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ABSTRACT174

The existence of di↵use Galactic neutrino production is expected from cosmic ray interactions with175

gas and radiation fields. Thus, neutrinos are a unique messenger o↵ering the opportunity to test the176

products of Galactic cosmic ray interactions up to energies of hundreds of TeV. Here we present a177

search for this production using ten years of ANTARES track and shower data, as well as 7 years of178

IceCube track data. The data are combined into a joint likelihood test for neutrino emission according179

to the KRA� model assuming a 5 PeV per nucleon Galactic cosmic ray cuto↵. No significant excess180

is found. As a consequence, the limits presented in this work start constraining the model parameter181

space for Galactic cosmic ray transport and production.182

Keywords: neutrinos — cosmic rays — di↵usion — Galaxy: disk — gamma rays: di↵use background183

1. INTRODUCTION184

A di↵use Galactic neutrino emission is expected from185

cosmic ray (CR) interactions with interstellar gas and186

radiation fields. These interactions are also the domi-187

nant production mechanism of the di↵use high-energy188

�-rays in the Galactic plane, which have been measured189

by the Fermi -Large Area Telescope (Fermi -LAT) (Ack-190

ermann et al. 2012).191

In the GALPROP-based (Vladimirov et al. 2011) con-192

ventional model of Galactic di↵use �-ray production193

CRs are accelerated in the a distribution of sources such194

as supernova remnants. They propagate di↵usively in195

the interstellar medium producing �-rays and neutri-196

nos via interactions with the interstellar radiation field197

and interstellar gas. The interstellar radiation field is198

weakly constrained by Fermi -LAT �-ray data and inter-199

stellar gas is constrained by both Fermi -LAT �-ray data200

and radio measurements of CO and HI line intensities.201

The CR population model itself is normalised to local202

measurements taken at Earth. The GALPROP model203

parameters are tuned to achieve optimal agreement be-204

tween Fermi -LAT (Ackermann et al. 2012) data and the205

direction-dependent prediction given by integrating ex-206

pected �-ray yields along the line of sight from Earth.207

The neutral pion decay component estimated by the208

conventional model should be accompanied by a neu-209

trino flux from charged pion decay.210

The conventional model however under-predicts the211

�-ray flux above 10GeV in the inner Galaxy (Ack-212

ermann et al. 2012). The KRA� models (Gaggero213

et al. 2015a,b, 2017) address this issue using a radially-214

dependent model for the CR di↵usion coe�cient and the215

advective wind. The primary CR spectrum assumed216

within the KRA� models has an exponential cuto↵ at217

a certain energy. In order to bracket measurements218
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Figure 1. Neutrino flux per unit of solid angle of the KRA
5
�

model (Gaggero et al. 2015a), shown as a function of direc-

tion in equatorial coordinates (Hammer projection).

by KASCADE (Antoni et al. 2005) and KASCADE-219

Grande (Apel et al. 2013) while maintaining agreement220

with proton and helium measurements by CREAM (Ahn221

et al. 2010), cuto↵s at 5 and 50 PeV per nucleon are con-222

sidered. The resulting models are referred to as KRA5
�223

and KRA50
� , respectively. The direction dependence of224

the energy-integrated KRA5
� neutrino flux prediction is225

shown in Figure 1. Compared to the conventional model226

of the Galactic di↵use emission, the KRA� models pre-227

dict modified spectra and enhanced overall �-ray and228

neutrino fluxes in the Southern sky, especially in the229

central ridge where a hardening of the CR spectra is re-230

produced. Hence, neutrinos o↵er a unique opportunity231

to independently test the model assumptions of Galac-232

tic CR production and transport, accessing energies far233

beyond the reach of current �-ray experiments.234

The KRA� predictions have already been tested sep-235

arately with ANTARES (Albert et al. 2017) and Ice-236

Cube (Aartsen et al. 2017a) data. ANTARES and237

IceCube achieved sensitivities of 1.05 ⇥ �KRA50
�

and238

0.79 ⇥ �KRA50
�

, respectively; both analyses obtained239
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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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Air-Shower + muon detector at 4300 m a.s.l. 

➤ First detection of  the 𝛄-ray diffuse emission from the 
Galactic plane in the PeV domain.  5.9𝞼 significance (ON/OFF 
analysis. 23 events E > 398 TeV  |b|< 10 o , 10 ev. |b| > 20 o  )


➤ No events from known TeV sources above 398 TeV while above 
100 TeV TeVCAT sources contribute a 13%


➤ 4 events (out of a total number of 10 above 398 TeV) from the 
Cygnus Cocoon (𝒍 ≃  80 o )


➤ Under the hypothesis the emission is originated by CRs, a 
good agreement with the predictions of a space-dependent 
CR transport scenario is claimed — as we will show in a 
while!

Tibet AS𝛄 coll. , PRL 2021

Estimated systematic error - 30%

Angular resolution > 400 TeV : 0.16 o  
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Extraction of  Resolved Sources

Region:
Inner Galactic Plane
(25°<݈<100°)

R < 2 p. s. fଶ + ௫௧ଶMasked radiusߪ

TeVCat: http://tevcat2.uchicago.edu/

S.P. Zhao et al. - LHAASO coll. , ICRC 2021

Air-Shower + muon detector at 4400 m a.s.l. 

➤ Statistics is larger compared to Tibet results


➤ Energy threshold lower than Tibet


➤ TeVCAT sources were masked


Spectra Energy Distribution
—— 25°<݈<100°
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- Does this emission share the same nature of the “truly 
diffuse” interstellar emission (originated by the CR sea) as 
measured by Fermi-LAT? or it is the superposition of many 
unresolved sources? 

- Is the spectral shape and normalization of the inferred 
primary CR population different from the local one?


- What is the CR spectrum and composition around the PeV ?


- What are the implications for the search of Galactic 
neutrinos and what would we learn detecting the Galactic 
neutrino diffuse emission?
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The conventional scenario

Schematically, for CR nuclei 


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


 for a uniform diffusion coefficient         D (𝝆, x)   ∝ D0 𝝆 - 𝜹


➠ JCR (𝝆, x)  ∝ J0(x) 𝝆 - (𝝰 + 𝜹 )     in the whole Galaxy  

How 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

Astrophysical inputs : gas maps , 
interstellar radiation fields, 
magnetic fields

CR spatial/energy 
distribution from 
numerical codes 
(GALPROP/DRAGON)

➠

LOS integration 

GALPROP/HERMES 

𝜹 ≃ 0.5 


𝝆 : particle rigidity

https://github.com/cosmicrays/hermes
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The conventional approach - issues 

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

Figure 11. Difference between the absolute values of the fractional
residuals of model SSZ4R20T150C5 and model SLZ6R20T∞C5 (top);
model SSZ4R20T150C5 and model SYZ10R30T150C2 (middle); and model
SSZ4R20T150C5 and model SOZ8R30T∞C2 (bottom). Negative pixels repre-
sent a better fit with model SSZ4R20T150C5, while positive pixels are better
fit with the other models. The maps have been smoothed with a 0.◦5 hard-edge
kernel; see Figure 6.
(A color version of this figure is available in the online journal.)

in Abdo et al. (2009a) for two main reasons. First, we use dust
as an additional tracer for gas densities that has been shown to
give better results than using only H i and CO tracers (Grenier
et al. 2005). This is especially true for intermediate latitudes
in the direction toward the inner Galaxy, which is the brightest
part of the low intermediate-latitude region. Second, we allow
for freedom in both the ISRF scale factor and XCO to tune the
model to the data, which is well motivated given the uncertainty
in those input parameters.

