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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 𝜸-ray diffuse emission of    

the Galaxy 

Obtained by the convolution of the cosmic ray (CR) 
distribution with the interstellar gas (π0-decay and 
bremsstrahlung) and radiation (Inverse 
Compton) and the proper cross-sections

It offers a deep probe of the CR population
but requires detailed numerical modeling (e.g. 
GALPROP or DRAGON codes).     

The conventional approach (uniform propagation 
properties) provides a reasonable description of the 
emission spectrum away from the Galactic plane. 
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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
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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
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The spectral index gradient problem
Fermi-LAT coll.  2012

proton spectral index

Conventional models, based on local CR data, 
while reproducing the 𝛾-ray diffuse emission 
outside the Galactic plane (GP), under predict 
it in the inner GP above tens of GeV

A template fit analysis of Fermi-LAT data shown 
that the effect is due to a radial dependent CR 
spectral index  Gaggero, Urbano, Valli & Ullio 2015
                       Yang, Aharonian & Evoli, 2016
Confirmed by

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

The cosmic-ray gradient across the Milky Way

19

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

• intensity/spectral variations 

• challenge simple propagation 
models

Fermi LAT collab. ApJS 223 2016 26
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

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

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

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

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

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

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

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

2005).
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

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

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

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

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

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

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

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

2005).

GALPROP
Fermi LAT collab. ApJ 750 2012  3A

DRAGON
Gaggero+ PhRvD 91 2015  083012

proton spectral index

proton density > 10 GeV

Fermi-LAT coll.  2016

 ⬅   Yang, Aharonian & Evoli 2016

CR spectral index radial gradient 
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• emissivity spectrum in rings    
(H I line Doppler shift)

• intensity/spectral variations 

• challenge simple propagation 
models

Fermi LAT collab. ApJS 223 2016 26
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

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

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

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

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

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

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

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

2005).
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

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

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

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

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

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

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

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

2005).
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ß
The spectral index gradient problem

Prothast, Gaggero, Strom, Weniger, 2018

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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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.
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Clear evidence of a progressive hardening in the inner Galaxy towards the GC
Large uncertainty in the GC region !

proton spectral index
using SkyFact:  adaptable template fitting tool [Storm,Veniger & Calore 2017]

�4



ß
Prothast, Gaggero, Strom, Weniger, 2018

proton spectral index in several energy intervals
using SkyFact:  adaptable template fitting tool [Storm,Veniger & Calore 2017]

As shown in Figure 3, the gamma-ray emissivity decreases as a function of the Galac-
tocentric radius in the region beyond the molecular ring, which is located in the second ring
corresponding to the 1.7 � 4.5 kpc range. The decline in emissivity is not as steep as naively
predicted in the context of isotropic and homogeneous di↵usive CR transport, as already
pointed out several times even before Fermi-LAT data (the so-called gradient problem: see
e.g. [28] and the more recent discussion in [8, 29]).
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Figure 5. Energy-dependent analysis of the hadronic gamma-ray slope. We show the
spectral index of gamma rays associated with ⇡

0 decay at di↵erent radii from the Galactic center.
The power-law fit is first performed in the full range, and then restricted to both the low-energy (from
2–30 GeV), and the high-energy (30–220 GeV) domain; the low-energy and high-energy points are
artificially shifted to the right by 0.25 kpc and 0.5 kpc respectively, so that the error bars do not
overlap.

Figure 4 clearly shows the progressive hardening towards the Galatic center in a wide
range of radii outside the Galactic bulge. This trend is qualitatively compatible with previous
studies. The uncertainties on the power-law index in this work are smaller than previous
analyses due to a combination of di↵erent e↵ects, in particular more statistics with respect
to previous papers, and the di↵erent technique implemented in SkyFACT . We discuss these
issues in more detail in section 4.

The first radial bin from 0–1.7 kpc, which contains the Galactic bulge, is quite problem-
atic, and di↵erent studies find di↵erent results. This is not too surprising, given the small
number of pixels associated to this first ring, which results in a low normalization of the
hadronic component associated to this bin as a result of our fitting procedure due to lack
of constraining power. More importantly, there is large degeneracy between the di↵erent
components in the Galactic center region, which is by far the most challenging issue both
from the observational and modeling point of view. However, a lower-than-average CR flux
in that region may be compatible with a scenario characterized by a very fast di↵usive escape
in the vertical direction, parallel with respect to the direction of the regular magnetic field,
if the di↵usion tensor is highly anisotropic (see Fig. 4 in [5]).

– 9 –

The radial dependent hardening is present in two energy intervals           
with hints of a harder spectrum at high energies which may be an evidence 
that the CR hardening found by Pamela and AMS is present in the whole Galaxy 

The spectral index gradient problem

�5



ß
Can the progressive hardening be due to unresolved sources ?

Prothast, Gaggero, Strom, Weniger, 2018

Figure 9. Longitude profiles. Upper panel: We show the profile of the emission unresolved
point sources �UPS, and the di↵use hadronic emission �⇡0 from the Galactic plane integrated from
1–100 GeV. Lower panel: We show the corresponding fraction of unresolved source flux over the
di↵use emission. The colored bands indicate the estimator of the standard deviation evaluated from
100 simulations.
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Figure 10. Latitude profiles. Upper panel: We show the b profile of the emission unresolved
point sources �UPS, and the di↵use hadronic emission �⇡0 integrated from 1–100 GeV and over the
whole Galactic plane. Lower panel: We show the corresponding fraction of unresolved source flux
over the di↵use emission. Colored bands as in the previous plot.

