions
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

in the non–factorized model is significantly harder, and
the ratio between the two models grows with energy.
The non–factorized model becomes a factor of ten larger
for E ⇡ 1 PeV. On the contrary, for the angular re-
gion around the Galactic Anticenter, the non–factorized
model has a spectrum that is slightly softer. In this case
the di↵erence between the models is smaller (of order
20% for energies of order 1 PeV).

These points are also illustrated in Fig. 13, that shows
the ratio of fluxes calculated in the two models for the two
regions discussed above, and also a third intermediate
region (|b| < 5� and 30�  |`| < 60�). In this third
region the non–factorized model is moderately harder,
with a ratio of order two in the PeV energy range.

The same information can of course be obtained study-
ing the shape of the angular distribution of the di↵use
flux at di↵erent energies in the two models. As discussed
in the previous section, in a factorized model the angular
distribution is energy independent, except for absorption
e↵ects. For a non–factorized model, such as the one we
have constructed here, the enhancement of the flux from
directions toward the Galactic Center becomes more and
more significant with increasing energy. This is illus-
trated in Fig. 14, where the top panel shows the shapes
of the longitude distribution of the gamma ray flux at
energy of 1.8 PeV, in the two models. The ratio between
the fluxes in the directions around the Galactic Center
and Anticenter is one order of magnitude larger in the
non–factorized model.

The survival probabilities for the two models are shown
in the bottom panel of Fig. 14. The two probabilities are
close to each other, but not identical reflecting the di↵er-
ence in the space distribution of the emission. This di↵er-
ence can be visualized inspecting Fig. 15 that shows the
distribution of pathlength of the photons that form the
di↵use Galactic emission at the Earth. The figure clearly
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FIG. 12: Energy spectra of di↵use gamma rays according to dif-
ferent models of emission. Thin lines: model where the emission
is factorized. Thick lines: model where the factorization is not
valid. The solid (dashed) lines show the flux calculated including
(neglecting) the e↵ects of gamma ray absorption. Top panel: the
flux is integrated in the angular region |b| < 5�, |`| < 30�. Bottom
panel: the flux is in the angular region |b| < 5�, 150 < |`| < 180�.

shows how a very broad range of pathlengths contribute
to the di↵use flux. In the non–factorized model, the con-
tribution to the flux of points in the central region of the
Galaxy becomes enhanced with increasing energy.

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-
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of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

in the non–factorized model is significantly harder, and
the ratio between the two models grows with energy.
The non–factorized model becomes a factor of ten larger
for E ⇡ 1 PeV. On the contrary, for the angular re-
gion around the Galactic Anticenter, the non–factorized
model has a spectrum that is slightly softer. In this case
the di↵erence between the models is smaller (of order
20% for energies of order 1 PeV).

These points are also illustrated in Fig. 13, that shows
the ratio of fluxes calculated in the two models for the two
regions discussed above, and also a third intermediate
region (|b| < 5� and 30�  |`| < 60�). In this third
region the non–factorized model is moderately harder,
with a ratio of order two in the PeV energy range.

The same information can of course be obtained study-
ing the shape of the angular distribution of the di↵use
flux at di↵erent energies in the two models. As discussed
in the previous section, in a factorized model the angular
distribution is energy independent, except for absorption
e↵ects. For a non–factorized model, such as the one we
have constructed here, the enhancement of the flux from
directions toward the Galactic Center becomes more and
more significant with increasing energy. This is illus-
trated in Fig. 14, where the top panel shows the shapes
of the longitude distribution of the gamma ray flux at
energy of 1.8 PeV, in the two models. The ratio between
the fluxes in the directions around the Galactic Center
and Anticenter is one order of magnitude larger in the
non–factorized model.

The survival probabilities for the two models are shown
in the bottom panel of Fig. 14. The two probabilities are
close to each other, but not identical reflecting the di↵er-
ence in the space distribution of the emission. This di↵er-
ence can be visualized inspecting Fig. 15 that shows the
distribution of pathlength of the photons that form the
di↵use Galactic emission at the Earth. The figure clearly
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FIG. 12: Energy spectra of di↵use gamma rays according to dif-
ferent models of emission. Thin lines: model where the emission
is factorized. Thick lines: model where the factorization is not
valid. The solid (dashed) lines show the flux calculated including
(neglecting) the e↵ects of gamma ray absorption. Top panel: the
flux is integrated in the angular region |b| < 5�, |`| < 30�. Bottom
panel: the flux is in the angular region |b| < 5�, 150 < |`| < 180�.

shows how a very broad range of pathlengths contribute
to the di↵use flux. In the non–factorized model, the con-
tribution to the flux of points in the central region of the
Galaxy becomes enhanced with increasing energy.

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-

Pagliaroli, Evoli & Villante JCAP 2016   and 
Lipari & Vernetto, 2018  studied a phenomenological implementation of this scenario
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FIG. 13: Ratio between the gamma ray fluxes calculated according
to the non–factorized and the factorized emission models. The ratio
is shown as a function of the gamma ray energy, after integration
in di↵erent longitude regions, for the latitude |b| < 5�. The solid
(dashed) lines include (neglect) the e↵ects of absorption.

sition of the events in the signal (with the three flavors
having approximately the same flux) is consistent with
the expected composition of a flux generated by the stan-
dard mechanism of pion decay, after taking into account
flavor oscillations (and averaging over a broad range of ⌫
pathlengths).

Power law fits to the neutrino energy spectrum in the
range E⌫ ⇡ 30–104 TeV, performed under the hypoth-
esis that the signal is an isotropic extragalactic flux,
have been recently presented by IceCube [17] for di↵erent
classes of events and are shown in Fig. 16.

If the neutrinos of the IceCube signal are generated by
a standard production mechanism, the ⌫ emission should
be accompanied by an emission of gamma rays with ap-
proximately equal spectral shape and normalization. If
the neutrinos are extragalactic, one does not expect to
observe an associated high energy photon flux because
the gamma rays are (to a very good approximation) com-
pletely absorbed during propagation. On the other hand,
if a significant fraction of the ⌫ signal is of Galactic ori-
gin, the corresponding gamma rays flux is only partially
absorbed and remains observable.

In Fig. 16 the IceCube fits to the neutrino spectrum
are shown together with the measurements of the extra-
galactic and di↵use Galactic gamma ray fluxes obtained
by Fermi, and also with the extrapolations of the dif-
fuse Galactic flux (for the factorized and non–factorized
models) that are discussed in this paper. Note that the
figure shows angle integrated fluxes, and that the Galac-
tic gamma ray fluxes have a strong angular dependence.

The comparison of the � and ⌫ fluxes indicates that
the IceCube signal is significantly higher than the di↵use
Galactic flux predicted on the basis of “natural” extrap-
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FIG. 14: Top panel: longitude distribution of the gamma ray flux
at E = 1.8 PeV, integrated in the latitude range |b| < 5�. The
flux is shown for both our models (factorized and non–factorized
emissions), including and neglecting the e↵ects of absorption. Bot-
tom panel: average survival probability for gamma rays of energy
E = 1.8 PeV, averaged in the latitude interval |b| < 5�, as a func-
tion of the Galactic longitude, according to our two models.

olations of the observations at lower energy, even if one
allows for the possibility that the emission of gamma rays
and neutrinos is harder in the central part of the Galaxy.
Similar results for the di↵use Galactic neutrino flux have
been obtained by [56].

Stringent limits on the flux of astrophysical neutrinos
from the Galactic disk have been obtained by ANTARES
[57].

Several authors have however suggested that a signifi-
cant fraction of (or even the entire) IceCube signal is of
Galactic origin. This requires the introduction of some
new mechanism for ⌫ production to explain the higher
normalization and the approximately isotropic angular
distribution of the neutrino signal.



A possible theoretical interpretation
The secondary/primary CR ratio probe the diffusion 
coefficient only within few kpc’s !


Moreover the regular magnetic field (with versor b ) 
breaks isotropy 





if b is purely azimuthal only D⊥ matters. Isotropy is 
restored for strong turbulence but for realistic conditions   


D⊥ / D||  ∼  0.01 - 0.1


Perpendicular diffusion however should be dominant due 
to the quasi-azimuthally symmetric geometry of the 
regular magnetic field

Diffusion as a tensor

Flusso di neutrini dalla regione del CG

La diffusione ed il drift dei RC nella Galassia
Ptuskin V.S. et al., 1983, A& A 268, 726

La propagazione dei RC per i quali rL < Lmax avviene per diffusione:

~r · ~J = Q

dove
Ji = �Dijrj�

� é il flusso differenziale di RC e ~J é la corrente macroscopica di RC.

Il tensore di diffusione puó essere parametrizzato:

Dij = (Dk � D?)bibj + D?�ij + DA✏ijk bk

dove ~b ⌘ ~B0
B0

.
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Proton distributions at 1 PeV for different level 
of turbulence

Neutrino fluxes from the GC region

Flusso di neutrini dalla regione del CG

Se assumiamo che il campo magnetico regolare sia diretto lungo � (coord. galattica)
ed assumiamo inoltre simmetria azimutale:

b� = 1 con br = bz = 0
@
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L’equazione da risolvere diventa:
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THEORETICAL INTERPRETATION

The regular magnetic field (with versor b ) breaks 
isotropy 


if b is purely azimuthal only D⊥ matters. Isotropy is 
restored for strong turbulence but for realistic 
conditions   D⊥ / D||  ∼  0.01 - 0.1


Perpendicular diffusion however may be dominant 
due to the quasi-azimuthally symmetric geometry 
of the regular magnetic field
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A possible theoretical interpretation
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Figure 1: Three-dimensional representation of the realistic GMF model used in our simulations and defined
by Eqs. (2.7)–(2.13). The values of Bz is shown with colors on top of the magnetic field lines and as a
contour plot on the z = 0 Galactic plane.

means that processes such as advection, energy losses and reacceleration are neglected. Under
such assumption, the CR transport equation can be written as:

∂ N
∂ t

= — · (D ·—N) + S =
∂

∂xi

✓
Di j

∂ N
∂x j

◆
+ S , (2.1)

where N denotes the CR density, while S represents the source term and D is the diffusion
tensor.