The models in general do not fare as well in the Galactic
plane where they systematically underpredict the data above
a few GeV but overpredict it at energies below a GeV. This is
most pronounced in the inner Galaxy (Figure 15), but can also be
seen in the outer Galaxy (Figure 16), with even a small excess at

Figure 12. Spectra extracted from the local region for model SSZ4R20T150C5
(top) and model SOZ8R30T∞C2 (bottom) along with the isotropic background
(brown, long-dash-dotted) and the detected sources (orange, dotted). The models
are split into the three basic emission components: π0-decay (red, long-dashed),
IC (green, dashed), and bremsstrahlung (cyan, dash-dotted). All components
have been scaled with parameters found from the γ -ray fits. Also shown is
the total DGE (blue, long-dash-dashed) and total emission including detected
sources and isotropic background (magenta, solid). The Fermi-LAT data are
shown as points and the error bars represent the statistical errors only that are in
many cases smaller than the point size. The gray region represents the systematic
error in the Fermi-LAT effective area. The inset sky map in the top right corner
shows the Fermi-LAT counts in the region plotted. Bottom panel shows the
fractional residual (data − model)/data.
(A color version of this figure is available in the online journal.)

intermediate latitudes (Figure 14). Possible explanations for this
discrepancy are deferred to the discussion section. We note that
the dip in the data visible between 10 and 20 GeV is due to the
IRFs used in the present analysis. Figure 17 shows a comparison
of model SSZ4R20T150C5 to the data in the outer Galaxy using
the Pass 7 clean photons. The dip between 10 and 20 GeV is

15

IC

sources

total diff.

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

• intensity/spectral variations 

• challenge simple propagation 
models
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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 
                

9

of 27L. Tibaldo Interstellar gamma-ray emission

The cosmic-ray gradient across the Milky Way

19
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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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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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The KRAγ or “gamma optimized” scenario 

Schematically, for CR nuclei 


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


 for not uniform diffusion coefficient     D (𝝆, x)   ∝ D0 𝝆 - 𝜹 (x) 
➠ JCR (𝝆, x)  ∝ J0(x) 𝝆 - (𝝰 + 𝜹 (x))    Unfactorized rigidity-position dependence 


δ(R) = A R + B  for r < 11 kpc    

Gaggero, Urbano, Valli & Ullio, PRD 2015

5

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

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

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

There are in principle alternative scenarios leading to

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

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

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

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

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

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

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

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

4

The last step of our method consists in verifying a pos-
teriori that the corrections described above do not spoil
the local observables: we find that just a small tuning in
the value of the normalization of the di↵usion coe�cient
D0 and in the source spectral index � are needed.

In particular, we checked protons (see Fig. 3), B/C
(see Fig. 4), antiprotons (see Fig. 5), leptons, and
10Be/9Be.

FIG. 3. Comparison between the local proton flux in the
KRA� model and the corresponding experimental data. We
use a fixed modulation potential of 500 MV, and, in addition
to the PAMELA data [9], we also show preliminary AMS-02
results [26].

Concerning the Beryllium ratio, the compatibility be-
tween the observational evidence of strong winds in the
inner Galaxy and the constraints from the radioactive
isotopes may be a problem (see e.g. [17]). Neverthe-
less, in our case the Galactic wind is not present locally
and therefore we have an acceptable agreement with the
data.

All in all, we report the following best-fit values for the
parameters described above: A = 0.035 kpc�1, Rw =
6.5 kpc, dV/dz = 100 km s�1kpc�1, D0 = 2.24 ⇥ 1028

cm2s�1, � = 2.35. We label this model KRA� .

IV. RESULTS.

We show in fig. 1, 6, and 7, the �-ray spectra for our
KRA� model in three relevant sky windows: the Galactic
disk, a small window focused on the Galactic center, and
the mid-latitude strip with |l| < 180�, 10� < |b| < 20�.

In fig. 8 we show the longitudinal profile. We re-
mark that the model is not optimized for high longitudes
(|l| > 100�): this is the well-known gradient problem, and
this discrepancy can be reabsorbed by a rescaling of the
⇡0 component – motivated by the possible presence of

FIG. 4. Comparison between the local B/C ratio in the KRA�

model and the corresponding experimental data. We show two
di↵erent values for the modulation potential, 500 MV (dashed
line) and 200 MV (solid line). Data points refer to di↵erent
experiments: ACE [27], HEAO-3 [28], ATIC [29], CRN [30],
CREAM [31], PAMELA [32] and AMS [33].

FIG. 5. Comparison between the local antiproton flux in the
KRA� model and the corresponding PAMELA data [34]. We
use a fixed modulation potential of 750 MV.

neutral gas not traced by HI and CO emission lines –
a position-dependent normalization of the di↵usion coef-
ficient [22], or an altered source term [35] with respect
to the one we adopt [36]. A full-sky analysis based on
a combined scenario with both a variable slope and nor-
malization of the di↵usion coe�cient is far beyond the
scope of this paper, and will be addressed in a future
work.
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•  Poloidal magnetic field become more relevant toward the GC 

•  CR escape via parallel diffusion (irrelevant at large radii) becomes dominant at 

small R       

•  Parallel diffusion seems to exhibit a harder scaling with rigidity  Casse+ 2001, De 

Marco+ 2007 ,  Snodin + 2015]                                            
                                   D|| ∝ ρ1/3    D⊥ ∝ ρ1/2                

  ➜  CR spectrum becomes harder for R ➜ 0 (same effect at all relevant energies)

Anisotropic propagation of Galactic CRs Andrea Vittino

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

An interesting physical interpretation?

Magnetic field model             
Jansson & Farrar ApJ 2012                                      
Terral & Ferriere 2016

Cerri, DG, Vittino, Evoli & Grasso, JCAP 2017The KRAγ or “gamma optimized” scenario 
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Updated models compared to Fermi-LAT data
P. De La Torre Luque, D. Gaggero, DG, O. Fornieri,  K. Hegberts, C. Steppa, C. Evoli, 2203.15759 

We include an unresolved source 
model based on the H.E.S.S. galactic 
plane survey

[Steppa & Egberts A&A 2022]

 

The model was retuned on most 
recent Fermi-LAT data, taking into 
account more recent analyses of the 
hardening trend


The model adopts a hardening of the 
source spectrum at 300 GeV to 
reproduce AMS-02 data


CR (proton) spectral index as inferred 
from several analysis of Fermi-LAT  𝛄-
ray data


Figure 3. Radial distribution of the gamma-ray emissivity per H atom. The emissivity is
integrated over the 1–100 GeV range: This quantity is a proxy to the total CR flux. Previous studies
mentioned in the text are shown for comparison: We notice that Ref. [3] provide the emissivity per
H atom at 2 GeV. The result associated to the first radial bin, corresponding to the inner Galactic
bulge, is less reliable for several reasons discussed in the text, and is therefore grayed out in the plot.
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Acero et al. (2016)

Yang et al. (2016)

�0 2-220 GeV (this study)

Figure 4. Spectral index of the hadronic emission for di↵erent Galactocentric rings. We
show the spectral index fitted as explained in the text from 2–220 GeV compared to the trend found in
[3, 4]. Horizontal error bars indicate bin width in R and vertical error bars are 68% credible intervals.

[e.g., 26, 27].
The best-fit photon index from Figure 2 is plotted versus radial distance from the

Galactic center in Figure 4 and compared with previous analyses [3, 4]. We also show the
hadronic gamma-ray emissivity integrated over energies above 1 GeV (for straightforward
comparison with [4]; [3] shows the emissivity at 2 GeV), which is a proxy of the hadronic CR
flux, in Figure 3. Overall, we find a reasonable agreement with both studies.

– 8 –
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Updated models compared to Fermi-LAT data

P. De La Torre Luque et al. Prospects for detection of a Galactic diffuse neutrino flux

Figure 2. Enter the caption for your figure here. Repeat as necessary for each of your figures

Figure 3. This is a figure with sub figures, (A) is one logo, (B) is a different logo.

Frontiers 9

P. De La Torre Luque et al. Prospects for detection of a Galactic diffuse neutrino flux

Figure 2. Enter the caption for your figure here. Repeat as necessary for each of your figures

Figure 3. This is a figure with sub figures, (A) is one logo, (B) is a different logo.