– 17 –

NO ! 
Small contribution for any reasonable source distribution model

�6



A possible solution based on non-linear propagation
                                                              

More sources ➜  smaller diffusion coefficient due to streaming instability                           
➜    advection dominates CR escape  ➜  harder CR spectrum

  Energy dependent effect: at high energy it should be absent 
  The results of Prothast et al. already disfavor this interpretation 

proton spect. index
4 S. Recchia, P. Blasi and G. Morlino

there is some level of degeneracy between the parameters α
and β.

Case & Bhattacharya (1998) also adopted a fitting
function as in equation (17) but obtained their best fit for
α = 2.0 and β = 3.53, resulting in a distribution peaked
at R = 4.8 kpc and broader for larger values of R with
respect to the one of Green (2015). Case & Bhattacharya
(1998) estimated the source distances using the so called
‘Σ–D’ relation, that is well known to be affected by large
uncertainties. Moreover Green (2015) argued that the Σ–D
used by Case & Bhattacharya (1998) appears to have been
derived incorrectly.

An important caveat worth keeping in mind is that the
SNR distribution derived in the literature is poorly con-
strained for large galactocentric radii. For instance Green
(2015) used a sample of 69 bright SNRs but only two of
them are located at galactic latitude l > 160◦. Similarly,
Case & Bhattacharya (1998) used a larger sample with 198
SNRs, but only 7 of them are located at R > 13 kpc and
there are no sources beyond 16 kpc.

The distribution of pulsars is also expected to trace that
of SNRs after taking into account the effect of birth kick
velocity, that can reach ∼ 500 km/s. These corrections are all
but trivial, (see, e.g. Faucher-Giguère & Kaspi 2006), hence
in what follows we adopt the spatial distribution as inferred
by Green (2015).

One last ingredient needed for our calculation is the
magnetic field strength, B0(R), as a function of galactocen-
tric distance R. While there is a general consensus that the
magnetic field in the Galactic disk is roughly constant in the
inner region, in particular in the so-called “molecular ring”,
between 3 and 5 kpc (Jansson & Farrar 2012; Stanev 1997),
much less is known about what the trend is in the very inner
region around the Galactic center, and in the outer region, at
R > 5 kpc. Following the prescription of Jansson & Farrar
(2012) (see also Stanev 1997), we assume the following radial
dependence:

B0(R < 5 kpc) = B⊙R⊙/5 kpc

B0(R > 5 kpc) = B⊙R⊙/R , (18)

where the normalization is fixed at the Sun’s position, that
is B⊙ = 1µG. Using this prescription we calculate the CR
spectrum as a function of the Galactocentric distance, as
discussed in §2. In Fig. 1 we plot the density of CRs with
energy ! 20 GeV (dashed line) and compare it with the
same quantity as derived from Fermi-LAT data. Our results
are in remarkably good agreement with data, at least out to
a distance of ∼ 10 kpc. At larger distances, our predicted
CR density drops faster than the one inferred from data,
thereby flagging again the well known CR gradient prob-
lem. In fact, the non-linear theory of CR propagation, in its
most basic form (dashed line) makes the problem even more
severe: where there are more sources, the diffusion coeffi-
cient is reduced and CRs are trapped more easily, but where
the density of sources is smaller the corresponding diffusion
coefficient is larger and the CR density drops. A similar sit-
uation can be seen in the trend of the spectral slope as a
function of R, plotted in Figure (2). The dashed line repro-
duces well the slope inferred from Fermi-LAT data out to a
distance of ∼ 10 kpc, but not in the outer regions where the
predicted spectrum is steeper than observed. It is important
to understand the physical motivation for such a trend: at
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Figure 1. CR density at E > 20 GeV (Acero et al. 2016) and
emissivity per H atom (Yang et al. 2016) as a function of the
Galactocentric distance, as labelled. Our predicted CR density at
E > 20 GeV is shown as a dashed line. The case of exponentially
suppressed magnetic field is shown as a solid line. The dotten line
shows the distribution of sources (Green 2015).

intermediate values of R, where there is a peak in the source
density, the diffusion coefficient is smaller and the momenta
for which advection dominates upon diffusion is higher. This
implies that the equilibrium CR spectrum is closer to the
injection spectrum, Q(p) (harder spectrum). On the other
hand, for very small and for large values of R, the smaller
source density implies a larger diffusion coefficient and a cor-
respondingly lower momentum where advection dominates
upon diffusion. As a consequence the spectrum is steeper,
namely closer to Q(p)/D(p). In fact, at distances R ! 15
kpc, the spectrum reaches the full diffusive regime, hence
f0 ∼ p7−3γ = p−5.6, meaning that the slope in Figure (2)
is 3.6. As pointed out in §2, the non-linear propagation is
quite sensitive to the dependence of the magnetic field on
R.

Both the distribution of sources and the magnetic field
strength in the outer regions of the Galaxy are poorly
known. Hence, we decided to explore the possibility that
the strength of the magnetic field may drop faster than 1/R
at large galactocentric distances. As a working hypothesis
we assumed the following form for the dependence of B0 on
R, at R ! 10 kpc:

B0(R > 10 kpc) =
B⊙R⊙

R
exp

[

−R − 10 kpc
d

]

(19)

where the scale length, d, is left as a free parameter. We
found that using d = 3.1 kpc, both the resulting CR density
and spectral slope describe very well the Fermi-LAT data
in the outer Galaxy. The results of our calculations for this
case are shown in Figs. 1 and 2 with solid lines.