We restrict ourselves to the two-dimensional case, which means that we work under the as-
sumption of azimuthal symmetry and CRs are assumed to diffuse in a cylinder in which we define
a coordinate system (R,z), with radius R 2 [0,Rmax] and z 2 [�H,+H]. The spatial grid on which
Eq. 2.1 is discretised has a resolution of 0.1 kpc in both the R and z directions.

The source term S is modelled according to the parametrization based on pulsar catalogs in-
troduced in [17], while the components of the diffusion tensor Di j are defined as:

Di j ⌘ D?di j +
�
Dk �D?

�
bib j , bi ⌘ Bi

|B| , (2.2)

with B being the ordered magnetic field, while b = B/|B| is its unit vector. The quantities
Dk and D? represent the diffusion coefficients for the CR transport in a direction parallel and
perpendicular to the direction of the GMF, respectively. Both these coefficients are assumed to be
spatially homogeneous, but their rigidity scaling and their normalizations are different:

Dk = D0k

⇣ p
Z

⌘dk
and D? = D0?

⇣ p
Z

⌘d?
⌘ eD D0k

⇣ p
Z

⌘d?
, (2.3)

In this work we fix dk = 0.3, while eD 2 [0.01,1] and d? 2 [0.3,0.5] in agreement with a low-energy
extrapolation of the numerical simulations conducted in [11, 12, 13]. It is important to remark that,
as one can easily see from eqs. (2.2) and (2.3), even if Dk and D? are assumed to be uniform, the
global diffusion coefficient D exhibits a spatial dependence, that is related to the geometry of the
GMF.

3

•  Poloidal magnetic field become larger close to the GC 
•   Parallel diffusion (irrelevant at large radii) becomes more                                                  
and more relevant for small R       

•  Particle tracing numerical simulations                                                                       
Casse+ 2001, De Marco+ 2007 ,  Snodin + 2015                                            
                                   D|| ∝ ρ1/3    D⊥ ∝ ρ1/2      

          

 See also Dundovic et al.  2020 

Cerri, Gaggero, Vittino, Evoli & DG, JCAP 2017
             using   DRAGON 2 

Magnetic field model             Jansson & Farrar ApJ 2012                                       

                   Terral & Ferriere 2016

➜  CR spectrum becomes harder for R ➜ 0 
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The effect of inhomogeous (and anisotropic) 
CR transport  

on the neutrino emission
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KRA𝛄 against the first IceCube results

����������	��
�������	��������������

Galactic Plane neutrino with KRA (δ uniform) & KRA! (δ variable)

Comparison between neutrino spectrum 
produced with standard KRA model and the 
new KRA! model from the entire galactic plane. 
The black stars show the equivalence  between 
standard KRA (based on DRAGON code) and 
standard GALPROP obtained spectra.

The diffuse neutrino spectrum obtained 
considering the KRA! model for the inner 
galactic plane can exceed the atmospheric 
neutrino flux measured by IceCube above 20 
TeV 

from arXiv:1505.03156

KRA! full-sky " emission against IceCube
Gaggero, DG, Marinelli, Urbano, Valli,  arXiv:1504.00227  

clearly,  a dominant extra-Galactic 
contribution is required. 

We assume the "μ flux measured by 
IceCube from the northern 
hemisphere is representative of such 
emission (Gal. emission negligible)

We use here the best-fit spectrum (grey dashed line)
The KRA𝛄 model can account up to ∼ 15 % of the full- sky ν astrophysical flux measured by 

IceCube full-sky above 60 TeV (3 years HESE anal.) 

Gaggero, D.G., A. Marinelli, Urbano, Valli  ApJ L 2015 

KRA𝛄50

KRA𝛄5
KRA𝛄5

KRA𝛄50
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Conventional models



  
 ANTARES coll. , Phys. Lett. B, 2016  (Gal. Ridge )
 ANTARES coll. + D. Gaggero & D.G.  PRD 2017 
 ANTARES + IceCube + D. Gaggero & D.G. , APJ 2018

IceCube coll. ApJ 849 (2017) 67   a  2.0𝞼   excess  
compatible with the 0.85 x KRA𝜸5   model was 
reported !  The conventional  scenario was disfavoured.

      
  ANTARES coll. , 2023  
  Gal. Ridge, positive hint 2.45 spect. Index !  

Gaggero, D.G., A. Marinelli, Urbano, Valli  ApJ L 2015  :  
𝝂  flux enhancement predicted 

The impact of the KRA𝛄 model on 𝝂 astronomy
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The discovery !
IceCube coll., Science 2023

 

Figure 3: Galactic plane test-statistic contributions. The contribution to the test-statistic ⌧
is shown in galactic coordinates (longitude and latitude indicated by l and b, respectively) for
each of the three tested Galactic plane models. The overall test-statistic value was obtained by
integration over the sky. The contribution for the observed data (A-C) is compared to the con-
tribution for a single randomly selected mock experiment using scrambled data (D-F). Contours
enclose 20% (white) and 50% (gray) of the predicted model flux; for the ⇡0 model these are the
same as in Figure 1D-E. The 50% contours contain about 1.64 sr, 0.70 sr and 0.65 sr for the ⇡0,
KRA5

� and KRA50
� models, respectively.

15

Due to the large μ background and low angular resolution for shower events the search of an extended 
emission in the Souther sky requires a maximum likelihood analysis based on templates (in energy and angular 
distributions) in combination with innovative deep learning techniques to identify shower 

For all considered templates the 
background hypothesis is rejected !!
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Figure 3: Galactic plane test-statistic contributions. The contribution to the test-statistic ⌧
is shown in galactic coordinates (longitude and latitude indicated by l and b, respectively) for
each of the three tested Galactic plane models. The overall test-statistic value was obtained by
integration over the sky. The contribution for the observed data (A-C) is compared to the con-
tribution for a single randomly selected mock experiment using scrambled data (D-F). Contours
enclose 20% (white) and 50% (gray) of the predicted model flux; for the ⇡0 model these are the
same as in Figure 1D-E. The 50% contours contain about 1.64 sr, 0.70 sr and 0.65 sr for the ⇡0,
KRA5

� and KRA50
� models, respectively.

15

Due to the large μ background and low angular resolution for shower events the search of an extended 
emission in the Souther sky requires a maximum likelihood analysis based on templates (in energy and angular 
distributions) in combination with innovative deep learning techniques to identify shower 

For all considered templates the 
background hypothesis is rejected !!

The KRA𝛄 models were used under the 
DRAGON team permission. 

The theoretical work leading to them has to 
be considered a relevant piece of the 
discovery both in the preliminary and 
analysis phases !   
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The discovery !
IceCube coll., Science 2023
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The  model: a toy model ? π0

 

It is a conventional GALPROP model (SSZ4R20T150C5 ) rescaled by a normalization factor X 5                                 

                               (Related) DRAWBACKS :
The original SSZ4R20T150C5 does not 
account for the Fermi spectral

hardening above 10 GeV in the inner GP 

The rescaling makes the  model 
clearly incompatible with Fermi and ARGO data  

We would have had NO discovery  
if conventional models were correct !

π0

The Astrophysical Journal, 750:3 (35pp), 2012 May 1 Ackermann et al.

Figure 15. Spectra extracted from the inner Galaxy region for model
SSZ4R20T150C5. See Figure 12 for legend.
(A color version of this figure is available in the online journal.)

energy range of the Fermi-LAT. The IC component approaches a
similar intensity to the H i for high latitudes, and dominates only
in the 13–100 GeV energy band. The H2 component extends
only a few degrees from the Galactic plane and is dominant
only in the inner Galaxy.

Despite the overall good agreement, the profile residuals
do show structure on scales from few degrees to tens of
degrees. For the latitude profile in the outer Galaxy shown in
Figure 18, it is evident that the models underpredict the data in
the Galactic plane, but overpredict it at intermediate latitudes.
The exact shape and magnitude of this residual depend on the
model. The underprediction in the plane is mostly dependent
on the CR flux in the outer Galaxy (CR source distribution and
halo height), while the overprediction at intermediate latitudes
depends mostly on the assumed TS value and therefore gas-to-
dust ratio (see Section 3.3.4). These effects can be seen also
toward the inner Galaxy (Figure 19), but the effect is mostly
absent toward the Galactic center (Figure 20). The residual map
differences in Figures 8 and 10 also illustrate this.

The dip around the Galactic plane in the residual in Figure 18
is caused by unreasonably large XCO factors found from the fits
(see Section 4.3), artificially increasing the H2 component. A
residual structure coincident with the H2 component is not seen
in any of the other latitude profiles. The underprediction in the
outer Galaxy can also be seen in the longitude profiles in the
Galactic plane (Figure 21) where peaks in the H2 component
corresponds with dips in the residual. The contribution from
detected point sources is also strongest in the plane with a similar
profile as the H2 component, which can also compensate for a
lack of freedom in the DGE model during the fitting procedure.
The longitude profile in the Galactic plane does not show a
correlation of peaks in the source intensity and dips in the
residual indicating that sources from the 1FGL catalog are not
able to compensate for large-scale inaccuracies in the diffuse
emission.

