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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 GAMMA-RAY DIFFUSE EMISSION OF THE GALAXY
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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
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Compton scattering the target are the photons of the in-
terstellar radiation fields discussed in sec. IIA. For our
calculations we have used the model of [20].
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FIG. 3: Flux of electrons plus positrons observed at the Earth.
The line is our fit to the spectrum. The data points are from Fermi
[37], AMS02 [38], DAMPE [44], HESS [39–41], MAGIC [42] and
VERITAS [43].

The leptonic mechanisms for gamma ray production
are purely electromagnetic and therefore have exactly cal-
culable cross sections (see for example [45]).

The leptonic emission, separated into the contributions
of bremsstrahlung and Compton scattering, is shown in
Fig. 4. The results can be easily understood qualita-
tively. In the case of bremsstrahlung, the e

⌥ radiates
photons with an energy independent cross section and
the final state photon has an energy distribution that de-
pends only on the ratio E�/Ee. If the primary e

⌥ have
a power law spectrum, the emission is then also a power
law with the same spectral index (of order ↵e ⇡ 3.1 for
E . 300 GeV). The bremsstrahlung spectrum softens
at higher energy because of the break in the (e� + e

+)
spectrum at Ee ⇡ 1 TeV.

The Compton scattering component of the emission
has initially a hard spectrum (a spectral index of order
2). This reflects the well known fact that when the e�

interactions are in the Thomson regime (that is when
the product of the energies of the interacting particles
is su�ciently small: Ee "i . m

2
e ) the spectral indices

of the Compton emission and the primary electron flux
are related by: ↵� ' (↵e+1)/2. This behaviour however
stops for E� & 100 GeV when most of the e� interactions
are in the Klein–Nishina regime. The Compton emission
su↵ers more suppression at higher energy also because of
the softening of the e

⌥ spectra above 1 TeV. The result
is that the local Compton emission of gamma rays gives
a maximum contribution of order 5% with respect to the
hadronic one.

It should be noted that the estimate of the contribution
of the leptonic mechanisms to the observed gamma ray

flux (that is the result of the emission from the whole
Galaxy) is a more di�cult task, because it requires to
compute the emissions in di↵erent regions of the Galaxy,
where the densities of the primary particles (electrons,
protons and nuclei) and of the relevant targets (gas and
radiation) can be di↵erent. In particular it is possible,
and indeed likely that the Compton mechanism can be a
significant component of the flux for directions that point
away from the Galactic equator. This is because the
interstellar gas density (the target for hadronic emission)
is exponentially suppressed for large |z|, while the density
of the radiation fields (the target for Compton scattering)
falls more gradually with |z| (and the CMBR component
is in fact constant). However one expects that in the
region of small latitude (|b| . 10�), where the di↵use flux
is largest, the leptonic mechanisms remains subdominant,
with a maximum contribution of order . 10% to the
di↵use flux.
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FIG. 4: Gamma ray emission rate in the solar neighborhood. The
total emission and the single contributions of the three main mech-
anisms (hadronic, bremsstrahlung and Compton scattering) are
shown. The assumed hydrogen density in the interstellar medium
is n = 1 cm�3.

C. Summary

The main results obtained in this section can be sum-
marized as follows:

(A) The hadronic mechanism is the dominant source of
gamma rays for E� & few GeV in the Galactic disk
region (|b| . 10�) with the leptonic mechanisms
accounting for only a few percent of the emitted
photons.

(B) In a broad energy interval between 10 and 105 GeV
the emission spectrum is in good approximation a
power law (q� / E

�↵) with a spectral index ↵ that
varies slowly with values between 2.8 and 2.6.
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spectrum at Ee ⇡ 1 TeV.