The diffusion coefficient resulting from the non-linear
CR transport in the Galaxy, calculated as in §2, is illus-
trated in Fig. 3, for different galactocentric distances. It is
interesting to notice that at all values of R (and especially at
the Sun’s position) D(p) is almost momentum independent
at p " 10 GeV/c. This reflects the fact that at those energies
the transport is equally contributed by both advection and
diffusion, as discussed above. This trend, that comes out as a
natural consequence of the calculations, is remarkably simi-

MNRAS 000, 1–6 (2015)

Recchia, Blasi & Morlino 2016
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A scenario based on spatial dependent diffusion                                        

The CR spectral index gradient problem is interpreted as a consequence of the radial 
dependence of the diffusion coefficient  
This was implemented in the DRAGON code.
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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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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
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Fermi-LAT coll.  2016

Gaggero, Urbano, Valli & Ullio, PRD 2015

Evoli, Gaggero,  DG.  & Maccione 2008
Evoli, Gaggero, Di Mauro, Vittino, Mazziotta & DG  2017,18  

D(E) = D0 (E/E0)δ(r)          with     δ(r) = A r + B  for r < 11 kpc                          
so that     𝛤 (r) =  𝛤 source  +  δ(r)                  “KRA𝛾   model”  
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KRA𝜸

conventional

Gaggero, Urbano, Valli & Ullio    arXiV: 1411.7623  PRD 2015

The KRA! model reproduces the full-sky Fermi spectrum 
and angular distribution. It also provides a better fit in the 
inner GP region	

The KRA! model: Radial dependency of CR transport

KRA! model

Fermi ref. model
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CR hardening @ ∼ 300 GeV/n 
CREAM  coll.   ApJ Lett. 2010                                         
PAMELA coll.  SCIENCE 2011                                                 
AMS-02  coll.   PLR 2015

PAMELA  found an hardening  of the p and 
He spectra at ∼ 250 GeV/n   AMS-02 

confirmed the feature (slightly smoother and 
starting at  ∼ 300 GeV/n ). This is also 

required to match CREAM

A similar effect was found for heavier nuclei

protons

Helium

AMS-02 coll. PRL 2015

AMS-02 coll. PRL 2015

 10
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•  What is the origin of such feature ?

• Is this a local effect or it is present in 
the whole Galaxy ?

CR hardening @ ∼ 300 GeV/n 
CREAM  coll.   ApJ Lett. 2010                                         
PAMELA coll.  SCIENCE 2011                                                 
AMS-02  coll.   PLR 2015
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CR hardening @ 300 GeV/n, secondaries vs primaries                                               
                      AMS-02  coll.  

Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þ M2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5 % 0.1 for Li, 8.0 % 0.2 for Be, and
10.7 % 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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above 200 GeV/n secondaries harden 
more than primaries                                 
(Δγ ~ 0.13 on average)

this is just what expected if the effect 
would be produced by propagation

Secondary nuclei, however, probe only 
few kpc around us.                            
𝛾-rays provide a much deeper probe !
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Origin of the Cosmic Ray Galactic Halo
Driven by Advected Turbulence and Self-Generated Waves

Carmelo Evoli,1, 2, ⇤ Pasquale Blasi,1, 2, 3, † Giovanni Morlino,1, 2, 3, ‡ and Roberto Aloisio1, 2, §

1Gran Sasso Science Institute, Viale F. Crispi 7, L’Aquila, Italy
2INFN/Laboratori Nazionali del Gran Sasso, Via G. Acitelli 22, Assergi (AQ), Italy

3INAF/Osservatorio Astrofico di Arcetri, L.go E. Fermi 5, Firenze, Italy

The diffusive paradigm for the transport of Galactic cosmic rays is central to our understanding of the origin
of these high energy particles. However it is worth recalling that the normalization, energy dependence and
spatial extent of the diffusion coefficient in the interstellar medium are fitted to the data and typically are not
derived from more basic principles. Here we discuss a scenario in which the diffusion properties of cosmic rays
are derived from a combination of wave self-generation and advection from the Galactic disc, where the sources
of cosmic rays are assumed to be located. We show for the first time that a halo naturally arises from these
phenomena, with a size of a few kpc, compatible with the value that typically best fits observations in simple
parametric approaches to cosmic ray diffusion. We also show that transport in such a halo results in a hardening
in the spectra of primary cosmic rays at ⇠ 300 GV.

Introduction – Understanding cosmic-ray (CR) propaga-
tion in the Galaxy and its implications for observations at dif-
ferent energies and with different messengers is one of the
challenges of modern astroparticle physics.

The standard scenario adopted to describe Galactic propa-
gation in terms of properties of the interstellar turbulence is
the so called galactic halo model proposed by Ginzburg and
Syrovatskii in 1964 [1] and described in detail in [2]. The
halo model is usually implemented assuming that CRs are pro-
duced by sources located in the thin Galactic disc and then
diffuse by scattering off random magnetic fluctuations in a
low-density confinement region (“halo”) extending well be-
yond the gaseous disc. The size of this region is usually set
by hand and chosen to fit observations. Outside the magnetic
halo, the turbulence level is assumed to vanish so that parti-
cles can escape freely into intergalactic space so as to reduce
the CR density to ⇠ 0.

From the theoretical point of view a problem of paramount
importance is that of connecting the properties of the mag-
netic turbulence with particle diffusion, which in a generic
turbulence (even an isotropic one) turns out to be anisotropic.