All of the latitude profiles display a north–south asymme-
try in the residuals, as was shown in the spectra of the po-
lar cap regions in Figure 13. The effect is most noticeable in
Figure 19, which is caused mostly by the gas from the Mag-
ellanic stream (Mathewson et al. 1974) that was not removed
from the H i annular column density maps as mentioned ear-
lier. As the north–south asymmetry is also visible in the outer
Galaxy profile where the Magellanic stream has very little effect,
there must be some underlying asymmetry. The origin of this
asymmetry is not currently known. It is more likely associated
with an asymmetry in the CR flux rather than the ISM because
the ISM is more observationally constrained.

The model underprediction above a few GeV seen in
Figures 15 and 16 is confined to the Galactic plane, as can
be seen in Figure 22. The model systematically underpredicts
the data in the plane in the 1.6–13 GeV and 13–100 GeV energy
bands, but very little excess emission is seen at higher lati-
tudes. This is not seen as clearly in the Galactic center profile
(Figure 20) because that region also includes other large-scale
residuals, most notably due to features coincident with those
described by Su et al. (2010) and Dobler et al. (2010). Note that
while these are prominent above 1.6 GeV, they can also be seen
at lower energies, but the details of the residual features depend
on the DGE model.

Figure 21 shows the longitude profile about the Galactic plane
for a few different models. It shows how the H i component is
affected by different assumptions for TS, the magnitude cut
in the dust map, and the different CR source distributions.
The difference in the CR source distribution is also seen in
the IC component that is more peaked for the Lorimer source
distribution than the SNR distribution. This can be better seen at
intermediate latitudes in Figure 23. The effect is noticeable both
at intermediate latitudes as well as in the outer Galaxy where
CO from the local annulus dominates.

The residuals in the plane show signs of small-scale features
that are not compatible with statistical fluctuations. Similar
residual structure is also seen at intermediate latitudes in
Figures 23 and 24, where the most significant structures in
the residuals are correlated with peaks in the H i distribution.
Note that some peaks in the H i distribution are not associated
with residual structure. It is unlikely that the small angular
scale fluctuations are due to small-scale CR intensity variations
because the bulk of the CR nuclei producing the DGE for the
energy range shown are smoothly distributed. The variations
are then mostly caused by features in the annular gas maps that
introduce artifacts on small angular scales. This suggests that the
gas-to-dust ratio is not constant over the sky and can fluctuate
by at least 10%. However, comparing the panels in Figure 24,
the residual structure can be seen to be energy dependent. The
largest variation is toward the inner Galaxy that can be associated
with structure coincident with those identified by Su et al. (2010)
and Dobler et al. (2010) but smaller variations around l = 100◦

indicate spectral variations in the CR flux. See, e.g., Bykov &
Fleishman (1992) for how OB associations and super-bubbles
might have an effect on the CR flux on smaller spatial scales.

4.3. Radial Dependence of XCO

Figure 25 shows the radial dependence of XCO for a few
selected models. XCO for all models can be found in the
online supplementary material. Our analysis finds that XCO(R)
depends both on the assumed CR source distribution and the
gas properties. This is illustrated in Figure 26, which shows
XCO derived for the local annulus for all models. The local XCO

17

This is the very same GALPROP model 
on which the  model is based !π0
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A new actor on the stage : PeV 𝛄-ray astronomy
Tibet and LHAASO results

 

5

for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude

the second model is assumed to be harder in the central
region of the Galaxy than that at Earth as indicated by the
observed spectral index of Galactic diffuse gamma rays in
0.1 < E < 100 GeV. This kind of scenario was also dis-
cussed elsewhere [31]. Both models can reproduce the
observed flux and spatial distribution of arrival directions
by Fermi-LAT in the GeV energy region. The predicted
gamma-ray spectrum above 1 GeV is also dominated by
the contribution from the hadronic interaction between the
interstellar matter and cosmic rays. It was concluded that
the contribution to the diffuse gamma rays from the IC
scattering and bremsstrahlung by relativistic electrons is
less than 5% compared with the hadronic process
above 100 TeV, considering the steep electron and positron
spectra with p ¼ −3.8 measured by high energy stereo-
scopic system (H.E.S.S.) [32], dark matter particle explore
(DAMPE) [33], and calorimetric electron telescope
(CALET) [34]. Another model [35] showed the IC scatter-
ing contribution in the low Galactic latitude is negligible
above 20 TeV.
Gray histograms in Fig. 2 show the prediction of

the space-independent model [8]. It is seen that the
distribution in Figs. 2(a) and 2(b) is overall consistent
with the model prediction. The distribution in Fig. 2(c)
observed in 398 < E < 1000 TeV looks broader than that
in Figs. 2(a) and 2(b), but it is also statistically consistent
with the prediction rebinned in every 5° of the Galactic
latitude (b).
Figure 4 shows the observed differential energy spectra

of diffuse gamma rays, compared with the model predic-
tions by Lipari and Vernetto [8] in which gamma-ray
spectra are calculated in (a) 25° < l < 100° and
(b) 50° < l < 200° along the Galactic plane, each in
jbj < 5°. The measured fluxes by the Tibet ASþMD
array are summarized in Table S2 in Supplemental Material
[22]. These fluxes are obtained after subtracting events
within 0.5° from the known TeV sources, and the system-
atic error of the observed flux is approximately 30% due to
the uncertainty of absolute energy scale [21]. We corrected
time variation of detector gain at each detector based on the
single-particle measurement for each run. The time varia-
tion of gamma-ray-like excess above 100 TeV in jbj < 5° is
stable within approximately 10%. It is seen that the
measured fluxes by the Tibet ASþMD array are compat-
ible with both the space-independent and space-dependent
models based on the hadronic scenario. As a leptonic
model, it is proposed that gamma-ray halos induced by the
relativistic electrons and positrons from pulsars explain
the Galactic diffuse gamma rays above 500 GeV [36].
However, the gamma-ray flux predicted by this model has
an exponential cutoff well below 100 TeV and is incon-
sistent with the observation by Tibet ASþMD array [see
Fig. 4(a)].
The observed flux in the highest-energy bin in

398 < E < 1000 TeV looks higher than the model

prediction, but it is not inconsistent with the model when
the statistical and systematic errors are considered. Above
398 TeV, the total number of observed events is ten
in each of 25° < l < 100° and 50° < l < 200°, which
includes the Cygnus region around l ¼ 80°. Interestingly,
four out of ten events are detected within 4° from the center
of the Cygnus cocoon, which is claimed as an extended
gamma-ray source by the ARGO-YBJ [37] and also
proposed as a strong candidate of the PeVatrons [38],
but not taken into account in the model [8]. If these four
events are simply excluded, the observed flux at the highest
energy in Fig. 4 better agrees with model predictions.
The high-energy astrophysical neutrinos are also a good

probe of the spectrum and spatial distribution of PeV
cosmic rays in the Galaxy [39,40]. According to Lipari and
Vernetto [8], the diffuse gamma-ray or neutrino fluxes
predicted near the Galactic Center (jlj < 30°) by the
space-dependent model are more than 5 times higher

FIG. 4. Differential energy spectra of the diffuse gamma rays
from the Galactic plane in the regions of (a) jbj < 5°, 25° < l <
100° and (b) jbj < 5°, 50° < l < 200°, respectively. The solid
circles show the observed flux after excluding the contribution
from the known TeV sources listed in the TeV gamma-ray catalog
[9], while the solid and dashed curves display the predicted
energy spectra by the space-independent and space-dependent
models by Lipari and Vernetto [8], respectively (see the text). The
dotted curve in (a) shows the flux predicted by a leptonic model
[36] in which gamma rays are induced by relativistic electrons
and positrons from pulsars. Solid squares in (a) and triangles with
arrows in (b) indicate the flux measured by ARGO-YBJ [17] and
the flux upper limit by the CASA-MIA experiment [18],
respectively. The error bar shows 1σ statistical error.
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Significance > 29 𝝈  !!

Known sources masked
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for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude
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The di↵use Galactic �-ray emission, mainly produced via interactions between cosmic rays and the interstellar
medium and/or radiation field, is a very important probe of the distribution, propagation, and interaction of
cosmic rays in the Milky Way. In this work we report the measurements of di↵use �-rays from the Galactic plane
between 10 TeV and 1 PeV energies, with the square kilometer array of the Large High Altitude Air Shower
Observatory (LHAASO). Di↵use emissions from the inner (15� < l < 125�, |b| < 5�) and outer (125� < l < 235�,
|b| < 5�) Galactic plane are detected with 29.1� and 12.7� significance, respectively. The outer Galactic plane
di↵use emission is detected for the first time in the very- to ultra-high-energy domain (E > 10 TeV). The energy
spectrum in the inner Galaxy regions can be described by a power-law function with an index of �2.99 ± 0.04,
which is di↵erent from the curved spectrum as expected from hadronic interactions between locally measured
cosmic rays and the line-of-sight integrated gas content. Furthermore, the measured flux is higher by a factor
of ⇠ 3 than the prediction. A similar spectrum with an index of �2.99 ± 0.07 is found in the outer Galaxy
region, and the absolute flux for 10 . E . 60 TeV is again higher than the prediction for hadronic cosmic ray
interactions. The latitude distributions of the di↵use emission are consistent with the gas distribution, while the
longitude distributions show clear deviation from the gas distribution. The LHAASO measurements imply that
either additional emission sources exist or cosmic ray intensities have spatial variations.
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The origin and propagation of cosmic rays (CRs) remain
among the most important unresolved problems in astro-
physics. Unlike the direct measurements of energy spectra
and anisotropies of CRs in the local vicinity, the di↵use Galac-
tic �-ray emission allows a measurement of the spatial dis-
tribution of CRs throughout the Galaxy. It can thus provide
much more important information of the production and prop-
agation of CRs. Typically there are three main components of
the di↵use Galactic emission [1–3]: the decay of neutral pi-
ons produced by inelastic collisions between CR nuclei and
the interstellar medium (ISM), the inverse Compton scatter-
ing (ICS) of CR e± o↵ the interstellar radiation field (ISRF),
and the bremsstrahlung radiation of e± in the ISM. The canon-
ical CR propagation and interaction model (homogeneous and
isotropic di↵usion) can largely account for the all-sky data
measured by space telescopes while being consistent with the
local CR measurements, except for the underpredicted �-ray
fluxes in the inner Galaxy for energies above a few GeV [2–4].
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For energies below 1 TeV, the all-sky di↵use emission has
been measured by space detectors such as OSO-3 [5], SAS-2
[6], COS-B [7], EGRET [8], and Fermi-LAT [4]. At higher
energies, successful detections of the di↵use emission were
only achieved by a few ground-based experiments in selected
regions of the Galactic plane [9–14]. The recent measure-
ments of the di↵use emission above 100 TeV by Tibet-AS�
[12] revealed flux excesses compared with the conventional
model prediction (e.g., [15–17]). High-precision measure-
ments of the di↵use emission in the very-high-energy (VHE;
30 GeV to 30 TeV [18]) to ultra-high-energy (UHE; 30 TeV
to 30 PeV [18]) domain, with only minor statistical and sys-
tematic uncertainties, are crucial to understanding the origin
and propagation of CRs, particularly the physical origin of
the new spectral features of CR nuclei by recent direct mea-
surements [19–22] and the potential contributions from unre-
solved source populations (e.g., [1, 18, 23–26]).