Frontiers 9

Performed with HERMES 

https://github.com/cosmicrays/hermes

De La Torre Luque, DG, Gaggero, Marinelli, accepted by Frontiers 
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Gaggero, D.G., A. Marinelli, Urbano, Valli  ApJ L 2015 
provides a good fit of the γ-ray diffuse emission measured by
Fermi-LAT all over the sky, particularly toward the inner GP
region. Moreover, it accounts for the galactocentric radial
dependence of the CR spectral index found by the Fermi-LAT
collaboration (Casandjian & Fermi-LAT Collaboration 2015).

Here we extend the computation performed in (Gaggero
et al. 2014) above the TeV.

Similar to (Gaggero et al. 2014), we compute the hadronic
emission integrating the expression of the γ-ray emissivity
along the line of sight using GammaSky, a dedicated code used
(Evoli et al. 2012; Cirelli et al. 2014) to simulate diffuse γ-ray
maps. This package features, among other options, the gas
maps included in the public version of GALPROP (Moskalenko
et al. 2002; Ackermann et al. 2012; GALPROP-web 2015). We
adopt the emissivities given in Kamae et al. (2006), accounting
for the energy dependence of the pp inelastic cross-section
(significant above the TeV). We disregard γ-ray opacity due to
the interstellar radiation field, since it is negligible up to a few
tens of TeV (Ahlers & Murase 2014).

Our results are shown in Figure 1. As mentioned above, a
representative conventional model (KRA) cannot account for
the flux measured by Milagro from the inner GP at 15 TeV
even if accounting for the CR spectral hardening required to
match the PAMELA and CREAM data. The KRAγ setup,
instead, is more successful, especially if a global hardening is
assumed. This is a remarkable result since: (1) it supports the
KRAγ model in a higher-energy regime; (2) it provides the first
consistent interpretation of Milagro and Fermi-LAT results (an
optimized model was proposed to account for the EGRET GeV
excess Strong et al. (2004), and came out to reproduce Milagro
results as well, but was subsequently excluded by Fermi-LAT
Abdo et al. 2009), and (3) it reinforces the arguments in favor
of a non-local origin of the hardening in the CR spectra above
250 GeV.

Interestingly, the KRAγ model also reproduces the high-
energy diffuse γ-ray spectrum measured by H.E.S.S. in the
Galactic ridge region ( � nl 0 .8∣ ∣ , � nb 0 .3∣ ∣ ) in terms of CR
scattering with the dense gas in the central molecular zone
without the need to invoke the contribution of sources to that
region (Aharonian et al. 2006) and without further tuning (see
Gaggero et al. 2015 for more details). Although this is a very
small region with respect to the regions considered in this
paper, this result may be interpreted as a valuable check of our
model in a region not covered by Milagro.

Moreover, our KRAγ model is also compatible with ARGO-
YBJ results in the window 65°<l<85° and � nb 5 ;∣ ∣ both
the KRA and the KRAγ are consistent with CASA-MIA
measurements at high Galactic longitudes (Borione et al. 1998).

4. THE NEUTRINO EMISSION

The results discussed above clearly show that the hadronic
emission computed with the KRAγ setup above the TeV is
significantly stronger than the conventional model predictions,
In this section we show the relevant consequences concerning
the Galactic neutrino emission.

We first compute the νe and νμ production spectra: for both
flavors we use the emissivities provided in Kamae et al. (2006;
well-tuned on accelerator and CR data) for projectile energies
below ∼500 TeV, while we adopt the emmisivities provided in
Kelner et al. (2006) that are above that energy range. Then we
account for neutrino oscillations: their effect is to almost
equally redistribute the composition among the three flavors

(Cavasinni et al. 2006). We only consider proton and helium
CRs/gas—just as for γ-rays—since heavier nuclear species
give a negligible contribution in the energy range we cover in
this work (Kachelriess & Ostapchenko 2014).
Because neutrinos in the Galactic emission are expected to

be maximal in the inner Galactic plane region, we first present
our results for the windows � nl 30∣ ∣ and � nb 4∣ ∣ . For this
region the ANTARES collaboration (Aguilar et al. 2011)
recently released an upper limit on the muon neutrino flux
based on the result of an unblinding analysis regarding the
events collected between 2007 and 2013 in the energy range

u3 300[ ]TeV (Fusco & ANTARES Collaboration 2015).
In Figure 2 we compare the νμ flux computed with the KRA

and KRAγ setups with the flux of the experimental constraint.
First of all we notice the large enhancement (almost a factor of
5 at 100 TeV) obtained with the KRAγ model with respect to
the conventional scenario. Indeed, while—in agreement with
previous results—we find that the flux corresponding to the
KRA model may require long times of observation even by the
KM3NeT observatory (Adrián-Martínez et al. 2013), our
prediction for the KRAγ model is instead well above the
sensitivity reachable by that experiment in four years and it is
almost within the ANTARES observation capabilities.
Interestingly, our result is in good agreement with the

maximal flux inferred from the fraction of IceCube HESE
events compatible with that region (see Figure 3). We notice
that in that region the expected EG contribution, as constrained
from the muon neutrino flux in the northern hemisphere (see

Figure 2. Solid and dashed red (blue) lines: expected neutrino spectra (all
flavors, both neutrinos and antineutrinos) in the inner Galactic plane region
computed for the conventional KRA (the novel KRAγ) models for two
different cutoff values. We also show the maximal flux, estimated considering
three years of IceCube HESE events as described in Spurio (2014) and the
constraint from the ANTARES experiment (Fusco & ANTARES Collabora-
tion 2015; 1500 days of experiment livetime between 2007 and 2013), as well
as the deduced sensitivity of the future Mediterranean observatory KM3NeT
(Piattelli & KM3NeT Collaboration 2015b) with four years (∼1500 days) of
livetime.
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3. A possible interpretation for the hints of an excess of
IceCube events along the Galactic plane and of the
different neutrino slope in the northern and southern
hemispheres.

2. THE MODEL

Following (Gaggero et al. 2014), the starting point is a
conventional propagation setup characterized by δ=0.5,5

compatible with a Kraichnan spectrum of the interstellar
turbulence within the quasi-linear theory framework. We will
refer to this setup as the “KRA model” (see also Evoli
et al. 2011).

The new model presented in that paper featuresδ increasing
with the galactocentric radius R (implying spatially variable CR
transport as originally suggested, e.g., in Erlykin & Wolfendale
2013), and hence predicts a hardening of CR propagated
spectrum and γ-ray emissivity in the inner Galaxy.

The following explains the model in more detail.

1. E has the galactocentric radial dependence E �R( )
�AR B for R<11 kpc, where A=0.035kpc−1 and

B=0.21 so that δ(Re)=0.5. This behavior may have
different physical interpretations, e.g., a smooth transition
between a dominant parallel escape along the poloidal
component of the regular Galactic magnetic field (in the

inner Galaxy, where δ is lower) and a perpendicular
escape with respect to the regular field lying in the plane
(in the outer Galaxy, where the scaling is steeper).

2. An advective wind for R<6.5 kpc with velocity V z zC ( ) ˆ
(z is the distance from the GP) vanishing at z=0 and
growing as � � �dV dz 100 km s kpcc

1 1 is also included.
This ingredient is motivated by the X-ray ROSAT
observations Snowden et al. (1997).

3. The vertical dependence of the diffusion coefficient is
taken as rD z z zexp ;t( ) ( )

4. The halo size is zt=4 kpc for all values of R (this is a
conventional choice widely used in the literature, and we
checked that our results do not change significantly
considering larger values of zt).