Evidence of Kolmogorov-like turbulence across more than
ten orders of magnitude in wave number is obtained from the
observation of interstellar medium (ISM) scintillation [3] and
of fluctuations of the Faraday rotation measurements [4]. The
properties of magnetic turbulence that are relevant for particle
diffusion are however not accessible to this type of observa-
tion and to date such turbulence and the corresponding dif-
fusion properties of CRs remain poorly constrained. On the
other hand, CR measurements allow one to define volume in-
tegrated properties of the turbulence through measurements of
the boron to carbon (B/C) ratio and other secondary to primary
ratios (see, e.g. [5]). These observations strongly suggest that
CRs diffuse on a region of size H that is much larger than the
size of the Galactic gaseous disc, with half thickness h, in or-
der to guarantee that the grammage traversed by CRs is large
enough to produce the observed fluxes of secondaries.

Recent precise measurements of the B/C ratio by AMS-02
can be accommodated at rigidities R >⇠ 60 GV assuming a CR

grammage that scales with rigidity as R
�1/3, that is claimed

to be consistent with the diffusion coefficient expected from
transport in a turbulence with Kolmogorov spectrum, D(R) ⇠
1028(R/GV)1/3 cm2 s�1.

An independent piece of evidence of the existence of a mag-
netized halo comes from observations in the radio band of dif-
fuse synchrotron emission, revealing the presence of electrons
and magnetic fields above and below the Galactic plane [6].
The existence of a halo of several kpc size can be inferred
from a comparison between numerical models for the CR
electron distribution and the morphology of the radio emis-
sion [7, 8]. It is worth mentioning that radio halos with a
similar size have been observed in other spiral galaxies (e.g.
NGC 4631, NGC 891). In addition, the gamma-ray emissivity
as a function of height above the disk z can be inferred from
gamma-ray observations of high-velocity clouds carried out
by Fermi-LAT. The result reveals a confinement region for the
CR hadronic component with size H >⇠ 2 kpc, with a rather
large uncertainty [9].

Existing measurements of both primary and secondary CR
can be decently reproduced within the halo model, at least in
the kinetic energy range 0.1 <⇠ T <⇠ 100 GeV/n, although
ad hoc breaks in either the injection spectra or the diffusion
coefficient are needed to achieve a consistent picture.

Additional ad hoc breaks are needed [10] to accommodate
the recent measurements of the proton and helium spectra re-
cently carried out by PAMELA [11] and AMS-02 [12, 13].

While this is an effective approach to understanding some
aspects of the origin of CRs, there is little doubt that it is
highly unsatisfactory in terms of the basic physical aspects
of the transport of CRs. First, breaks in otherwise power law
trends typically signal the onset of new and potentially inter-
esting physical phenomena. Second, in all current CR trans-
port models, the size H of the region where CRs are diffu-
sively confined is an external parameter to be fixed to fit the
grammage inferred from the observed flux of secondary sta-
ble and unstable nuclei. Third, diffusion in the ISM is usually
treated in a simplified way, so that particles diffuse isotropi-
cally in all directions or just in the direction perpendicular to
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FIG. 3. Spectrum of protons in the local ISM compared to observa-
tional data. The spatial dependence of the CR distribution function
is shown in the inset, for energies 10 GeV and 10 TeV.

nonlinearity of the problem, in that the amount of waves pro-
duced by this phenomenon is related to the number density
and gradients of CRs, which are in turn the result of the scat-
tering of CRs on self-generated (or preexisting) waves. The
rate of self-generation and the rate of CR injection by sources
in the Galaxy are clearly related to each other and need be
calibrated to the observed spectrum of CRs.

It is worth noticing that in the near-disc regions, where the
nonlinear cascade has no time to develop down to the small
scales resonant with CR energies, CR scattering is fully de-
termined by self-generated waves. In the distant regions, de-
pending on particle energy, self-generation and nonlinear cas-
cading compete with each other. This competition results in
breaks in the spectra of primary CRs, as a result of both a
complex power spectrum of the turbulence and of the spa-
tial dependence of the diffusion coefficient. These effects
are illustrated in Fig. 1 (solid lines), where one can see that
in the presence of self-generation the power spectrum is en-
riched with power in the high k range, with respect to the
simple cascade from larger spatial scales. In the near disc
region (|z| <⇠ 0.2 kpc), virtually all the power at the resonant
scales with CRs in the energy range below ⇠TeV is due to
self-generation.

In terms of CR transport, these effects are more clearly vis-
ible in Fig. 2: only at very high energies CR scattering is
due to Kolmogorov turbulence (solid and dashed lines over-
lap), while at basically all distances from the disc, scattering
is mainly due to self-generated waves for E  1 TeV.

The spectrum of protons as calculated solving the set of
equations describing CR and wave transport together is plot-
ted in Fig. 3, as compared with data from PAMELA [11],

AMS-02 [12] and CREAM [27] at high energies and Voy-
ager 1 [28] at low energies.

The inset in the same figure shows the spatial dependence
of the solution for two values of energy (10 GeV and 10 TeV),
compared with the linear decrease predicted in the standard
halo model with a halo size H = 4 kpc.

In the range of energies 10 <⇠ T <⇠ 200 GeV/n the self-
generation is so effective as to make the diffusion coefficient
have a steep energy dependence. As a consequence the injec-
tion spectrum that is needed to fit the data is p2 �(p) / p

�2.2,
which is not far from what can be accounted for in terms of
DSA if the velocity of the scattering centers is taken into ac-
count [29]. At lower energies the CR transport becomes dom-
inated by advection with Alfvén waves. In this regime advec-
tion and ionization losses make the spectrum in the disc close
to the injection spectrum.