We report the measurements of the di↵use emission from
the Galactic plane in a wide energy range, from 10 TeV to
1000 TeV. We use the data recorded by the square kilometer
array (KM2A) of the Large High Altitude Air Shower Ob-
servatory (LHAASO) experiment located at Haizi Mountain
(100�.01E, 29�.35N; 4400 m above the sea level), Daocheng,
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for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude

the second model is assumed to be harder in the central

interstellar matter and cosmic rays. It was concluded that

Tibet AS𝛄 coll. , PRL 2021 S.P. Zhao et al. - LHAASO coll. , PRL 2023

Low angular resolution. Cygnus 
cocoon contribution not subtracted.

Possibile significant contamination ! 

Known sources masked

2

18School of Physics and Astronomy, Yunnan University, 650091 Kunming, Yunnan, China
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Université de Genève, 24 Quai Ernest Ansermet, 1211 Geneva, Switzerland

20Institute of Frontier and Interdisciplinary Science, Shandong University, 266237 Qingdao, Shandong, China
21APC, Universit’e Paris Cit’e, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, 119 75205 Paris, France

22Department of Engineering Physics, Tsinghua University, 100084 Beijing, China
23School of Physics and Microelectronics, Zhengzhou University, 450001 Zhengzhou, Henan, China

24Yunnan Observatories, Chinese Academy of Sciences, 650216 Kunming, Yunnan, China
25College of Physics, Sichuan University, 610065 Chengdu, Sichuan, China

26Institute for Nuclear Research of Russian Academy of Sciences, 117312 Moscow, Russia
27School of Physics, Peking University, 100871 Beijing, China

28School of Physical Science and Technology, Guangxi University, 530004 Nanning, Guangxi, China
29Department of Physics, Faculty of Science, Mahidol University, 10400 Bangkok, Thailand

30Moscow Institute of Physics and Technology, 141700 Moscow, Russia
31Center for Relativistic Astrophysics and High Energy Physics,

School of Physics and Materials Science & Institute of Space Science and Technology,
Nanchang University, 330031 Nanchang, Jiangxi, China

32National Space Science Center, Chinese Academy of Sciences, 100190 Beijing, China
(Dated: August 22, 2023)

The di↵use Galactic �-ray emission, mainly produced via interactions between cosmic rays and the interstellar
medium and/or radiation field, is a very important probe of the distribution, propagation, and interaction of
cosmic rays in the Milky Way. In this work we report the measurements of di↵use �-rays from the Galactic plane
between 10 TeV and 1 PeV energies, with the square kilometer array of the Large High Altitude Air Shower
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di↵use emission is detected for the first time in the very- to ultra-high-energy domain (E > 10 TeV). The energy
spectrum in the inner Galaxy regions can be described by a power-law function with an index of �2.99 ± 0.04,
which is di↵erent from the curved spectrum as expected from hadronic interactions between locally measured
cosmic rays and the line-of-sight integrated gas content. Furthermore, the measured flux is higher by a factor
of ⇠ 3 than the prediction. A similar spectrum with an index of �2.99 ± 0.07 is found in the outer Galaxy
region, and the absolute flux for 10 . E . 60 TeV is again higher than the prediction for hadronic cosmic ray
interactions. The latitude distributions of the di↵use emission are consistent with the gas distribution, while the
longitude distributions show clear deviation from the gas distribution. The LHAASO measurements imply that
either additional emission sources exist or cosmic ray intensities have spatial variations.
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The origin and propagation of cosmic rays (CRs) remain
among the most important unresolved problems in astro-
physics. Unlike the direct measurements of energy spectra
and anisotropies of CRs in the local vicinity, the di↵use Galac-
tic �-ray emission allows a measurement of the spatial dis-
tribution of CRs throughout the Galaxy. It can thus provide
much more important information of the production and prop-
agation of CRs. Typically there are three main components of
the di↵use Galactic emission [1–3]: the decay of neutral pi-
ons produced by inelastic collisions between CR nuclei and
the interstellar medium (ISM), the inverse Compton scatter-
ing (ICS) of CR e± o↵ the interstellar radiation field (ISRF),
and the bremsstrahlung radiation of e± in the ISM. The canon-
ical CR propagation and interaction model (homogeneous and
isotropic di↵usion) can largely account for the all-sky data
measured by space telescopes while being consistent with the
local CR measurements, except for the underpredicted �-ray
fluxes in the inner Galaxy for energies above a few GeV [2–4].
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ments of the di↵use emission above 100 TeV by Tibet-AS�
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model prediction (e.g., [15–17]). High-precision measure-
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to 30 PeV [18]) domain, with only minor statistical and sys-
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and propagation of CRs, particularly the physical origin of
the new spectral features of CR nuclei by recent direct mea-
surements [19–22] and the potential contributions from unre-
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We report the measurements of the di↵use emission from
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A new actor on the stage : PeV 𝛄-ray astronomy

Figure S8: Comparison between the best-fitting flux normalizations of the Galactic plane
models. Same as Figure 5, but for flux averaged over three different regions of the sky. The
average flux values are obtained by multiplying the total, sky-integrated neutrino flux from
Table 1 and Figure 5 with the relative template contribution from each region, as indicated
in the lower left of each panel. These fluxes are therefore not independent measurements in
these parts of the sky, but an alternative presentation of the sky-integrated values. Panels A-
B include gamma-ray measurements from the Tibet Air Shower Array (37) (black asterisks),
converted to a neutrino flux assuming a hadronuclear (pp) scenario (56–58) neglecting gamma-
ray attenuation. Panel C also shows a prediction for the diffuse Galactic neutrino flux (55)
(checkered area), derived from gamma-ray measurements.
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KRA𝛄 model upgrade

To test our models against those very high energy data we need:

➤ To use more realistic p and He CR source spectra above 10 TeV accounting for 

the strong experimental uncertainties

➤ To account for gamma-ray attenuation 

➤ To account for uncertainties on the cross-sections

We do that with our 


HERMES code   Dundovic, Evoli, Gaggero & DG,  A&A 2021.                                                  

                             https://github.com/cosmicrays/hermes 


fed with the CR space and energy distribution computed with DRAGON for each 
model.

NEW RESULTS
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Against IceTop

P. De La Torre Luque et al.: Galactic diffuse gamma rays meet the PeV frontier

Fig. 5: Predicted �-ray spectra for the different scenarios studied
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 uncertainty of the
measurement for CASA-MIA and TIBET data and the system-
atic + statistical uncertainty for Fermi. The Fermi systematic un-
certainties dominate along the full energy range shown, while
the systematic error associated 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. The contribution of unresolved sources is not in-
cluded here.

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). The contri-
bution of unresolved sources is not included here.

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

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

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
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 stem-
ming from the Galactic CR “sea”. We also point out that, if
established, LHAASO results in combination with Fermi-LAT
and ARGO-YBJ would favour a transport scenario character-
ized by spatially dependent diffusion. However, the confirmation
of the solidity of that hint requires increasing the statistics and
extending LHAASO measurements to other sky regions. More-
over, other experimental results at lower energies, as those 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 AL-
PACA (Takita et al. 2017; Takashi et al. 2021), will be also cru-
cial to possibly further check the scenario discussed in this work
and to probe the CR shape throughout the Galaxy. Our analysis
offer a valuable benchmark for the interpretation of those forth-
coming measurements.

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

4 https://github.com/tospines/Gamma-variable_
High-resolution
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Figure 12. Left: The respective field of views of CASA-MIA (Borione et al. 1998), ARGO-YBJ (Bartoli et al. 2015), IC-
40 (Aartsen et al. 2013a), and this analysis overlaid on a map of the ⇡0 decay component of the Fermi-LAT Galactic plane
di↵use emission model (Ackermann et al. 2012a). Right: The IceCube 90% confidence level upper limit (IC-86) on the angular-
integrated scaled flux from the Galactic plane in our field of view for a spatial distribution of emission given by the ⇡0 decay
component of the Fermi-LAT di↵use emission model. The IC-86 upper limit is compared to results from ARGO-YBJ, CASA-
MIA, and IC-40, using the scaling defined in Equation 13. Dotted lines show the E�3 spectrum, used for obtaining IceCube
upper limits, over the energy range containing 5% to 95% events in the final sample. Also shown are, for two models, absorbed
flux predictions for the IC-86 field of view calculated by the authors of Lipari & Vernetto (2018) on special request. The two
models assume space-independent and space-dependent cosmic-ray spectra throughout the Galaxy, respectively.