The observed γ-ray spectra at both low and mid Galactic
latitudes, including the Galactic center, are reproduced by this
model without spoiling local CR observables: proton, anti-
proton, and Helium spectra, B/C and 10Be/9Be ratios.
Moreover, this scenario naturally accounts for the radial
dependence in the CR spectrum found by the Fermi
collaboration (Casandjian & Fermi-LAT Collaboration 2015).
We will refer to this model as “KRAγ” since it is tuned on
gamma-ray data.
We implement the setup with DRAGON, a numerical code

designed to compute the propagation of all CR species (Evoli
et al. 2008; DRAGON-web 2015). While the current version of
the code shares with GALPROP (GALPROP-web 2015) the
same spallation cross-section routines and gas distribution, its
innovative structure allows us to compute CR transport in the
general framework of position-dependent diffusion.
Concerning the p and He spectral hardening inferred from

PAMELA (Adriani et al. 2011)—recently confirmed by AMS-
02 (Aguilar et al. 2015)—and CREAM (Ahn et al. 2010) data
above ∼250GeV/n, we consider two alternatives. (1) Local
hardening could originate from nearby supernova remnants
(see, e.g., Thoudam & Hörandel 2013); since this is a stochastic
effect and averages out on large scales it amounts to not
introducing any feature in the Galactic CR population used in
this work. (2) Global hardening could originate from a spectral
feature in the rigidity dependence of CR source spectra or the
diffusion coefficient (here we only consider the former case, as
both scenarios have the same effect on the γ-ray diffuse
emission). In both cases we assume that above 250 GeV/n the
CR source spectra extend steadily up to an exponential cutoff at
the energy Ecut/nucleon.
We consider two representative values of this quantity,

namely Ecut=5 and 50 PeV which—for the KRAγ setup—
match CREAM p and He data and roughly bracket KASCADE
(Antoni et al. 2005) and KASCADE-Grande data (Apel 2013).
While KASCADE proton data favor the lowest cutoff, the
highest is favored by the KASCADE-grande all-particle
spectrum. A more detailed fit of the CR spectra in the PeV
region is not justified here due to the large experimental
uncertainties on the elemental spectral shapes and normal-
izations. The consequent uncertainty on the neutrino flux
should, however, be captured by our choice to consider a range
of cutoffs.

3. THE γ-RAY SPECTRUM

As shown in Gaggero et al. (2014), the KRAγ setup—both in
its local (KRAγ with no hardening) and global realizations—

Figure 1. Diffuse emission γ-ray spectrum from the inner Galactic plane
( � nb 2∣ ∣ , 30°<l<65°) computed for the reference models considered in
this Letter compared with Fermi-LAT and Milagro data. The Milagro
differential flux reported here is 17% lower with respect to the flux reported
in 2008 (Abdo et al. 2008) due to the assumption of a spectral index of 2.4
instead of 2.7 (P. Huentemeyer 2015, private communication). The expected
sensitivities of HAWC (Abeysekara et al. 2013) and CTA (Actis et al. 2011)
are reported. The spectral components are shown for the KRAγ model only.
The Fermi-LAT data points refer to 5 years of data, within the event class
ULTRACLEAN, according to Fermi tools v9r32p5.

5
δ is defined by S S Sr ED 0( )( ) .

2
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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-

4

Stellar light can be described as the superposition of
diluted black body spectra with temperatures between
3000 and 8000 Kelvin, plus a small contribution in the
ultraviolet range from young hot stars. In the vicinity
of the solar system the stellar light radiation field has a
total number density of order 0.5 cm�3 of photons with
average energy h"i ' 1 eV. The infrared and stellar light
components of the radiation field have non trivial space
and angular distributions that reflect the disk structure
of the Galactic sources.

The bottom panel of Fig. 1 shows the angle averaged
absorption probability in the solar neighborhood. The
energy dependence of this absorption probability reflects
the spectral shape of the target photon distribution. The
maximum at E ' 2.2 PeV, and the two shoulders at 150
and 1.6 TeV correspond to interactions with the photons
of the three main components (CMBR, dust and star
emission) of the target radiation field. The probability of
interactions with the photons of a single component has a
maximum for a gamma ray energy of order E� ·h"i ⇡ m

2
e,

that corresponds to the c.m. energy of the photon–
photon collisions just above the kinematical threshold,
where the pair production cross section has its maximum
value ��� ' �Th/4 (where �Th ' 6.65⇥ 10�25 cm2 is the
Thomson cross section). At the maximum, the absorp-
tion probability takes the value K ⇡ �Th N�/4 where N�

is the total number density of target photons that form
the component.

Numerically this corresponds to a minimum interac-
tion lengths (in the solar neighborhood) of order �abs =
K

�1 ⇡ 7 kpc at energy E� ' 2.2 PeV for absorption
by the CMBR, �abs ⇡ 100 kpc at E� ' 150 TeV for
absorption by the infrared dust emission, and �abs ⇡ 7
Mpc at E� ' 1.6 TeV for absorption by starlight.

The calculation of the optical depth requires a knowl-
edge of the target radiation field in the entire volume of
the Galaxy, however, for a qualitative understanding, one
can note that the spectra of the target photons have a
similar shape in all points of the Galaxy. The absorp-
tion generated by interactions with the CMBR, with an
absorption length of order 10 kpc, that is of same or-
der of the linear size of the Galaxy is very important
for the propagation of photons in the PeV energy range.
The e↵ects of absorption by dust emitted infrared pho-
tons, with a (space and direction dependent) absorption
length ten times longer (of order 100 kpc), are smaller
but not entirely negligible. The e↵ects of absorption on
stellar light remain always small.

III. THE LOCAL DIFFUSE � RAY EMISSION

As a first step, in this section we will calculate the local
di↵use gamma ray emission, that is the emission in the
vicinity of the solar system. This calculation requires
three elements: (a) a knowledge of the CR fluxes that
are directly observable at the Earth, (b) a description of
the relevant targets (gas and radiation) for CR interac-

tions, and (c) a model for the interaction cross sections.
The crucial point is that the calculation does not need to
model the space dependence of the CR spectra.
In the following we will discuss separately the two main

(hadronic and leptonic) emission mechanisms.

A. Hadronic emission

The calculation of the hadronic emission requires a de-
scription of the nuclear components of the CR flux. Fig. 2
shows our fit to the observed spectra of protons and nu-
clei, together with some of the available data. In the
figure the spectra are shown in the form of the nucleon
flux versus the energy per nucleon E0. The spectra ex-
hibit two evident spectral features. The first one is a
hardening at rigidity p/Z ⇡ 300 GV that has been ob-
served by CREAM, PAMELA and AMS02 [22–25]. The
second feature is the well known “knee” that is promi-
nent in the all–particle spectrum observed by air shower
experiments for a particle energy E ' 4 PeV. Our de-
scription of the CR fluxes assumes that also the “knee”
is a spectral structure present for all nuclear species at
a constant rigidity, with the softening at 4 PeV corre-
sponding to the break in the helium component that is
dominant at that energy.
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FIG. 2: Model of the cosmic ray fluxes at the Earth used in this
work. The lines show the all nucleon flux and the contributions
due to protons, helium, and nuclei with Z > 2. The data points
are from AMS02 [24, 25] and CREAM [28].

For E0 . 104 GeV our model of the CR spectra is
based on a generalization of the fit given in [26], that
gives a good description of the data of AMS02 [24, 25]
and CREAM [28]. The fluxes of nuclei with A > 4 are
extrapolated from the measurement of the HEAO3 de-
tector [29], introducing a rigidity dependent hardening.
The CR fluxes observed at the Earth, for E . 30 GeV

are distorted by solar modulation e↵ects. Our model

Lipari & Vernetto, 2018

Large CR density 
enhancement in the 
inner galactic plane !