The CR acceleration efficiency in terms of protons that is
needed to ensure the level of wave excitation necessary to ex-
plain observations, is ✏CR ⇠ 4%, in line with the standard
expectation of the so-called SNR paradigm.

Conclusions – We use a numerical approach to the solution
of the transport equations for particles and waves to show that
the CR halo arises naturally from a combination of the tur-
bulence injected in the Galactic disc and eventually advected
into the halo, and self-generated waves due to the excitation
of streaming instability through CR gradients. This finding
addresses the long standing issue that in the context of the tra-
ditional halo model the CR spectrum observed at the Earth
reflects the free escape boundary condition at the edge of the
halo, imposed by hand.

The turbulent cascade introduces a scale zc ⇡ vAk
2
0/Dkk

below which turbulence is mainly self-generated. At larger
distances the cascade quickly develops and leads to a rough
space dependence of the diffusion coefficient / z

↵ with ↵ >⇠
1. As a consequence, the spectrum in the disc depends on
the scale zc but only weakly on the artificial boundary at z =
±H � zc. Moreover, for typical values of the parameters,
one has zc ⇠ few kpc, and zc plays the role of an effective
size of the halo. The observed spectral break at rigidity ⇠
300 GV also arises naturally, because of a transition from a
diffusion dominated by self-generation (at lower energies) to
a Kolmogorov-like diffusion at higher energies.

As noticed in [18], chemicals heavier than protons can con-
tribute to self-generation (helium nuclei provide a contribu-
tion similar to that of protons, while heavier nuclei account
for about 10% of self-generated waves) and will be included
in future generalizations of this work.

Both the cascade and the self-generation of waves by CRs
are nonlinear processes: the combination of the two leads to
an interpretation of the observed halo as a by-product of a self-
regulation process that is typical of nonlinear phenomena.

The authors are very grateful to Elena Amato for numer-
ous discussions on the topics of the present paper. C.E. ac-
knowledges the European Commission for support under the
H2020-MSCA-IF-2016 action, Grant No. 751311 GRAPES
Galactic cosmic RAy Propagation: an Extensive Study.
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conventional 
model without 
hardening

conventional model 
with hardening

Milagro observed an excess (4 σ ) at 15 TeV 
in the inner GP respect to the prediction of 
conventional models ( Abdo et al.  ApJ 2008 )

We checked that the excess is present also 
respect to updated conventional CR 
propagation models based on Fermi data

The excess holds also accounting for a CR 
hardening at 300 GeV/n as require by Pamela 
ad AMS-02 results (assuming it is present in 
the whole Galaxy as expected if it is 
originated by sources or by propagation)

First steps beyond the TeV                                  
  a possible solution of the Milagro anomaly

 14



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

We extended the KRA𝛾 model including the CR 

spectral hardening assuming it to be present in 
the whole Galactic plane (gamma model)

This allows to match FERMI data and 
Milagro observed flux @ 15 TeV  
consistently !

First steps beyond the TeV                                  
  a possible solution of the Milagro anomaly

HAWC collaboration will check and  
extend Milagro results providing a 
further test of our scenario

 15



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

A solution of the spectral index gradient problem 
based on anisotropic diffusion
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 using   DRAGON 2 

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

•  Poloidal magnetic field become larger toward the GC 
•   Parallel diffusion irrelevant at large radii becomes more and more 

relevant for R       
•  Particle tracing numerical simulations  Casse+ 2001, De Marco+ 2007 ,             

Snodin + 2015                                            

                                   D|| ∝ ρ1/3    D⊥ ∝ ρ1/2                

➜  CR spectrum becomes harder for R ➜ 0. The effect holds at large energies



Relevance of / implications for 
the Galactic Center diffuse emission 

• To understand CR propagation/𝛄-ray diffuse emission in that region is crucial for DM indirect search and 
to interpret Fermi bubbles

• The GC is one of the few regions where the diffuse emission spectrum was measured up to tens of  TeV

• Different interpretations of the spectral index gradient predicts different 𝛄-ray spectra at the GC 
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The Galactic center TeV excess

H.E.S.S. , Nature 2006 

• The diffuse emission from the central 
molecular zone (CMZ) is correlated with the 
gas distribution (inferred from CO and CS 
emission maps)

• IC and synchrotron losses too strong in that 
region ⇒ hadronic emission

• The spectrum is harder (𝛤 ≃ - 2.3 ) than 
expected from the hadron scattering of 
Galactic cosmic rays (CR) if their spectrum is 
the same of that at the Earth (𝛤 ≃ - 2.7 )

• A freshly accelerated (hard) CR component 
was invoked to explain the emission
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥   10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×   0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼  70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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X 10
• the diffuse emission around J1745-290 

(positionally compatible with SgrA* ) extends up 
to ~ 50 TeV ➡    CR protons up to ~ PeV

• same spectrum of the point source J1745-290 
which however display at cutoff @ ~ 10 TeV.    
Very strong attenuation required around it !!          
See e.g.   S. Celli et al. 2016

• leptonic emission (IC) cannot match the 
observed spectrum due to strong losses 
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The Galactic center TeV excess
10 years later ….