The Compton scattering component of the emission
has initially a hard spectrum (a spectral index of order
2). This reflects the well known fact that when the e�

interactions are in the Thomson regime (that is when
the product of the energies of the interacting particles
is su�ciently small: Ee "i . m

2
e ) the spectral indices

of the Compton emission and the primary electron flux
are related by: ↵� ' (↵e+1)/2. This behaviour however
stops for E� & 100 GeV when most of the e� interactions
are in the Klein–Nishina regime. The Compton emission
su↵ers more suppression at higher energy also because of
the softening of the e

⌥ spectra above 1 TeV. The result
is that the local Compton emission of gamma rays gives
a maximum contribution of order 5% with respect to the
hadronic one.

It should be noted that the estimate of the contribution
of the leptonic mechanisms to the observed gamma ray

flux (that is the result of the emission from the whole
Galaxy) is a more di�cult task, because it requires to
compute the emissions in di↵erent regions of the Galaxy,
where the densities of the primary particles (electrons,
protons and nuclei) and of the relevant targets (gas and
radiation) can be di↵erent. In particular it is possible,
and indeed likely that the Compton mechanism can be a
significant component of the flux for directions that point
away from the Galactic equator. This is because the
interstellar gas density (the target for hadronic emission)
is exponentially suppressed for large |z|, while the density
of the radiation fields (the target for Compton scattering)
falls more gradually with |z| (and the CMBR component
is in fact constant). However one expects that in the
region of small latitude (|b| . 10�), where the di↵use flux
is largest, the leptonic mechanisms remains subdominant,
with a maximum contribution of order . 10% to the
di↵use flux.

Total

Hadronic

Compton

Bremsstrahlung

0.01 1 100 104 106
10-7

10-5

0.001

0.1

E HGeVL

E2
q g
HEL

@10
25
G
eV
êHc
m
3 s
LD

FIG. 4: Gamma ray emission rate in the solar neighborhood. The
total emission and the single contributions of the three main mech-
anisms (hadronic, bremsstrahlung and Compton scattering) are
shown. The assumed hydrogen density in the interstellar medium
is n = 1 cm�3.

C. Summary

The main results obtained in this section can be sum-
marized as follows:

(A) The hadronic mechanism is the dominant source of
gamma rays for E� & few GeV in the Galactic disk
region (|b| . 10�) with the leptonic mechanisms
accounting for only a few percent of the emitted
photons.

(B) In a broad energy interval between 10 and 105 GeV
the emission spectrum is in good approximation a
power law (q� / E

�↵) with a spectral index ↵ that
varies slowly with values between 2.8 and 2.6.
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COSMIC RAY TRANSPORT

⌅N i

⌅t
� ⇤ · (D⇤� vc) N i +

⌅

⌅p

�
ṗ� p

3
⇤ · vc

⇥
N i � ⌅

⌅p
p2Dpp

⌅

⌅p

N i

p2
=

= Qi(p, r, z) +
⇤

j>i

c�ngas(r, z)⇥jiN
j � c�ngas⇥in(Ek)N i

Total inelastic cross 
section.  
Disappearance of 
nucleus i

Spallation cross 
section. Appearance 
of nucleus i due to 

spallation of nucleus j

SN source term.

We assume everywhere


a power law energy spectrum

Convection term
Energy loss ReaccelerationDiffusion tensor

D(E) = D0 (⇢/⇢0)
�

⇢ = rigidity ⇠ p/Z
Dpp /

p2v2
A

D

A large number of parameters to be fixed against data !

Ginzburg & Syrovatsky, 1964

The CR trasport equation

The CR Galactic population assuming uniform and isotropic diffusion (conventional scenario)
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LOCAL (d < few kpc) PROBES

➤ B/C 

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

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

(c) Propagated protons at 10 TeV

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

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

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

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

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

+ ➡

A&A proofs: manuscript no. rings_description

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

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

Article number, page 4 of 12page.12

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


HI obtained from 21cm 
emission maps 

transport eq. → 
CR spatial/energy 
distribution
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CONVENTIONAL MODELS AGAINST FERMI-LAT 

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
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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 8and 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
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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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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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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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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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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