The calibration of IceTop tank charge to VEM units
requires a fitting of the muon peak in the charge spec-
trum of the tank (Abbasi et al. 2013). The dependence
of this fit to systematic factors was studied in detail
by Van Overloop (2011). They found an uncertainty of
at most ±3% on the charge calibration, which propa-
gates directly to an uncertainty in the deposited signal.
This systematic error results in an uncertainty of 2.1%
in sensitivity to point sources and 7.4% in sensitivity to
a di↵use flux from the Galactic plane.

The number of muons generated in simulated gamma-
ray air showers at energies su�cient to trigger the detec-
tors is governed by the high-energy hadronic interaction
model used in CORSIKA. In order to evaluate the mag-
nitude of the model dependence, we perform sensitiv-
ity studies with simulation generated using QGSJetII-
04 (Ostapchenko 2011), but otherwise identical to the
original set. We chose QGSJetII-04 over other post-
LHC models since it was the model that produced the
most muons in hadronic air showers (Plum et al. 2018).
Sensitivities calculated with these systematic datasets
resulted in a 23.2% uncertainty for point sources and a
26.2% uncertainty for a di↵use flux from the Galactic
plane.

The anisotropy of the cosmic-ray flux is a poten-
tial source of signal contamination. While declination-
dependent anisotropy is accounted for due to the use
of data to construct the background PDF in the likeli-
hood, any anisotropy in right ascension is not. However,
within the analysis field of view this anisotropy is at a
level of at most 0.03% (Aartsen et al. 2016). This is

negligible in relation to statistical uncertainties, which
is ⇠25% in flux at the sensitivity threshold.

In simulation, the uncertainties in the optical proper-
ties of the ice can a↵ect the amount of charge measured.
While this a potential for systematic error, an analysis
with datasets using ± 10% in deposited charge in Ice-
Cube showed negligible impact on sensitivity compared
to statistical fluctuations. Finally, the method we use
naturally corrects for any bias in the energy proxy. Any
systematic biases in fitted ns and � values unaccounted
for are found to be negligible when compared to statis-
tical uncertainties.

Under the assumption that the errors discussed are
independent and Gaussian distributed, the overall sen-
sitivity uncertainty resulting from quadrature addition
is 25.8% for point sources and 29.4% for the Galactic
plane.

6. DISCUSSION AND CONCLUSION

We have presented the results of multiple searches for
PeV gamma rays using five years of data from 2011 to
2016 collected by the IceCube Observatory. For all flux
hypotheses considered, no significant excess in emission
above background expectation was observed.

An unbiased scan over the entire analysis field of view
resulted in a declination-dependent 90% confidence level
upper limit of ⇠10�21 - 10�20 cm�2s�1TeV�1 on the
flux at 2 PeV of a gamma-ray point source, the most
stringent PeV gamma-ray point source limits to date
and an improvement of more than an order of magni-

100 TeV !-ray sky simulated with HERMES
IceCube coll.,  Astrophys.J. 891 (2019) 9

This is a template likelihood analysis

model: Fermi angular distribution


    Gamma ray slope - 3


Performed with HERMES 

https://github.com/cosmicrays/hermes
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More realistic CR source spectra around the PeV 
A&A proofs: manuscript no. output

Fig. 1: The proton (left panel) and Helium (right panel) local spectra computed for the �-optimized scenario are plotted against a representative set
of data. For each species the spectra as predicted using the Max and Min source spectrum set-ups are shown. We do not show here the corresponding
lines computed for the Base scenario since they are almost coincident with those reported here above 10 GeV/n (at the Solar System position).

in the hadronic component, due the decay of neutral pion
produced by CR scattering onto the IS gas (mostly hydrogen
and Helium), and the Inverse Compton (IC) emission of CR
electrons and positrons onto the ISRF.

The relative contributions of these components depend on the
Galactic coordinates and on the energy. On the GP and at en-
ergies larger than 10 TeV, the hadronic emission by CRs is ex-
pected to be dominant although a significant – see Linden &
Buckman (2018) – contribution due to IC emissions cannot be
excluded.

Here we focus mainly on modeling the secondary diffuse
emission due to interaction of Galactic CRs during their prop-
agation. We do that with the HERMES (Dundovic et al. 2021)
code which, at each given energy bin and for each relevant CR
species, performs a numerical integration along the line-of-sight
of the product of the CR differential energy flux, of the IS gas
density (or the ISRF for the IC emission) and of the �-ray pro-
duction cross section. More details on the cross-sections and the
gas (Hydrogen and Helium) distributions used in this work will
be given in Secs. 3.2 and 3.1 respectively.

In the following subsection we rather discuss how the CR
energy and spatial distributions are computed.

3.1. The interstellar gas

Our model consists of a set of column density maps in (l, b)
Galactic coordinates for atomic and molecular gas, associated to
Galactocentric rings. The atomic gas model is based on the 21-
cm line emission data observed by the recent HI4PI survey that
covers the whole sky with a 1/12 degree binning (HI4PI Collab-
oration et al. 2016). As far as molecular gas is concerned, the
decomposition is based on the observations of the CO rotational
line at 115 GHz from the CfA survey (Dame et al. 2001; Dame
& Thaddeus 2004). The profile decomposition is discussed in
Remy et al. (2021); Fermi-LAT (2021). In our framework, every
Galactocentric ring can be associated to a value of the CO-H2
conversion factor (XCO). In our model, we adopt the values of
[1.8, 3.5, 4.0, 4.5, 7.5, 8.0] in units of 1020 cm�2 K�1 / (km s�1)
in the following Galactocentric radial intervals: [0� 3 kpc; 3� 5
kpc; 5 � 6 kpc; 6 � 7 kpc; 7 � 15 kpc; 15 � 30 kpc]. We assume
here that the ISM gas is a mixture of Hydrogen and Helium nu-
clei with uniform density ratio fHe = 0.1.

3.2. CR transport: the conventional and �-optimized

scenarios

We determine the energy and spatial distribution of each rele-
vant CR species solving numerically the transport equation with
the DRAGON2 code (Evoli et al. 2017, 2018). We assume that the
observed CR spectrum can be approximated as a steady-state so-
lution for a smooth distribution of continuous sources, which we
fix on the basis of SNR catalogues (here we use the SNR distri-
bution reported in Ferriere (2001)). For a given source spectrum
– generally a broken power-law tuned against locally measured
CR spectra – as an output the code provides the propagated spec-
tra of each primary and secondary species in each point of the
Galaxy. Besides several astrophysical quantities, as an input the
code needs to receive the CR diffusion coefficient D(⇢, x) as a
function of the particle rigidity ⇢ and of the spatial coordinates.
In the conventional scenario this is assumed to be a single power
law function of the particle rigidity with a spatially dependent
slope, parameterized as follows:

D(⇢, x) = D0 · �

 
⇢

⇢0

!�(x)

,

where D0 is its normalization at a reference rigidity ⇢0 = 4 GV3,
and � is the velocity of the particles in units of the speed of
light. The index �, a priori being poorly known, is inferred
from the comparison with the measured secondary to primary
CR flux ratios, the boron-to-carbon (B/C) ratio being the most
common. Works based on multi-channel analysis (Génolini et al.
2019; Fornieri et al. 2020; Luque et al. 2021) of AMS-02 re-
sults (Aguilar et al. 2016), including others based on antipro-
tons data (Di Bernardo et al. 2010; De La Torre Luque 2021),
found that at the Solar System �(R�) ' 0.5. A different sce-
nario arises if � = �(x) which turns into a non-factorized de-
pendence of the propagated CR spectra on energy and position.
For the models studied here, the Alfvèn velocity is taken to be
VA = 13 km s�1, the normalization of the diffusion coefficient is
D0 = 6.1⇥1028 cm2s�1 and the halo size is H = 6.7 kpc, in agree-
ment with recent analyses of 10Be ratios (De La Torre Luque
et al. 2021). We checked that passing to the �-optimized scenario
has no effect on the local B/C (see e.g. Gaggero et al. (2015b)), as
well as on other secondary-to-primary CR ratios, which indeed
are correctly reproduced with this setup. We notice that adopting
3 Often, for simplicity, D0 is assumed to be spatially independent.
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Fig. 1: The proton (left panel) and Helium (right panel) local spectra computed for the �-optimized scenario are plotted against a representative set
of data. For each species the spectra as predicted using the Max and Min source spectrum set-ups are shown. We do not show here the corresponding
lines computed for the Base scenario since they are almost coincident with those reported here above 10 GeV/n (at the Solar System position).

in the hadronic component, due the decay of neutral pion
produced by CR scattering onto the IS gas (mostly hydrogen
and Helium), and the Inverse Compton (IC) emission of CR
electrons and positrons onto the ISRF.

The relative contributions of these components depend on the
Galactic coordinates and on the energy. On the GP and at en-
ergies larger than 10 TeV, the hadronic emission by CRs is ex-
pected to be dominant although a significant – see Linden &
Buckman (2018) – contribution due to IC emissions cannot be
excluded.

Here we focus mainly on modeling the secondary diffuse
emission due to interaction of Galactic CRs during their prop-
agation. We do that with the HERMES (Dundovic et al. 2021)
code which, at each given energy bin and for each relevant CR
species, performs a numerical integration along the line-of-sight
of the product of the CR differential energy flux, of the IS gas
density (or the ISRF for the IC emission) and of the �-ray pro-
duction cross section. More details on the cross-sections and the
gas (Hydrogen and Helium) distributions used in this work will
be given in Secs. 3.2 and 3.1 respectively.