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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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:

D(⇢, x) = D0 · �
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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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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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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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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 𝛄-ray sky simulated with HERMES
IceCube coll.,  Astrophys.J. 891 (2019) 9

Performed with HERMES 

https://github.com/cosmicrays/hermes
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sented in Fig. 13 of Abdalla et al. (2018b). The HGPS
catalog can be considered complete for objects produc-
ing fluxes larger than 0.1�CRAB (with the exception of
sources having an angular extension larger than ⇠ 1�

which cannot be observed by H.E.S.S). Taking this into
account, we calculate the cumulative emission of unre-
solved sources as:

'
NR(E�) = '(E�)

Z �th
TeV

0
d�TeV �TeV

dN

d�TeV
(4)

where '(E�) is the average source spectrum2:

'(E�) =
1

K

✓
E�

1TeV

◆��

exp (�E�/Ecut) (5)

the quantity dN/d�TeV is the source flux distribution
produced by the considered population in a given region
of the sky (see Eq. A.6 of Cataldo et al. (2020)), and we
vary the flux detection threshold in the range �th

TeV =
[0.01� 0.1]�CRAB.
Note that the di↵use Galactic �-ray flux at sub-PeV

energies measured by Tibet AS� is obtained by subtract-
ing/masking the contribution of sources which are in-
cluded in the TeVCAT catalog (Wakely & Horan 2008).
This implies that sources should be faint not only at
sub-PeV energies (but also at TeV energies) to escape
detection. As a consequence, the above approach which
is based on the detection capabilities of experiments op-
erating in the TeV domain is also adequate to investigate
unresolved source contribution in the sub-PeV energy
range.

4. RESULTS

The flux produced by faint sources which are not in-
dividually detected adds up the CR di↵use emission,
shaping the radial and spectral behaviour of the total
di↵use �-ray flux observed by di↵erent experiments. In
Fig. 1, we shows the theoretical predictions for the total
di↵use ��ray flux (green band) as a function of energy
in the regions of the Sky probed by Tibet AS� exper-
iment (Amenomori et al. 2021). The upper panel (a)
refers to the region 25� < l < 100�, while the lower
panel (b) shows the region 50� < l < 200�; both of
them correspond to the latitude range |b| < 5�. The
unresolved sources contribution is obtained as described
in the previous section and the thickness of the green
band corresponds to the uncertainty in flux detection
threshold �th

TeV. Namely, the upper and lower green

2 The constant K is determined by the condition that '(E�) is
normalized to one when integrated in the [1 � 100] TeV energy

domain, i.e. K ⌘
R 100TeV
1TeV dE� '(E�).
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Figure 1. Di↵erential energy spectra of di↵use ��rays from
the Galactic plane in two di↵erent angular regions. Red data
points are the measurements provided by Tibet (Amenomori
et al. 2021). Blue data points in the upper panel are pro-
vided by Argo-YBJ (Bartoli et al. 2015), while blue triangles
in the lower panel are upper limits by the CASA-MIA ex-
periment (Chantell et al. 1997). Solid and dashed curves
display the predicted energy spectra by the space-independent
and space-dependent models by Lipari & Vernetto (2018),
respectively. The green shaded band represents the total dif-
fuse ��ray emission obtained by adding the unresolved source
contribution estimated in this paper to the �-ray truly di↵use
emission from space-independent model by Lipari & Vernetto
(2018).

lines are obtained by assuming �th
TeV = 0.1 �CRAB and

�th
TeV = 0.01 �CRAB, respectively. The truly di↵use

emission, produced by CR interactions with the inter-
stellar gas, is shown by grey solid lines in Fig.1 and cor-
responds to the “space-independent” model of Lipari &
Vernetto (2018). Red data points show the di↵use flux
measured by Tibet AS�. These are obtained after sub-
tracting events within 0.5� from known TeV sources in-
cluded in the TeVCAT catalog (Wakely & Horan 2008).
The error bars show 1� statistical errors. Finally, we
also display the CR di↵use flux corresponding to the
“space-dependent” model of Lipari & Vernetto (2018)
(gray dashed lines) to permit comparison with our pre-
dictions. This is obtained by assuming that the CR
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below) gives a subdominant contribution with respect to that
computed with the KRAγ model. Therefore the possible
detection of a signal in that sky window would be a smoking
gun for the presence of such Galactic emission.

IceCube should also have the potential to detect that
emission on a larger region. In this context, we also note that
an independent analysis (Neronov & Semikoz 2015b) already
found a significant hint of an excess in the 4-year HESE sample
(Aartsen et al. 2015c) along the Galactic plane.

We now turn our attention to the recently published IceCube
results, both concerning the full-sky and the northern and
southern hemispheres separately.

In Figure 3 we represent the full-sky total neutrino spectrum
(all flavors, including antiparticles) computed for the KRAγ and
KRA models, with global CR hardening, and compare it to the
IceCube results.

Our prediction for the conventional setup (KRA model) is in
good agreement with Ahlers et al. (2015): in that work, the
benchmark Galactic model accounts for 8% of the flux
measured by IceCube above 60 TeV, for a CR spectrum
similar to the one used here above 50 PeV.

On the other hand, the KRAγ predicts a ∼2 times larger full-
sky flux above 10 TeV: the model prediction is therefore only
;4 times smaller than the best fit of the astrophysical flux
measured by IceCube on the whole sky.

We remark that another analysis (Neronov & Semikoz
2015a), based on an extrapolation of Fermi-LAT data, points
toward a non-negligible Galactic contribution to the full-sky
neutrino flux due to a hard diffuse CR spectrum. In that

scenario the (softer) locally observed CR spectrum may get a
major contribution from one or more local sources: this
interpretation still has to be validated against Fermi-LAT data,
while our model is based on those measurements.
Setting a threshold energy at 60 TeV and convolving the

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

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

the astrophysical muon neutrino IceCube measurements from
the northern hemisphere (Aartsen et al. 2015b)—where the
Galactic emission is only ∼1/10 of the total flux—to probe its
spectral properties. Although the northern spectral slope is
statistically compatible with the full-sky one, given the hint of a
steeper spectrum in the southern hemisphere, it is interesting to
check if the combination of our Galactic prediction and the EG
flux inferred from the aforementioned muon neutrino measure-
ment provide a better agreement with the data.
For illustrative purposes, in Figure 3 we show the effect of

adding an isotropic EG emission to the Galactic neutrino
emission computed with the KRAγ model, with a spectrum
given by the IceCube best fit of 'ON

North , multiplied by three to
account for all flavors. The nature of such emission is still
under debate: as pointed out in Glüsenkamp & IceCube
Collaboration (2015) and Bechtol et al. (2015), neither blazars
nor star-forming galaxies can provide more than a subdominant
contribution, given the constraints imposed by the gamma-ray
extragalactic background inferred from Fermi-LAT data. The
plot clearly shows how the KRAγ helps to improve the fit in the
low-energy part of the IceCube spectrum.
We also checked that the neutrino flux computed with the

KRAγ model for � nb 7 .5∣ ∣ is in rather good agreement with
that inferred from IceCube HESE analysis if the EG emission,
as estimated above, is accounted for. A dedicated analysis will
be performed in a forthcoming work.

5. CONCLUSIONS

In this Letter we connected γ-ray GeV and TeV measure-
ments in a unified scenario, together with the recently released
IceCube neutrino data, providing a consistent picture based on
a CR transport model proposed in Gaggero et al. (2014). The
model features a variation of the diffusion coefficient rigidity,
scaling δ with the galactocentric radius. The variation was
suggested by a spectral anomaly found in the Fermi-LAT γ-ray
data, and turned out to be compatible with both γ-ray spectra at
low and intermediate Galactic latitude and local CR
observables.
In this work we showed that our picture sheds new light on

recent high-energy gamma-ray and neutrino observations. In
particular, it provides a novel natural explanation for the
anomalous γ-ray flux measured by the Milagro observatory
from the inner GP region at 15TeV; moreover, it appears to be
compatible with the H.E.S.S. spectrum in the Galactic ridge
region.

Figure 3. Full-sky neutrino spectrum (all flavors, both neutrinos and
antineutrinos) predicted by the KRAγ and KRA models (with global CR
hardening), adopting two different choices for the CR high-energy cutoff. We
also plot the combination of the Galactic (KRAγ) and a benchmark EG
spectrum. The EG flux is consistent with that inferred from the IceCube
collaboration in the northern hemisphere (Aartsen et al. 2015b). The models are
compared with the 68% confidence region for the IceCube astrophysical
neutrino flux obtained with a maximum-likelihood (yellow region; Aartsen
et al. 2015a) and the three-year HESE sample (green points; Aartsen
et al. 2014).
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provides a good fit of the γ-ray diffuse emission measured by
Fermi-LAT all over the sky, particularly toward the inner GP
region. Moreover, it accounts for the galactocentric radial
dependence of the CR spectral index found by the Fermi-LAT
collaboration (Casandjian & Fermi-LAT Collaboration 2015).