Fermi-LAT coll.  2016

KRA𝜸

conventional

Gaggero, Urbano, Valli & Ullio, PRD 2015

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) 

factorized energy-space 
dependence of CR transport                      

 “KRA𝛾 or gamma model”  
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THE SPECTRAL INDEX GRADIENT PROBLEM 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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�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 –

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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�0 2-30 GeV

�0 30-220 GeV

�0 2-220 GeV

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 –

Prothast, Gaggero, Strom, Weniger, 2018
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Several independent analysis 
of Fermi-LAT data (most 
recent: 10 years PASS 8) 
agree finding a progressive 
hardening for R → 0  in the 
inner Galaxy. No clear trend 
for R < 2 kpc.  

The same trend has been 
found in two different energy 
intervals as may be expected 
if originated by CR transport



THE POSSIBLE ROLE OF UNRESOLVED SOURCES
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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.

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 –

Prothast, Gaggero, Strom, Weniger, 2018
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MOLECULAR CLOUDS AS A PROBE OF THE CR SEA 
4

Cloud ρ0,CR (10 GeV) α
[10−12 GeV−1 cm−3]

418 1.7 ± 0.6 2.78 ± 0.13
429 1.5 ± 0.6 2.7 ± 0.3

Maddalena 2.0 ± 0.7 2.91 ± 0.07
MonOB1 2.4 ± 0.8 3.0 ± 0.1

610 2.0 ± 0.8 3.1 ± 0.3
612 1.4 ± 0.7 2.8 ± 0.4

Cepheus 2.3 ± 0.8 2.88 ± 0.07
Orion A 2.3 ± 0.8 2.83 ± 0.07
Taurus 2.3 ± 0.7 2.90 ± 0.07
Lupus 1.6 ± 0.6 2.69 ± 0.11
933 2.9 ± 1.2 2.81 ± 0.12
900 2.4 ± 0.8 2.88 ± 0.11
964 1.8 ± 0.6 2.73 ± 0.08
876 2.1 ± 0.7 3.01 ± 0.14
243 5.5 ± 1.8 2.93 ± 0.11
877 3.7 ± 1.2 2.75 ± 0.05
902 4.8 ± 1.6 2.99 ± 0.11
804 2.7 ± 0.9 2.67 ± 0.09

Sgr B2a 1.2 ± 0.4 3.1 ±0.3

AMS-02 1.41 2.85 b

a from [22]
b Value relative to the rigidity range 45 GV-100 GV as given in[1]

TABLE I. The spectral indices and CR densities at 10 GeV
derived from the γ-ray and CO data at the locations of clouds
indicated in Fig. 1. Errors on the normalization result from
the sum in quadrature of the statistical error deriving from
the fit and the 30% uncertainty on the A parameter due to
the conversion factor XCO

to the Gould Belt clouds could be interpreted as a result
of the dominant contribution by local accelerators to the
measured CR flux, the γ-ray data from other clouds, in
particular Maddalena, cloud #418 and cloud #429, ex-
clude this scenario. The constancy of the derived den-
sities and the spectral indices of CRs tell us that, most
likely, we deal with the sea of CRs. Quite remarkably,
the same level of CR density is also derived in the GC
region based on the analysis of γ-ray flux below 30 GeV
from the Sgr B2 complex in the GC [22] (see Fig.2). To a
certain extent, this is an unexpected outcome, given the
presence of several potentially powerful accelerators in
that region. A plausible explanation of this result could
be the effective escape of low-energy CRs from the inner
parts of the GC, e.g., due to the fast convection, before
they could propagate to large distances and approach Sgr
B2.