In the following subsection we rather discuss how the CR
energy and spatial distributions are computed.

3.1. The interstellar gas

Our model consists of a set of column density maps in (l, b)
Galactic coordinates for atomic and molecular gas, associated to
Galactocentric rings. The atomic gas model is based on the 21-
cm line emission data observed by the recent HI4PI survey that
covers the whole sky with a 1/12 degree binning (HI4PI Collab-
oration et al. 2016). As far as molecular gas is concerned, the
decomposition is based on the observations of the CO rotational
line at 115 GHz from the CfA survey (Dame et al. 2001; Dame
& Thaddeus 2004). The profile decomposition is discussed in
Remy et al. (2021); Fermi-LAT (2021). In our framework, every
Galactocentric ring can be associated to a value of the CO-H2
conversion factor (XCO). In our model, we adopt the values of
[1.8, 3.5, 4.0, 4.5, 7.5, 8.0] in units of 1020 cm�2 K�1 / (km s�1)
in the following Galactocentric radial intervals: [0� 3 kpc; 3� 5
kpc; 5 � 6 kpc; 6 � 7 kpc; 7 � 15 kpc; 15 � 30 kpc]. We assume
here that the ISM gas is a mixture of Hydrogen and Helium nu-
clei with uniform density ratio fHe = 0.1.

3.2. CR transport: the conventional and �-optimized

scenarios

We determine the energy and spatial distribution of each rele-
vant CR species solving numerically the transport equation with
the DRAGON2 code (Evoli et al. 2017, 2018). We assume that the
observed CR spectrum can be approximated as a steady-state so-
lution for a smooth distribution of continuous sources, which we
fix on the basis of SNR catalogues (here we use the SNR distri-
bution reported in Ferriere (2001)). For a given source spectrum
– generally a broken power-law tuned against locally measured
CR spectra – as an output the code provides the propagated spec-
tra of each primary and secondary species in each point of the
Galaxy. Besides several astrophysical quantities, as an input the
code needs to receive the CR diffusion coefficient D(⇢, x) as a
function of the particle rigidity ⇢ and of the spatial coordinates.
In the conventional scenario this is assumed to be a single power
law function of the particle rigidity with a spatially dependent
slope, parameterized as follows:
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light. The index �, a priori being poorly known, is inferred
from the comparison with the measured secondary to primary
CR flux ratios, the boron-to-carbon (B/C) ratio being the most
common. Works based on multi-channel analysis (Génolini et al.
2019; Fornieri et al. 2020; Luque et al. 2021) of AMS-02 re-
sults (Aguilar et al. 2016), including others based on antipro-
tons data (Di Bernardo et al. 2010; De La Torre Luque 2021),
found that at the Solar System �(R�) ' 0.5. A different sce-
nario arises if � = �(x) which turns into a non-factorized de-
pendence of the propagated CR spectra on energy and position.
For the models studied here, the Alfvèn velocity is taken to be
VA = 13 km s�1, the normalization of the diffusion coefficient is
D0 = 6.1⇥1028 cm2s�1 and the halo size is H = 6.7 kpc, in agree-
ment with recent analyses of 10Be ratios (De La Torre Luque
et al. 2021). We checked that passing to the �-optimized scenario
has no effect on the local B/C (see e.g. Gaggero et al. (2015b)), as
well as on other secondary-to-primary CR ratios, which indeed
are correctly reproduced with this setup. We notice that adopting
3 Often, for simplicity, D0 is assumed to be spatially independent.
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We assume broken power law to better match air shower data


Propagated spectra at several galactocentric radii for the 𝛄-
optimized scenario


The source spectra is assumed to be the same in the whole 
Galaxy
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CR electrons and IC emission
A subdominant contribution

2 The KRA� model and IceCube results

• Main points of IceCube analysis

• The Pi0 and KRA� models (Appendix A)

• IceCube results

• Gamma-ray predictions compared with Fermi

• Why the pi0 model is unphysical

Figure 1. The spectra of the diffuse gamma-ray emission along the GP corresponding to the ⇧0

(extract from some paper e.g. Fig.2 [1]) and the KRA� models (the KRA5
� may be enough) used in

the IceCube analysis are compared with Fermi-LAT data []
.

3 Updated models

Summarize the main motivations and features of the KRA gamma models. Report model
details in Appendix A.

3.1 CR nuclei source spectra: the MIN and MAX setups

• Experimental uncertainties on the CR spectra around the PeV and the relevance of
gamma-ray data

• State and motivate that we assume a uniform source spectral shape in the Galaxy.

Figure 2. Left panel: CR proton spectral data against KRA� MIN e MAX models. Right panel: the
same for CR Helium. Mostrare solo spettri locali !

3.2 CR electron and Inverse Compton emission

Figure 3.
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Comparison with HE 𝛄-ray data
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Figure 2: Left panel: Comparison of Fermi-LAT diffuse emission with the predictions obtained from the
W-optimized and Base models, for the Min configuration, at a window of coordinates |1 | < 5�, |; | < 10�. We
also show the c0 contribution and the contribution from sources. Right panel: Longitude profile of the
W-ray emission predicted from the W-optimized model at 50 GeV, compared to Fermi-LAT data and showing
the emission originated from collisions of CRs with molecular (H2) and atomic gas (HI)

To evaluate the injection spectrum of CRs we account for a wide set of local CR data up to the
PeV domain. In this context, we emphasize the large discrepancies in the energy spectra observed by
different collaborations at these energies (see Fig. 1). Therefore, in order to bracket that uncertainty
at very high energies we consider two setups for the CR injection spectra which we call Min and
Max configurations. For the W-optimized scenario the spectra of protons and helium get harder
getting closer to the centre as a consequence of the radially-dependent diffusion coefficient adopted
in that scenario. Rather, for the Base scenario they have the same shape in every position although
the normalization vary depending on the density of sources at different regions of the Galaxy. In
Figure 1 we show the proton spectra predicted from the W-optimized model for the Max (left panel)
and Min (right panel) configurations at different parts of the GP.

Then, once having adjusted the injection spectra of CRs in the Galaxy we compute the full-
sky maps of the W-ray diffuse emission. In the left panel of Fig. 2 we compare Fermi-LAT
diffuse emission with the predictions obtained from the W-optimized and Base models, for the Min
configuration, at a window around the centre of the Galaxy. In this panel, we also show the different
components of the total W-ray emission (at |1 | < 5 |; | < 10). The contribution of unresolved sources
was computed adopting the models presented in Ref. [22] to the Fermi-LAT instrument. For more
details, we refer the readers to Refs. [10, 11]. The modelling of an inhomogeneous diffusion
coefficient allows us a much better reproduction of the Fermi data close to the Galactic Centre. In
the right panel of this figure, we show the longitude profile of the W-ray emission predicted from
the W-optimized model at 50 GeV, compared to Fermi-LAT data (PASS8) and specify the emission
originated from collisions of CRs with molecular (H2) and atomic gas (HI). We highlight that the
W-optimized model that we present here is only adjusted to the local CR data and Fermi data below
300 GeV. Therefore, in the next section we show the predictions of this model at energies above
1 TeV (that appeared before the release of LHAASO or IceCube data) and never the result of fits to
the data.

In Ref. [10], we showed that the predicted W-ray flux from the W-optimized model at PeV
energies reproduce at a very good level of precision the recently published data by Tibet ASW [1],
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Figure 8. Predicted full-sky ⌫ diffuse emission (per flavor) from the �-optimized model compared to
the best-fit IceCube flux extracted from the KRA-� (cutoff energy of Ec = 5 PeV) and ⇡0 models.
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The effect of 𝛄-ray opacity 
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Fig. 5: Predicted �-ray spectra for the different scenarios studied
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 uncertainty of the
measurement for CASA-MIA and TIBET data and the system-
atic + statistical uncertainty for Fermi. The Fermi systematic un-
certainties dominate along the full energy range shown, while
the systematic error associated 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. The contribution of unresolved sources is not in-
cluded here.

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). The contri-
bution of unresolved sources is not included here.

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

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

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
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 stem-
ming from the Galactic CR “sea”. We also point out that, if
established, LHAASO results in combination with Fermi-LAT
and ARGO-YBJ would favour a transport scenario character-
ized by spatially dependent diffusion. However, the confirmation
of the solidity of that hint requires increasing the statistics and
extending LHAASO measurements to other sky regions. More-
over, other experimental results at lower energies, as those 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 AL-
PACA (Takita et al. 2017; Takashi et al. 2021), will be also cru-
cial to possibly further check the scenario discussed in this work
and to probe the CR shape throughout the Galaxy. Our analysis
offer a valuable benchmark for the interpretation of those forth-
coming measurements.

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

4 https://github.com/tospines/Gamma-variable_
High-resolution
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The effect of 𝛄-ray opacity due to  𝛄-𝛄CMB  (significant only for E > 100 TeV) is accounted.                                                
ISRF (also accounted) is almost irrelevant !
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Comparison with VHE 𝛄-ray data
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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 re-
ported. Here, we do not include the contribution of unresolved sources,
which may be significant at the highest energies. 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.
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Fig. 5: Predicted �-ray spectra for the different scenarios studied
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 uncertainty of the
measurement for CASA-MIA and TIBET data and the system-
atic + statistical uncertainty for Fermi. The Fermi systematic un-
certainties dominate along the full energy range shown, while
the systematic error associated 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. The contribution of unresolved sources is not in-
cluded here.

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). The contri-
bution of unresolved sources is not included here.