Here we extend the computation performed in (Gaggero
et al. 2014) above the TeV.

Similar to (Gaggero et al. 2014), we compute the hadronic
emission integrating the expression of the γ-ray emissivity
along the line of sight using GammaSky, a dedicated code used
(Evoli et al. 2012; Cirelli et al. 2014) to simulate diffuse γ-ray
maps. This package features, among other options, the gas
maps included in the public version of GALPROP (Moskalenko
et al. 2002; Ackermann et al. 2012; GALPROP-web 2015). We
adopt the emissivities given in Kamae et al. (2006), accounting
for the energy dependence of the pp inelastic cross-section
(significant above the TeV). We disregard γ-ray opacity due to
the interstellar radiation field, since it is negligible up to a few
tens of TeV (Ahlers & Murase 2014).

Our results are shown in Figure 1. As mentioned above, a
representative conventional model (KRA) cannot account for
the flux measured by Milagro from the inner GP at 15 TeV
even if accounting for the CR spectral hardening required to
match the PAMELA and CREAM data. The KRAγ setup,
instead, is more successful, especially if a global hardening is
assumed. This is a remarkable result since: (1) it supports the
KRAγ model in a higher-energy regime; (2) it provides the first
consistent interpretation of Milagro and Fermi-LAT results (an
optimized model was proposed to account for the EGRET GeV
excess Strong et al. (2004), and came out to reproduce Milagro
results as well, but was subsequently excluded by Fermi-LAT
Abdo et al. 2009), and (3) it reinforces the arguments in favor
of a non-local origin of the hardening in the CR spectra above
250 GeV.

Interestingly, the KRAγ model also reproduces the high-
energy diffuse γ-ray spectrum measured by H.E.S.S. in the
Galactic ridge region ( � nl 0 .8∣ ∣ , � nb 0 .3∣ ∣ ) in terms of CR
scattering with the dense gas in the central molecular zone
without the need to invoke the contribution of sources to that
region (Aharonian et al. 2006) and without further tuning (see
Gaggero et al. 2015 for more details). Although this is a very
small region with respect to the regions considered in this
paper, this result may be interpreted as a valuable check of our
model in a region not covered by Milagro.

Moreover, our KRAγ model is also compatible with ARGO-
YBJ results in the window 65°<l<85° and � nb 5 ;∣ ∣ both
the KRA and the KRAγ are consistent with CASA-MIA
measurements at high Galactic longitudes (Borione et al. 1998).

4. THE NEUTRINO EMISSION

The results discussed above clearly show that the hadronic
emission computed with the KRAγ setup above the TeV is
significantly stronger than the conventional model predictions,
In this section we show the relevant consequences concerning
the Galactic neutrino emission.

We first compute the νe and νμ production spectra: for both
flavors we use the emissivities provided in Kamae et al. (2006;
well-tuned on accelerator and CR data) for projectile energies
below ∼500 TeV, while we adopt the emmisivities provided in
Kelner et al. (2006) that are above that energy range. Then we
account for neutrino oscillations: their effect is to almost
equally redistribute the composition among the three flavors

(Cavasinni et al. 2006). We only consider proton and helium
CRs/gas—just as for γ-rays—since heavier nuclear species
give a negligible contribution in the energy range we cover in
this work (Kachelriess & Ostapchenko 2014).
Because neutrinos in the Galactic emission are expected to

be maximal in the inner Galactic plane region, we first present
our results for the windows � nl 30∣ ∣ and � nb 4∣ ∣ . For this
region the ANTARES collaboration (Aguilar et al. 2011)
recently released an upper limit on the muon neutrino flux
based on the result of an unblinding analysis regarding the
events collected between 2007 and 2013 in the energy range

u3 300[ ]TeV (Fusco & ANTARES Collaboration 2015).
In Figure 2 we compare the νμ flux computed with the KRA

and KRAγ setups with the flux of the experimental constraint.
First of all we notice the large enhancement (almost a factor of
5 at 100 TeV) obtained with the KRAγ model with respect to
the conventional scenario. Indeed, while—in agreement with
previous results—we find that the flux corresponding to the
KRA model may require long times of observation even by the
KM3NeT observatory (Adrián-Martínez et al. 2013), our
prediction for the KRAγ model is instead well above the
sensitivity reachable by that experiment in four years and it is
almost within the ANTARES observation capabilities.
Interestingly, our result is in good agreement with the

maximal flux inferred from the fraction of IceCube HESE
events compatible with that region (see Figure 3). We notice
that in that region the expected EG contribution, as constrained
from the muon neutrino flux in the northern hemisphere (see

Figure 2. Solid and dashed red (blue) lines: expected neutrino spectra (all
flavors, both neutrinos and antineutrinos) in the inner Galactic plane region
computed for the conventional KRA (the novel KRAγ) models for two
different cutoff values. We also show the maximal flux, estimated considering
three years of IceCube HESE events as described in Spurio (2014) and the
constraint from the ANTARES experiment (Fusco & ANTARES Collabora-
tion 2015; 1500 days of experiment livetime between 2007 and 2013), as well
as the deduced sensitivity of the future Mediterranean observatory KM3NeT
(Piattelli & KM3NeT Collaboration 2015b) with four years (∼1500 days) of
livetime.
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Here we show the prediction obtained with the KRA𝛄  models in 2015.

FULL SKY

http://arxiv.org/abs/arXiv:1705.00497
http://arxiv.org/abs/arXiv:1705.00497


NEUTRINOS FROM THE GP

 

4

Submitted to ApJ173

ABSTRACT174

The existence of di↵use Galactic neutrino production is expected from cosmic ray interactions with175

gas and radiation fields. Thus, neutrinos are a unique messenger o↵ering the opportunity to test the176

products of Galactic cosmic ray interactions up to energies of hundreds of TeV. Here we present a177

search for this production using ten years of ANTARES track and shower data, as well as 7 years of178

IceCube track data. The data are combined into a joint likelihood test for neutrino emission according179

to the KRA� model assuming a 5 PeV per nucleon Galactic cosmic ray cuto↵. No significant excess180

is found. As a consequence, the limits presented in this work start constraining the model parameter181

space for Galactic cosmic ray transport and production.182

Keywords: neutrinos — cosmic rays — di↵usion — Galaxy: disk — gamma rays: di↵use background183

1. INTRODUCTION184

A di↵use Galactic neutrino emission is expected from185

cosmic ray (CR) interactions with interstellar gas and186

radiation fields. These interactions are also the domi-187

nant production mechanism of the di↵use high-energy188

�-rays in the Galactic plane, which have been measured189

by the Fermi -Large Area Telescope (Fermi -LAT) (Ack-190

ermann et al. 2012).191

In the GALPROP-based (Vladimirov et al. 2011) con-192

ventional model of Galactic di↵use �-ray production193

CRs are accelerated in the a distribution of sources such194

as supernova remnants. They propagate di↵usively in195

the interstellar medium producing �-rays and neutri-196

nos via interactions with the interstellar radiation field197

and interstellar gas. The interstellar radiation field is198

weakly constrained by Fermi -LAT �-ray data and inter-199

stellar gas is constrained by both Fermi -LAT �-ray data200

and radio measurements of CO and HI line intensities.201

The CR population model itself is normalised to local202

measurements taken at Earth. The GALPROP model203

parameters are tuned to achieve optimal agreement be-204

tween Fermi -LAT (Ackermann et al. 2012) data and the205

direction-dependent prediction given by integrating ex-206

pected �-ray yields along the line of sight from Earth.207

The neutral pion decay component estimated by the208

conventional model should be accompanied by a neu-209

trino flux from charged pion decay.210

The conventional model however under-predicts the211

�-ray flux above 10GeV in the inner Galaxy (Ack-212

ermann et al. 2012). The KRA� models (Gaggero213

et al. 2015a,b, 2017) address this issue using a radially-214

dependent model for the CR di↵usion coe�cient and the215

advective wind. The primary CR spectrum assumed216

within the KRA� models has an exponential cuto↵ at217

a certain energy. In order to bracket measurements218

⇤ Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

Figure 1. Neutrino flux per unit of solid angle of the KRA
5
�

model (Gaggero et al. 2015a), shown as a function of direc-

tion in equatorial coordinates (Hammer projection).