H.E.S.S.  Nature 2016



Same spectra in the ridge                
( | l | < 1° , | b | < 0.3° ),  d <  150 pc 

      𝜞HESS17 = 2.28 ± 0.03stat ± 0.2sys 

and in the “pacman”                               
0.15° <  𝜃  <  0.45°  ,  22 < d < 67 pc

      𝜞HESS16 = 2.32 ± 0.05stat ± 0.11sys 

The Galactic center TeV excess   

Nature 2016 + A&A 2018
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Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥   10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×   0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼  70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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At the GC the emission profile seems more 
peaked than the estimated gas distribution. The 
inferred CR density profile is consistent with 
that expected from CR diffusing out a 
stationary source.                                                                                                   

The PeVatron scenario
H.E.S.S.  Nature 2016 + A&A 2018
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The case of the Pevatron observed by HESS 

First Pevatron observed in gamma-ray from 
a diffuse region close to Sagittarius A

25

D(E) / E�if

/ E�(�src+�)wCR(E, r) =
Q̇source(E)

4⇡D(E)

1

r

(1° ≃ 150 pc at the GC )

•



At the GC the emission profile seems more 
peaked than the estimated gas distribution. The 
inferred CR density profile is consistent with 
that expected from CR diffusing out a 
stationary source.                                                                                                   
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The case of the Pevatron observed by HESS 

First Pevatron observed in gamma-ray from 
a diffuse region close to Sagittarius A

25

D(E) / E�if

/ E�(�src+�)wCR(E, r) =
Q̇source(E)

4⇡D(E)

1

r

(1° ≃ 150 pc at the GC )

•

Possible loopholes:

• the H2 tracer’s emission (CO, CS .. lines) may 
be absorbed in high density clouds

• only the projected distance from the GC is 
observed. HESS collaboration assumes a 
uniform gas density along the line of sight.    
This may give rise to a bias. 

The PeVatron scenario
H.E.S.S.  Nature 2016 + A&A 2018



Extending the energy interval: 
the role of 10 years of Fermi-LAT data 

conventional 
Galactic background

GC component

total

E

flux

I I
I I I I

• The morphology of the emission 
may be different at different 
energies for non stationary sources

• In the conventional scenario the 
presence of a hard component 
taking over the softer large scale 
Galactic CR sea should give rise to a 
spectral feature 

     keep in mind that below 10 GeV  
     the diffuse emission measured by 
     Fermi data agrees with what 
     expected from a uniform CR sea 
    

Fermi

HESS



Galactic Center (5 < l < �5 & � 2 < b < 2)

0 90
Counts

The emission is clearly dominated by the CMZ !

E > 1 GeV

Central Molecular 
zone (CMZ)

Galactic disk 
emission

3FHL source
(10 GeV - 2 TeV)

3FGL sources
(20 MeV - 300 GeV)

The Fermi counts from the central kpc of the Galaxy 
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The CR energy density radial profile
from HESS and FERMI

ΦGR ¼ 8.96þ1.35
−1.39 × 10−9

!
Eγ

1 TeV

"−2.49þ0.09
−0.08

ðTeV cm2 s srÞ−1

ð1Þ

and

Φpm ¼ 1.36þ0.12
−0.12 × 10−8

!
Eγ

1 TeV

"−2.41þ0.07
−0.06

ðTeV cm2 s srÞ−1

ð2Þ
with reduced χ2 ¼ 3, and 1.4.
We find only mild changes of our results using the Fermi

event type PSF3, which corresponds to a subset of the
events with a better angular reconstruction.
In the rest of this section we use the angular dependence

of the diffuse emission measured by Fermi-LAT to infer
the CR energy density radial profile wCRðrÞ in the CMZ
region, for energies corresponding to ECR ≥ 100 GeV.
We will then compare its shape with that determined by
the H.E.S.S. Collaboration for ECR > 10 TeV [1]. Possible
discrepancies among those profiles may reveal the presence
of a nonstationary CR source since charged particles with
different energies diffuse with different time scales.
Moreover, Fermi-LAT data extend to larger longitudes
than H.E.S.S., which may allow us to better probe the
large radii tail of the CR distribution.
For consistency, we determine wCR using the same ex-

pression adopted in Ref. [1] [Eq. (2) in the Supplemental
Material of that paper] correcting it to account for the
energy dependence of the pion production cross section.
This gives

wCRðECR ≥ 0.1 TeVÞ
¼ 3.9 × 10−2 eV cm−3

×
!
ηN
1.5

"−1!Lγð≥ 10 GeVÞ
1034 erg=s

"!
Mgas

106 M⊙

"−1
: ð3Þ

Here Lγð≥ EγÞ is the γ-ray luminosity above Eγ in each
region (subtracting the contribution from point sources);
Mgas is the corresponding total hydrogen mass; ηN ≈ 1.5 is
a factor accounting for the presence of heavier nuclei.
Using the Fermi tools we extract the diffuse luminosity

LγðEγ ≥ 10 GeVÞ in an annulus and in six adjacent circular
regions with angular diameter of 0.2° centered on the plane
intersecting SgrA* (see Fig. 3). These regions are larger than
those considered by H.E.S.S., which is motivated by the
smaller angular resolution of Fermi-LAT. To determine the
gas mass distribution we use the same CS column density
map [23] adopted by the H.E.S.S. Collaboration [1].
The resulting CR energy density radial profile wCRðrÞ in

the energy range 0.1 ≤ ECR ≤ 0.3 TeV is reported in
Fig. 3, as well as the CR distribution derived by the
H.E.S.S. Collaboration in Ref. [1] for ECR ≥ 10 TeV.
Although the large errors and scatter of the points based

on Fermi-LAT data do not allow a tight constraint at low
energies, our results are consistent with an energy inde-
pendent shape of the CR density profile. It is clear that both
data sets are consistent with being constant for r≳ 100 pc.
Phenomenological model.—In this section we compare