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

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

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
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 stem-
ming from the Galactic CR “sea”. We also point out that, if
established, LHAASO results in combination with Fermi-LAT
and ARGO-YBJ would favour a transport scenario character-
ized by spatially dependent diffusion. However, the confirmation
of the solidity of that hint requires increasing the statistics and
extending LHAASO measurements to other sky regions. More-
over, other experimental results at lower energies, as those 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 AL-
PACA (Takita et al. 2017; Takashi et al. 2021), will be also cru-
cial to possibly further check the scenario discussed in this work
and to probe the CR shape throughout the Galaxy. Our analysis
offer a valuable benchmark for the interpretation of those forth-
coming measurements.

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

4 https://github.com/tospines/Gamma-variable_
High-resolution
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The degeneracy between the CR transport scenario and the source spectral shape can be broken 
by the VHE 𝛄-ray data allowing to probe the high energy tail of the CR in the inner Galaxy  


At large longitudes the observed spectrum is expected to be almost independent on the transport 
scenario. Measurements at low galactic longitudes would be resolutive ! 

De La Torre Luque at al. , A&A 2023
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LHAASO results favour the MIN setup !
Spectral energy distributions
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Figure 4: Predicted flux from the W-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).

is taking into account through a effective scaling parameter1. As we can see from this figure, the
agreement between our predictions for the Min configuration and the LHAASO data is very high.
Here, we do not include a prediction for the contribution of unresolved sources. Remarkably, a
sub-threshold source contribution larger than ⇠ 20% of the total LHAASO measurements would
be incompatible with this data for the inner region, while a contribution of up to ⇠ 50% of the total
flux could still be consistent with the data.

Finally, we show the neutrino flux predicted by the W-optimized model in Figs. 5 and 6. In Fig. 5
we compare the per-flavour predicted flux with the best-fit IceCube flux extracted from the KRA-W
(cutoff energy of E2 = 5 PeV) and c0 models [4]. As we see from the figure, our predictions lie in
perfect agreement with the uncertainty band from the best-fit measurements of IceCube (which are
those extracted from the c0 model). This constitutes a very important proof that this kind of model
explains both the W-ray and neutrino emissions simultaneously without the need of any fine-tuning.
On top of this, we emphasize that emission from sources could not be dominant below 100 TeV for
this model to be compatible with IceCube observations. Neutrino data from different parts of the
Galaxy will allow us to solve this puzzle.

In Figure 6 we show the predicted a Galactic diffuse emission considering the Min and Max
configurations of the W-optimized scenarios and compare them with the the model-independent
limits obtained from the ANTARES collaboration [26] considering 7.5 years of IceCube track-like
events for the region |; | < 40� and |1 | < 3� [27]. For reference we also show the prediction of the
KRA5

W model (cutoff energy of E2 = 5 PeV) [6]. The close similarity of KRA5
W and W-optimized

spectral distributions imply that a possible experimental confirmation of the detection of neutrinos
from the Galactic plane would basically hold also for the latter model.

3. Discussion and conclusions

In this contribution we have reported the main results of recent computations of the diffuse
W-ray and neutrino emission of the Galaxy as described from a model of inhomogeneous transport
of charged particles in the Galaxy.

1We thank the LHAASO collaboration for providing these details.
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Two 𝜸-ray production cross-section parametrizations are considered ( → bands) : 

Kelner-Aharonian, PRD 2008 
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Figure 4: Predicted flux from the W-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).

is taking into account through a effective scaling parameter1. As we can see from this figure, the
agreement between our predictions for the Min configuration and the LHAASO data is very high.
Here, we do not include a prediction for the contribution of unresolved sources. Remarkably, a
sub-threshold source contribution larger than ⇠ 20% of the total LHAASO measurements would
be incompatible with this data for the inner region, while a contribution of up to ⇠ 50% of the total
flux could still be consistent with the data.

Finally, we show the neutrino flux predicted by the W-optimized model in Figs. 5 and 6. In Fig. 5
we compare the per-flavour predicted flux with the best-fit IceCube flux extracted from the KRA-W
(cutoff energy of E2 = 5 PeV) and c0 models [4]. As we see from the figure, our predictions lie in
perfect agreement with the uncertainty band from the best-fit measurements of IceCube (which are
those extracted from the c0 model). This constitutes a very important proof that this kind of model
explains both the W-ray and neutrino emissions simultaneously without the need of any fine-tuning.
On top of this, we emphasize that emission from sources could not be dominant below 100 TeV for
this model to be compatible with IceCube observations. Neutrino data from different parts of the
Galaxy will allow us to solve this puzzle.

In Figure 6 we show the predicted a Galactic diffuse emission considering the Min and Max
configurations of the W-optimized scenarios and compare them with the the model-independent
limits obtained from the ANTARES collaboration [26] considering 7.5 years of IceCube track-like
events for the region |; | < 40� and |1 | < 3� [27]. For reference we also show the prediction of the
KRA5

W model (cutoff energy of E2 = 5 PeV) [6]. The close similarity of KRA5
W and W-optimized

spectral distributions imply that a possible experimental confirmation of the detection of neutrinos
from the Galactic plane would basically hold also for the latter model.

3. Discussion and conclusions

In this contribution we have reported the main results of recent computations of the diffuse
W-ray and neutrino emission of the Galaxy as described from a model of inhomogeneous transport
of charged particles in the Galaxy.

1We thank the LHAASO collaboration for providing these details.
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transport - source spectrum !
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LHAASO results favour the MIN setup !
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Figure 8. Predicted full-sky ⌫ diffuse emission (per flavor) from the �-optimized model compared to
the best-fit IceCube flux extracted from the KRA-� (cutoff energy of Ec = 5 PeV) and ⇡0 models.
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Back to neutrinos
How this compare with the old KRA𝛄5  model ?

�  expectations from the new KRA-�  modelsν γ

The updated KRA-gammas remain consistent with the previous KRA-gamma 
with CR cutoff at 5 PeV.

Still at the level of 10% of 
IceCube full sky observations 
a n d c o m p a t i b l e w i t h 
A N T A R E S m o d e l 
independent old upper limits

De La Torre et al. 
Frontiers 2022 The expected new full sky �  SED in comparison with IceCube and ANTARESν

!13

The flux corresponding to the MIN model should be slightly smaller than KRA𝛄5.      
This looks consistent with the ∼1/2 IceCube best fit normalization factor ! 


IC analysis should be repeated with this model

Della Torre Luque, Gaggero, DG, Marinelli,  Frontiers 2023

All flavors
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Comparison with ANTARES preliminary results

Figure 6.

• SWGO which role may play )
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Figure 7. Predicted full-sky ⌫ diffuse emission (per flavor) from the �-optimized model compared to
the best-fit IceCube flux extracted from the KRA-� (cutoff energy of Ec = 5 PeV) and ⇡0 models.
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Template fit analysis using showers + tracks. Better angular resolution respect to 
IceCube , low 𝜇 contamination


Gamma-optimized MIN model statistically preferred (only 1.7 σ ! )


Little room left for a possible contribution of unresolved sources ! 

Cartaraud et al.  [ANTARES coll.]  with De La Torre Luque, DG, Benedittis,  ICRC 2023 

Template fitting of the new KRA-�  with ANTARESγ

!16

Cartraud T. et al. 
ICRC 2023

The updated  KRA-gamma template cannot 
be constrained at the moment with the 

ANTARES data. However the analysis show 
already hints of a preference for the a template 
with a hardening of CR toward the center of 

the Galaxy respect to a homogeneous CR 
transport assumption (CRINGE)

Higher significance for  KRA-�    
with CR cutoff at 5 PeV

γ

KRA𝛄 MAX
KRA𝛄 MIN
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KM3NeT perspectives

PoS(ICRC2023)1190
Search for a diffuse astrophysical neutrino flux from the Galactic Ridge using KM3NeT/ARCA data F.
Filippini

In Figure 4 the best-fitting flux obtained from the IceCube Collaboration [5] for two templates
models is reported, together with the ANTARES results [4] and KM3NeT upper limits. Since the
analysis methodology adopted by IceCube is based on a full-sky template search, the ANTARES
and KM3NeT limits has been integrated over the solid angle extension of the Galactic Ridge.

Figure 4: KM3NeT/ARCA6+8 combined (green solid line) and KM3NeT/ARCA6+8+19+21 combined
(blue solid line) 90% C.L. upper limits to a diffuse neutrino emission from the Galactic Ridge, for a range of
spectral indices �a 2 [2.2, 2.7]. The ANTARES limits and best-fitting flux are also reported (grey shaded
area and grey solid line) for the same type of search, derived from [4]. The KM3NeT and ANTARES limits
have been integrated over the solid angle, spanned by the Galactic Ridge, to be compared to the best fitting
fluxes (red and orange lines) reported by IceCube analysis, which are based on full-sky template method [5].

2.4 Conclusions and outlook

The discovery of a neutrino emission, recently reported by IceCube collaboration, following
a hint reported by the ANTARES Collaboration, has opened a new perspective on the possibility
to study the properties of our Galaxy through neutrinos [12]. The analysis illustrated in this
contribution, searching for a diffuse neutrino flux originated from the Galactic Ridge region, has
been performed exploiting data collected by KM3NeT/ARCA with 6, 8, 19 and 21 active detection
units, for a total lifetime of 432 days. No excess of events has been found with respect to the
background estimation. Currently the KM3NeT/ARCA detector comprises 21 active detection
units, for an effective area which is three times higher than the one of ARCA6/8. The first period of
KM3NeT/ARCA21 has been included in this analysis, but further 6 months of data gathered with
this configuration geometry are currently under analysis. A further expansion of the detector with
⇠ 10 more detection units is planned for the coming autumn. The limits shown in this work for this
type of search are not yet competitive with the results reported by ANTARES and IceCube, but the
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2 Astroparticle Research with Cosmics in the Abyss (ARCA)
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Figure 35: Significance (left) and 5� and 3� discovery fluxes (right) as a function of the observation time
for the detection in the track channel of a diffuse flux of neutrinos from a selected region of the GP near
the Galactic Center (see text).