by KASCADE (Antoni et al. 2005) and KASCADE-219

Grande (Apel et al. 2013) while maintaining agreement220

with proton and helium measurements by CREAM (Ahn221

et al. 2010), cuto↵s at 5 and 50 PeV per nucleon are con-222

sidered. The resulting models are referred to as KRA5
�223

and KRA50
� , respectively. The direction dependence of224

the energy-integrated KRA5
� neutrino flux prediction is225

shown in Figure 1. Compared to the conventional model226

of the Galactic di↵use emission, the KRA� models pre-227

dict modified spectra and enhanced overall �-ray and228

neutrino fluxes in the Southern sky, especially in the229

central ridge where a hardening of the CR spectra is re-230

produced. Hence, neutrinos o↵er a unique opportunity231

to independently test the model assumptions of Galac-232

tic CR production and transport, accessing energies far233

beyond the reach of current �-ray experiments.234

The KRA� predictions have already been tested sep-235

arately with ANTARES (Albert et al. 2017) and Ice-236

Cube (Aartsen et al. 2017a) data. ANTARES and237

IceCube achieved sensitivities of 1.05 ⇥ �KRA50
�

and238

0.79 ⇥ �KRA50
�

, respectively; both analyses obtained239

IceCube + ANTARES constraints
  
 ANTARES coll. + DG & D.Grasso  PRD 2017 Maximum-liklihood analyses based on 

the KRA𝛾 templates (hadronic 
component)

“New Constraints on all flavour Galactic diffuse neutrino emission with 
the ANTARES telescope” [arXiv:1705.00497]

Table 1: Results of the presented analysis for the two reference models corresponding to di↵erent energy cut-o↵s.
The number of expected signal events, µ⇤, is shown, as well as �⇤, the standard deviation of the distribution of the
di↵erence between the number of fitted events and the number of injected events in the pseudo-experiment. For the
data sample, the numbers of fitted shower-like events, µsh

data, and track-like events, µtr
data, are reported with the p-values

and the upper limits at 90% confidence level.

Energy cut-o↵ µ⇤ �⇤ µsh
data µtr

data p-value UL at 90% CL
5 PeV 11.6 13 1.9 2 ⇥ 10�3 0.67 1.1 ⇥ �5

ref
50 PeV 13.7 12 2.6 7 ⇥ 10�4 0.54 1.2 ⇥ �50

ref

lihood ratio test to search for a di↵use Galactic-dominated
neutrino flux, characterised by the recently introduced
“Gamma model” used as reference model. As a result, a
neutrino flux with normalisation factor of 1.1⇥�5

ref (resp.
1.2 ⇥ �50

ref) is excluded at 90% confidence level when the
model with the 5 PeV cut-o↵ (resp. 50 PeV) is considered.

Using neutrinos of all flavours as well as a larger amount
of data leads to an improvement in the sensitivity and
more stringent upper limits with respect to the previous
ANTARES analysis [32]. The new upper limits do not
extend above ⇠200 TeV due to the significant softening
of the spectrum. The additional gain in sensitivity below
3 TeV with respect to the previous analysis results from
the usage of a new unbinned method that uses spatial and
energy information. At low energies, the limit obtained
from this analysis reaches almost the high-energy tail of
the Fermi-LAT sensitivity.

Noticing the enhanced Galactic hadronic emission pre-
dicted by the reference models with respect to a conven-
tional scenario, the obtained limits represent a strong con-
straint on a possible di↵use neutrino emission from the
Galactic plane.

Considering the flux upper limit with 90% confidence
level shown in Table 1 for the 50 PeV cut-o↵, at most 18%
of the cosmic neutrino events measured by IceCube with
the HESE dataset can originate from di↵use Galactic CR
interaction. This corresponds to about 5.2 out of the
28.6 HESE with energy above 60 TeV expected to be
cosmic neutrinos, as reported in Ref. [35]. This limit is
more restrictive than that allowed in Ref. [20, 22]. The
reference model produces a larger North/South asymme-
try than the conventional scenario: more than ⇠80% of
the events are expected from the Southern hemisphere.
Nevertheless, the contribution of the di↵use Galactic
component to the di↵erence between the observed number
of HESE arising from the two hemispheres cannot be
larger than 3.3 HESE, i.e. ⇠10% of the full sky flux.
As a result, the neutrino flux produced by the Galactic
CR interaction with gas cannot explain by itself the
IceCube spectral anomaly. These considerations are even
more restrictive for the case of the 90% confidence level
upper limit corresponding to a primary CR cut-o↵ of
5 PeV, as evident from the predicted flux given in Figure 3.
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Figure 3: ANTARES upper limit at 90% confidence level
on the three flavour neutrino flux (solid black line) on
the reference model with a 50 PeV energy cut-o↵ (blue
dashed line). The neutrino fluxes according to the ref-
erence model with the 5 PeV energy cut-o↵ (blue dotted
line), the conventional model with the 50 PeV (red dashed
line) and 5 PeV (red dotted line) cut-o↵s are shown for
all neutrino flavours, as well as the previously published
ANTARES upper limit [32] (solid green line) and the 4
years of HESE reconstructed by IceCube (black triangles).
The di↵use gamma ray spectral energy distribution de-
rived from PASS8 Fermi-LAT data (red points) is also
presented here. These expectations and results concern
the inner Galactic plane region (|l| < 40� and |b| < 3�).

signal events is expected from the model. It corresponds
to the sum of track-like and shower-like events, with
showers representing ⇠20% of the total. The resulting
discovery power at 3� confidence level is 7%. For the
model with a 50 PeV cut-o↵, the sensitivity is 1.05 ⇥ �50

ref
and µ⇤ = 13.7 signal events are expected, resulting in a
discovery power of 14% for a 3� confidence level.

4 Results

After unblinding, the test statistic of the data is computed.
The corresponding Q value is shown as the green line in
Figure 2. Table 1 presents the results for the two di↵er-
ent cut-o↵ energies (column 1) considered by the models.
Column 2 reports the number of expected events, µ⇤, and
column 3 the standard deviation of the distribution of the
number of fitted events, �⇤, which are defined in section 3.

For the data sample, the numbers of fitted track-like
events, µtr

data, and shower-like events, µsh
data, are reported

in columns 4 and 5, respectively. Their sum is smaller
than µ⇤, but still compatible with the expected fluctua-
tions. These include the Gaussian fluctuations. due to
the background (which is within 1�⇤) and the Poissonian
fluctuations on the number of signal events.

Finally, using the anti-cumulative distribution of the
background test statistic, the p-value of the data – as
defined in section 3 – is computed and reported in col-
umn 6. The derived upper limits at 90% confidence level
on the reference models are reported in the last column of
Table 1.

Figure 3 shows the 90% confidence level upper limit of
this analysis that relies on the particular morphology and
energy spectrum of the reference model. The dotted blue
line refers to the reference model assuming a cut-o↵ of 5
PeV for the primary protons, which produce neutrinos
when interacting with gas. Although full sky data were
used in this analysis, the expectations and the results
concerning the inner Galactic plane region (|l| < 40�

and |b| < 3�) are shown on this plot. This allows the
presented limit and the previous ANTARES constraint
on the neutrino emission [32] from the same region to
be compared. The di↵use gamma ray spectral energy
distribution derived from PASS8 Fermi-LAT data [34]
obtained after the subtraction of point-like components
comprised in this region is also shown for comparison.
And the red dashed line shows the predicted spectrum
from the conventional model with homogeneous CR
di↵usion. The neutrino flux from the 4 year IceCube
HESE catalog for individual events with origin compatible
with this region is shown as black triangles. All flavour
neutrino fluxes are represented in this figure.