the previous results with the phenomenological scenario
proposed in Ref. [8]. This model was designed to reproduce
the γ-ray spectra in the inner GP measured by Fermi-LAT,
which were found to be harder than those predicted by
conventional models [11]. The scenario, which was imple-
mented in the DRAGON code [24,25], assumes that the
exponent δ, setting the scaling of the CR diffusion coefficient
with rigidity, has a linear dependence on the galactocentric
radius (r): δðrÞ ¼ Arþ B. The parameters A and B were
tuned to consistently reproduceCRandFermi-LAT γ-ray data
on the whole sky. In particular, the so-called KRAγ model
adopts A ¼ 0.035 kpc−1 and B ¼ 0.21, giving δðr⊙Þ≃ 0.5.
Assuming a uniform CR source spectral index across the
whole Galaxy, this behavior turns into a radial dependence of
the propagated CR spectral index, producing longitude-
dependent γ-ray spectra along the GP. Remarkably, this is
in reasonably good agreement with the results of a recent
Fermi-LAT analysis [9] (see Fig. 8 in that paper) as well as
with those reported in Ref. [10] on the basis of the same
data (Note, however, that in Ref. [10] the CR spectrum at the
GC is slightly softer than that found by the Fermi-LAT
Collaboration.) A radial dependence of the advectionvelocity
was also adopted in Ref. [8]. Advection, however, plays no
relevant role in the energy range considered in this work.
Similar to Ref. [12], here we introduce a spectral hard-

ening in the proton and Helium source spectra at
∼300 GeV=n, in order to reproduce the local propagated

FIG. 3. The CR energy density radial profiles for
ECR > 10 TeV, as determined by H.E.S.S. [1], and for
0.1 ≤ ECR ≤ 3 TeV, as determined here from Fermi-LAT data,
are reported. Those data are compared with the gamma model
predictions (solid lines). The regions of the sky used for deriving
the data are represented in the inset. The model energy density
profiles on Galactic scales are reported in the Supplemental
Material [20].
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Here we use the same approach, and 
same gas mass distribution based on the 
CS emission map, of the HESS coll. and 
compare the result with our model

We use larger region due to the smaller 
Fermi-LAT angular resolution

Good agreement with the gamma 
model for R > 50 pc consistent with an 
almost uniform CR density outside that 
region
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The diffuse emission spectrum of the GC             
        from H.E.S.S.  +  Fermi-LAT 

Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
                 “                     + S. Ventura (ICRC 2017) 
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PASS8 Fermi-LAT  470 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FGL catalogue subtracted.    

| l | < 1° , | b | < 0.3° 

single power-law fit

𝜞HESS + FERMI =  - 2.41 ± 0.02 



The diffuse emission spectrum of the GC before 2016 

4 L. Jouvin et al.

of an advective escape (section 2.1) or di↵usive escape (sec-
tion 2.2) with existing radio, GeV and TeV data. In order
to obtain these SEDs, we have to solve the kinetic equation:

�N

�t
=
�

��
(PN) � N

⌧
+Q (4)

where N is the spectral particle density, � is the particle
Lorentz factor, P the energy loss rate, ⌧ the loss time-scale
and Q the source spectrum.

We used the software package GAMERA (Hahn 2015).
The energy loss processes taken into account are the ion-
ization, synchrotron, bremsstrahlung, inverse compton (IC)
and inelastic pp scattering. We assume a maximum accel-
eration energy of 1 PeV for the protons and 1 TeV for the
electrons since radiative losses are expected to be already
very strong for 1 TeV electrons. Both in the advective or
di↵usive scenari, the e�ciency for CR acceleration is fixed
to 10% of the kinetic energy released from a SN explosion
and the ratio electrons/protons is assumed to be 1%. As
considered in the previous sections 2.1 and 2.2, the typical
scale H for CRs to escape is 50 pc. For the IC, we considered
two target photon populations as Yoast-Hull et al. (2014):
an optical radiation field (T=5000K) with an energy den-
sity of 60 eV cm

�3 and a far infrared radiation field (T=21
K) with an energy density of 15 eV cm

�3.
Outside the NRFs, the di↵use radio emission shows a

downward break at 1.7 GHz that constrains B > 50 µG
(Crocker et al. 2011). However, the magnetic field in the gen-
eral ISM could be close to the equipartion with the cosmic-
rays, Beq ⇡ 10 µG (LaRosa et al. 2005). We use di↵erent
magnetic field strengths between 10 and 100 µG. Whatever
the value, the IC is never dominant for the GeV and TeV
domain.

For the advection case, we assume a power-law for the
parent particles population, protons and electrons, with a
spectral index p of 2.45. The SED is represented on Figure 1
(top panel) with the GeV data points from Macias & Gordon
(2014) and the TeV data from Aharonian et al. (2006). By
assuming a magnetic field arnd 30 µG, intermediate value of
the magnetic field estimations in the general ISM (Crocker
et al. 2011; LaRosa et al. 2005), we ensure that the model
matches with the �-ray spectrum observed at TeV energies.
To do so, as shown above, we have to consider a quite large
SN recurrence time around 10

4 years.
The figure 1 (bottom panel) represents the SED for a

CR escape due to the di↵usion with a power-law di↵usion
coe�cient: D = D0(E/10 TeV)d with D0 = 2 ⇥ 10

29
cm

2
s
�1

and d = 0.3. For di↵usive escape, the injection spectrum is
harder with a spectral index of 2.15 increasing the IC and
bremsstrahlung components of the total SED. As empha-
sized in the section 2.2, the di↵usion model matches well
with the �-ray spectrum observed at TeV energies by as-
suming a smaller SN recurrence time of 2 ⇥ 10

3 yrs closer
to some GC estimates (e.g. Crocker et al. 2011; Ponti et al.
2015).