2.3.3 Point-like neutrino sources

Due its good angular resolution, KM3NeT/ARCA is a very promising instrument for the detection of point-
like sources. In particular, its location in the Northern Hemisphere will allow the study of most Galactic
sources, as well as extragalactic sources (which are expected to be approximately uniformly distributed over
the sky) using up-going muon track events. In this section the sensititvity of the ARCA detector to point-like
sources will be discussed. In particular the two following physics cases will be analysed:

• Neutrino emission by the supernova remnant (SNR) RX J1713 and the pulsar wind nebula (PWN) Vela-
X, which are at present the Galactic objects exhibiting the most intense high-energy emission [52–54].
For these sources, the zenith position, angular extension, and neutrino flux parameterisation are
extracted from the measured high-energy �-ray spectra. In both cases, the expected neutrino spectra
are evaluated from the � spectrum under the hypothesis of a transparent source and 100% hadronic
emission. Although PWN are commonly assumed to be powered by e-/e+ winds, they will entrain
ions from the ambient medium, possibly accelerating them to very high energies.

• Sources without significant angular extension, emitting a benchmark E�2 neutrino spectrum. These
can be viewed as characteristic of extragalactic sites of hadronic acceleration (e.g. AGN) with cut-offs
expected at very high energies.. While the actual spectra of individual neutrino sources is not expected
to follow a simple E�2 power-law, and may exhibit features such as a peak at PeV energies, or a harder
spectra extending to EeV energies [55], the projected sensitivity to an E�2 flux gives a good indicator
of ARCA’s ability to study such extragalactic sources with higher-energy fluxes.

For the detection of neutrinos from point-like sources, the best performance is expected from a search
for track-like events. In fact, as discussed in Sec. 2.2.4, with long muon tracks an angular resolution of about
⇠ 0.2� can be achieved. To remove the unavoidable down-going atmospheric muon background, events are
selected that contain tracks reconstructed as up-going.

At the latitude of the Mediterranean Sea, selecting tracks that are reconstructed below or a few degrees
above the horizon implies a reduction of the visibility for source declinations above �40�, as shown in Fig. 36.
On the other hand, it is possible to view Northern-sky sources below +50� of declination, giving a total of
⇡ 3.5⇡ sr sky coverage.

Galactic sources SNR RX J1713.7-3946 (short: RX J1713) is a young shell-type supernova remnant that
has been observed by H.E.S.S. in several campaigns [56,57]. The � rays are emitted from a relatively large
circular region with a radius of about 0.6� and a complex morphology, with an energy spectrum that extends
up to 100 TeV. The source, at a declination of �39� 460, is visible for 80% of the time when selecting tracks
with reconstructed zenith angle ✓rec > 78�. For the present analysis, homogeneous emission from a circular

27th January 2016 Page 35 of 116

Letter of intent for KM3NeT 2.0 (2016) KM3NeT coll., ICRC 2023

KM3NeT has been estimated to be able to confirm this scenario in 5 years at 5σ (using tracks), reasonably 
less using also ANTARES data and showers analysis (KRA𝜸5   model , under progress with the upgraded 
models ) 
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Perspectives

• Release the new models to be used by more experiments possibly 
combining different data sets


• KM3NeT will be crucial to better determine the morphology of the 
emission


• Use even more accurate gas models including molecular clouds to 
identify possible hot spots


• Study the contribution of external galaxies, possibly also starbursts, to  
the extragalctic flux which may not be negligible especially a relatively 
low energies   
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Conclusions: some of Venja’s dreams come true
• The 𝛎 and 𝛄 diffuse emissions of the Milky Way have been observed 
up to the PeV ! 

• These emissions are consistent with (most) CR data !

• These results strongly points to a new propagation paradigm

• Even if the MW in 𝛎 looks much less prominent than in 𝛄, his words 

“The VHE and UHE 𝛾-ray fluxes from cosmic ray interactions with the matter in our Galaxy 
should be viewed as a standard candle for these energy regions, although the luminosity is low. 
Understanding the diffuse galactic radiation, with its predictable latitude and longitude 
dependence, is a precondition for the exploration of the deeper universe in this energy range.”

Hold true also for neutrinos ! 
50
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Comparison with Fermi

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. Predicted flux from the �-optimized model in the MIN and MAX configurations compared
to the recent diffuse LHAASO data [2] 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 !

– 4 –
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Figure 2. Same as Fig. 1 but calculated considering Case C for the di↵use neutrino emission.

for the total (di↵use + source) neutrino flux with the ANTARES signal. We see indeed that
the blue and green bands in the Figures are always below the ANTARES best-fit results.
We recall that the source population considered in this study is constrained to reproduce the
flux, longitude, and latitude distribution of ��ray emitting objects observed by HGPS in the
TeV energy domain. Moreover, all the sources are assumed to emit radiation by hadronic
interactions. This second assumption is rather extreme and allows us to obtain a very con-
servative upper bound for the source neutrino contribution. Indeed, according to our present
knowledge, the TeV gamma-ray Sky seems to be dominated by Pulsar Wind Nebulae that
are mostly powered at TeV by the IC mechanism, with subdominant or negligible neutrino
emission. We see from the figures that, in order to have a total neutrino emission comparable
to the ANTARES best-fit flux, in addition to the above hypotheses, it is also necessary to
postulate that all these sources are Pevatrons, i.e., they accelerate protons at energy larger
than ⇠ 1 PeV.

Our calculations are finally used to set an upper limit for the total neutrino flux from
the disk of our Galaxy. The solid grey lines show the maximal predictions for the total
neutrino flux that can be obtained in the considered scenarios. They are indeed obtained
by maximizing both di↵use and source components, i.e., by taking R = 1kpc for di↵use
flux calculation and Ecut = 1 for the primary proton source spectrum. We also show with a
black point the total neutrino flux obtained by converting the total gamma-ray flux measured
by the H.E.S.S. experiment at 1 TeV integrated into the ANTARES observational windows
using the spectral assumption for the CR given in Eq. 3.7. The H.E.S.S. experiment provides
a measurement of the spatial profile of the total gamma-ray emission, averaged over latitudes
|b| < 2�, in the longitude range �75� < l < 60�, for a photon median energy E� = 1TeV
[47]4. The total flux measured by H.E.S.S. includes the contribution from sources and di↵use

4The total emission from the Galactic plane is obtained as the excess with respect to the average signal at
absolute latitudes |b| � 1.2�. This background subtraction procedure cancels out all the signals with a large

– 9 –

Vecchiotti, Villante & Pagliaroli,  JCAP 2023
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2023). The latter only provides the flux measurements in the LHAASO region, so we average the neutrino flux in
these measurements within this region. The average neutrino flux in the LHAASO > 0.5� region is higher than the
average flux in the LHAASO region. This phenomenon is likely a result of applying the significance cut to the �-ray
flux map, which masks the sky region with low neutrino emission. The deviation from the measurements of IceCube
at the lower energy range is probably due to the di↵erent energy spectra and the di↵erent data samples. The best-fit
Galactic di↵use neutrino flux using 12.3 years of track data in the Northern sky is a factor of ⇠ 2 higher than the
all-sky cascade analysis for KRA� templates (Fuerst et al. 2023).

Figure 1. The muon neutrino intensity as a function of neutrino energy E⌫ . The best-fit flux obtained using the �-ray flux
map with > 0.5� detection is shown as a red solid line, averaged over the LHAASO > 0.5� region. The red shaded region
indicates the 1� uncertainty and extends over the energy range contributing 90% significance (for details, see Appendix B).
The theoretically predicted muon neutrino flux, derived from the LHAASO DGE observations (Cao et al. 2023) and Fermi-LAT
DGE observations from the LHAASO region (Zhang et al. 2023) assuming hadronuclear interactions, are shown as the blue
and pink shaded areas, respectively. After applying a 0.5� significance cut to the LHAASO �-ray flux map, the corresponding
intensity is shown as a blue solid line, which is approximately twice the intensity without significance cuts (blue shaded area).
The di↵use neutrino flux measured by IceCube (Abbasi et al. 2023a) using ⇡0 (orange) and KRA� templates (green and olive)
are also shown. These fluxes are scaled by multiplying the sky-integrated flux with the relative template contribution from the
LHAASO region and averaged over this region.

While we use track-like events in this study due to their good sensitivity in the Northern sky and large statistics,
cascades will facilitate searches for signals from very extended regions like the Galactic plane due to their lower
backgrounds. Analyses using combined tracks and cascades may o↵er enhanced sensitivity (Savina et al. 2023) and
could be investigated in the future.
In the case of templates, more neutrino emission templates can be tested in the future. Firstly, the central 90% energy

range is from 0.3 TeV to 54.6 TeV (Figure 1), and some models predict that hadronic emission is more dominant in the
lower energy range (Marinos et al. 2022). In the future, we can use neutrino emission templates based on observations
by LHAASO-WCDA. Secondly, Galactic plane neutrinos tend to concentrate towards the Galactic Center region,
where there are hot spots (Abbasi et al. 2023a). Future large zenith angle di↵use �-ray observations by LHAASO
towards the GC region, along with observations from future ground-level particle detectors in the Southern sky, such
as the Southern Wide-field Gamma-ray Observatory (SWGO) (Conceição 2023), will enhance the search for Galactic
neutrinos.

4.2. Galactic Plane Scan Search Results

W.Li at al. arXiv:2408.12123 

Search for an excess (1.9 σ evidence) in IceCube tracks 
corresponding to LHAASO signal
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