5 Conclusions

The study reported here is based on nine years of
ANTARES data collected from 2007 to 2015. It uses a like-
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• Combined ULs at 90% confidence 
level on the three-flavor ν flux of the 
reference Galactic models. 

• 10 years of ANTARES showers 
and tracks (218 showers, 2.6 should 
come from KRAγ Galactic model), 

• 7 years of IceCube tracks (730130 
events with 191 events expected 
from the optimistic Galactic model)

•

Joint constraints on Galactic diffuse neutrino emission from ANTARES and IceCube 7

(a) (b)

Figure 3. Stacked histograms (i.e., every bin shows the fractional contribution of every sample summed on top of each other)

of the signal expected from the KRA
5
� model as function of the declination (a) and energy (b) Monte Carlo truth. The colored

area of each histogram represents the relative contribution to the sensitivity of this event sample. The relative contribution to

the sensitivity is defined as the di↵erence in the sensitivity flux resulting from the addition of a certain event sample divided by

the combined sensitivity flux.

Table 1. Sensitivities and results of the analysis on the KRA� models with the 5 and 50PeV cuto↵s.

Energy cuto↵
Sensitivity [�KRA� ] Fitted flux p-value UL at 90% CL

Combined ANTARES IceCube [�KRA� ] [%] [�KRA� ]

5 PeV 0.81 1.21 1.14 0.47 29 1.19

50PeV 0.57 0.94 0.82 0.37 26 0.90

5 PeV cuto↵ in light CR can be considered a more reli-
able case for the Galactic accelerators.

Figure 4 represents the combined upper limits in com-
parison to the all-flavor full sky energy spectrum of
the KRA� models as well as the previous IceCube and
ANTARES upper limits. The present upper limit on the
5 PeV model is higher than the previously published up-
per limit for ANTARES alone although the sensitivity is
much better. This is due to the overfluctuation observed
in the IceCube data sample as well as the di↵erence in
the definition of the test statistic. In the ANTARES
standalone analysis it was the sum of the shower and
track test statistics, computed independently, instead
of computing one test statistic from the combined log-
likelihood ratio curve (equation 2).

The results presented here provide for the first time a
combined constraint on di↵use Galactic neutrino emis-
sion by IceCube and ANTARES. The limit on the KRA�

model with 50 PeV cuto↵ extends the energy range of
the constraint on the model from 10 GeV with Fermi -
LAT up to hundreds of TeV. Based on the limit on the

KRA5
�-model, this analysis limits the total flux contri-

bution of di↵use Galactic neutrino emission to the total
astrophysical signal reported by Aartsen et al. (2015)
to 8.5%. In the future, the sensitivity of this analysis
can be further improved by including IceCube showers
(Aartsen et al. 2017d). This will allow for a powerful test
of the KRA5

� model, thereby constraining the di↵usion
mechanisms, the maximal energy injected by supernova
remnants and the Galactic gas distributions considered
in the model.
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et aux énergies alternatives (CEA), Commission Eu-
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NEUTRINOS FROM THE GP

 

IceCube + ANTARES constraints

“Search for Sources of Astrophysical Neutrinos Using 
Seven Years of IceCube Cascade 
Events” [arXiv:1907.06714]

• Analysis of seven years of IceCube cascade data 
(interaction vertex inside the detector) in order to search for 
high energy neutrino emission from a number of Galactic 
astrophysical source candidates

• No detection confirmed, however some relevant hints
• The most significant source was RX J1713.7-3946, a well-

known SNR. Post-trial p-value = 0.28
• 2σ hint for a Galactic component consistent with the 

optimistic “Gamma” models
• Compare with another 2σ hint for a Galactic component 

in the HESE data above 100 TeV [IceCube ICRC 
contributions, 1710.01191]
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Figure 2. Energy and sin(�) distributions for data and MC. Atmospheric muons appear preferentially in the downgoing
region, sin(�) < 0, and at energies below 100TeV. A clear excess of high energy events is attributed to astrophysical neutrinos.

in Section 5.3, assumes a flavor ratio of 1:1:1 with equal
contributions from ⌫ and ⌫̄, detected via a mixture of
CC and NC interactions.

The energy and declination distributions of cascade
events in data are compared with neutrino and atmo-
spheric muon MC in Figure 2. The distributions ob-
tained are similar to those observed in the two year sam-
ple (Aartsen et al. 2015a, 2017d).

4. SOURCE CANDIDATES

In this work, we search for neutrino emission from
a number of Galactic and extra-Galactic source candi-
dates. Each candidate has been studied previously by
IceCube, by ANTARES, a neutrino observatory located
deep in the Mediterranean sea (Ageron et al. 2011), or
by both, such that direct comparisons can be drawn
between the results presented here and past work using
IceCube tracks and all interaction flavors in ANTARES.
In this section, we outline the neutrino emission scenar-
ios that we have considered.

4.1. Point-like Source Candidates

One way to search for astrophysical neutrino sources
with only a minimal set of a priori assumptions about
source position is to search the entire sky for the most
significant point-like neutrino clustering in excess of
the background expectation on a dense grid of pixels
that are small compared to the neutrino angular reso-
lution. This approach has most recently been employed
by IceCube using tracks (Aartsen et al. 2017a) and cas-
cades (Aartsen et al. 2017d) as well as by ANTARES
using tracks and cascades in combination (Albert et al.

2017a), and we include it in the present analysis as well.
However, an all-sky scan is subject to a large trial factor
and thus is in general less sensitive compared to analyses
that use prior information to restrict the set of hypoth-
esis tests.

An alternative approach is to scan only the positions
of a modest number of well-motivated source candidates,
which substantially reduces the trial factor. In addition,
where multiple analyses report results for the same or
overlapping catalogs, direct comparisons can be made.
Here we scan the same catalog of 74 source candidates
that was studied in the previous IceCube cascade pa-
per (Aartsen et al. 2017d).

We consider one source in more detail: the supermas-
sive black hole at the center of the Galaxy, Sagitarius
A*. Based on hints from gamma-ray observations (e.g.
Herold & Malyshev 2019), there may be emission up
to some unknown high energy cuto↵ from a spatially
extended region centered approximately on this object.
Therefore we evaluate constraints on the flux from this
region as a function of possible spatial extension and for
several possible spectral cuto↵s.

The gamma-ray blazar TXS 0506+056 does not ap-
pear in the a priori catalog described above. In light of
this, and in anticipation of future identifications of unex-
pectedly promising source candidates based on neutrino
observations, we treat this object as a monitored source
to be studied separately from the catalog scan described
above.

For source classes for which we can predict approx-
imate relative signal strengths, it may be possible to
increase the signal-to-background ratio using a source-
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PREDICTIONS WITH THE UPDATED MODELS

➤ The predictions of the old KRA𝛄5  are very close 
to those of the 𝛄-optimized Max. 


➤ If IceCube were to detect evidence for GP 
emission compatible with those models, the  
spatial-dependent propagation models would 
be favoured.
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CONCLUSIONS

➤ Tibet AS𝜸 and LHAASO (if confirmed) provided the first evidence of 𝜸-ray 
diffuse emission from the Galactic plane up to the PeV. 

➤ We showed that their results are naturally consistent with Fermi-LAT and 
ARGO-YBJ if the emission is originated by the galactic CR population  

➤ Our results seems to favour a space-dependent CR transport scenario 
though, due to the uncertainties in the source spectrum above the 100 
TeV, a solid confirmation requires more data especially at low Galactic 
longitudes. 

➤ IceCube and KM3Net may soon provide stronger and complementary 
pieces of evidence of that scenario with strong implications for CR 
physics