For the di↵usive or advective scenario, we do not
attempt to explain the synchrotron emission because of
the multiple phenomena to be taken into account (self-
absorption, thermal emission etc) and because the magnetic
field is likely highly non uniform making the box model very

Figure 1. Spectral energy distribution (SED) of the Galactic
Ridge for a steady state scenario. The CR escape is due to the
advection of the perpendicular wind of speed 1000 km/s on a 30
pc scale on the top panel and to the di↵usion on the bottom panel.
We assume a power-law di↵usion coe�cient: D=D0(E/10 TeV )d
with D0=2 ⇥ 10

29
cm

2
s
�1 and d=0.3. The spectral index of the

parent particle population is fixed to 2.45 in the top panel and
2.15 in the bottom panel. The SN recurrence time is fixed around
10

4 years in the top panel and 2⇥10
3 years in the bottom panel. For

the IC, we considered two target photon populations: an optical
radiation field (T=5000K) with an energy density of 60 eV cm

�3

and far infrared radiation field (T=21 K) with an energy density
of 15 eV cm

�3. We assume an e�ciency for CR acceleration of
10% of the kinetic energy released from a SN explosion, Ek=10

51

erg, and a ratio electrons/protons equal to 1%. The interstellar
medium density is equal to 100 cm

�3 and the magnetic field to 30
µG.

unlikely. We simply ensure we do not over predict the radio
data points from Crocker et al. (2011).

Considering coe�cient di↵usion consistent with values
deduced from local observations, the di↵usive escape is much
more dominant over an advective escape at these VHE en-
ergies. While the advective scenario requires SN rates in
the lower ranges of estimates, the di↵usive scenario requires
larger rates well within the range. However, for the typical
estimate of the SN rate found though the di↵usive approach,
the SN recurrence time is larger than the escape time, even

MNRAS 000, 1–10 (2015)

Jouvin et al. 2017



The CR sea emission against FERMI + HESS at the GC
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
                 “                     + S. Ventura (ICRC 2017) 
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We use the Ferriere 2007  3-D gas     
tuning the XCO                                         
XCO (R = 0) = 0.6 × 1020 cm-2 (K km/s)-1  

for the Case & Bhattacharya (1998) 
source distribution

The same model solving the Fermi 
spectral index gradient problem and 

matching Milagro (gamma model) 
reproduces FERMI + HESS  data in 

the ridge and inner region 

     

| l | < 1° , | b | < 0.3° 
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PASS8 Fermi-LAT  516 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FHL catalogue subtracted.    

| l | < 1° , | b | < 0.3° 
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𝜞HESS + FERMI = 2.43 ± 0.03

this implies Γ ∼  2.5 for 
primary protons

single power-law fit
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PASS8 Fermi-LAT  516 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FHL catalogue subtracted.    

| l | < 1° , | b | < 0.3° 
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Pacman region

0.15° <  𝜃  <  0.45°  ,  22 < d < 67 pc
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The role of the (global) hardening at few hundred GeV
     

Similarly to what required for the solution of 
the Milagro anomaly both the radial hardening 
and the global hardening are required to 
match the data.  This implies:

• further evidence for radial spectral index 
gradient. It presence at the GC and at           
E > 1 TeV  disfavour interpretations based 
on non-linear CR propagation.  

• first evidence of the presence of the CR 
hardening in the GC region suggesting this 
is a global effect (a source effect most 
likely). 
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Future tests
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E > 1 GeV



Implications for neutrino astronomy
 Gaggero, D.G., A. Marinelli, Urbano, Valli  ApJ L 2015    
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• On the whole sky the diffuse flux due to the 
Galaxy is 15 % at most (8 % for conventional 
models) of that measured by IceCube.   

• In the inner Galactic plane however the gain 
factor is much larger                

• A neutrino telescope in the North hemisphere 
is more suited to detect the Galactic 
component.  We computed the upper limit on 
the basis of ANTARES data in the region.          
| l | < 30° , | b | < 4°

•  Observable by KM3NeT (work in progress ) !

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


Implications for neutrino astronomy   
 ANTARES coll. , Phys. Lett. B, 2016 
 ANTARES coll. + D. Gaggero & D.G.  PRD 2017 
 ANTARES + IceCube + D. Gaggero & D.G.  , to appear 
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ANTARES and IceCube constrained the 
maximum diffuse neutrino flux at a  

maximum value of ~20% of the total IceCube 
astrophysical measured flux.

Galactic plane

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
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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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• Fermi-LAT data in the inner galaxy may imply that the Galactic CR sea in the GC region 
is harder that the local one.  This can hardly be explained by unresolved sources while 
inhomogeneous/anisotropic transport offers a viable interpretation of the spectral index 
gradient

• We used PASS8 Fermi-LAT data to extend the diffuse emission spectrum in the GC 
measured by HESS down to few GeV.  An independent analysis by the Fermi-LAT coll. 
would be wishful 

•  Assuming that the CR spectral hardening at 300 GeV found by Pamela and AMS is 
present in the whole disk (as also favored by AMS 2018) the bulk of the diffuse emission 
from the CMZ may be originated by the Galactic CR sea.  

• CTA should be able to confirm the scenario we propose observing the emission from 
molecular clouds outside the CMZ

• In this scenario the neutrino diffuse emission from the Galactic disk is significantly 
enhanced.  ANTARES and IceCube may soon test it. Km3NeT can measure that emission 
with high accuracy. 