On the other hand, all four clouds located in the 4-6
kpc ring, show significantly, by a factor of 2-3, enhanced
γ-ray fluxes, as well as systematically harder energy spec-
tra compared to γ rays induced by the sea of CRs (see
Fig.2). This generally agrees with the results derived
from the diffuse γ-radiation of the Galactic Disk [20, 28].
However, one should note that, while the method of
derivation of the radial distribution of CRs from the dif-
fuse γ-ray emission is based on a few assumptions and

FIG. 2. Spectral Energy Distributions of GMCs. The upper panel:
The points are multiplied in order to distinguish them from one an-
other according to their distance from the galactic center, from the
bottom to the top: 10-12 kpc (circles); 8-10 kpc (triangles) 6-8 kpc
(squares), 4-6 kpc (stars). The SEDs of three Gould Belt clouds
and Sgr B2 are shown in the lower panel (below the horizontal
line). SEDs are normalized to the parameter of each cloud A (i.e.
the derived fluxes are divided to the corresponding values of the A
parameter. In some cases the binning at higher energy has been
enlarged to include more statistics. The dashed black line indi-
cated for each set of GMCs is the expected SED of a cloud with
A = 1 calculated for the parent CR proton spectrum reported by
the AMS collaboration [1], and using the differential cross-section
parametrization from ref. [27]. The parameter that takes into ac-
count the contribution of nuclei to the γ-ray production, η = 1.8,
corresponds to the standard compositions of the interstellar gas
and CRs The shaded gray area indicates the 30% uncertainty in
M5/d2kpc, due to the CO-to-H2 conversion factor.

gives the average density of CRs inside the Galactocen-
tric rings, γ-ray emission from individual clouds provides
direct information about the CR density in the localized
regions within a few tens of pc. This is an important
information which can tell us whether the enhanced γ-
ray emission of the 4-6 kpc ring is a result of a global
variation of the level of the CR sea on large (kpc) scales
or it is caused by an additional component of radiation

3

FIG. 1. Positions of the selected GMCs in the Galactic Plane.
The reference numbers are from ref. [10]. In the upper right
panel is shown a zoomed region surrounding the Sun with
the selected nearby clouds. The purple circle, centered on
the Sun, represents the approximate position of Gould Belt.
The location of the Sgr B2 complex in the Galactic Center is
also shown. The positions and their relative uncertainties are
taken from refs.[10], [15] and [18].

.

catalog. As explained in refs. [10] and [19], due to the
different gas density profiles, the radius of the CO emit-
ting region σr is generally smaller than the radius R of
the H2 region. We assumed R=ησr, with η = 1.91, as
calculated in [19]. We considered then a box of side 2R,
and width ∆v = 2

√
2 ln 2σv, integrated over the velocity.

For the spectrum, we assumed a power law model. As a
template for the background, we could not use the stan-
dard galactic background model of the Fermi-LAT col-
laboration [20], since the emission from the molecular
clouds is included there as a background. We built then
a customized background model, by considering the main
channels of production of γ rays above 1 GeV: the π0-
decay component, the inverse Compton scattering and
the extra-galactic diffuse radiation. We created a spatial
template of the π0-decay emission by considering the gas
map of HI [12] and CO [11], from which we excluded the
cloud. We assumed a power law spectrum. What con-
cerns the Inverse Compton scattering, we took the out-
put map SYZ10R30T150C2 from galprop1 [21] . For the
isotropic extra-galactic component we derived a model

1 https://galprop.stanford.edu/publications.php?option=supplement&set=1

by fitting a 30◦ region centered in l,b=(150◦,90◦), where
the Galactic contribution (pion decay and IC) is mini-
mum. As starting model we included the sources from
the 3FGL catalog [13]. In the fit we left all the spec-
tral parameters of the diffuse components free, as well
as all the sources within 3 degrees from the cloud. The
residuals are showed in the supplementary part.
In Fig. 2 we show the Spectral Energy Distributions

(SEDs) of all analyzed clouds, the errorbars represent
the statistical uncertainty, plots with the systematic un-
certainty are reported in the supplementary material. At
the bottom of the figure is shown the SED of Sgr B2 com-
plex, as reported in ref. [22], as well as the SEDs of three
clouds of the Gould Belt system, Orion A, Taurus and
Lupus. The new results, based on 9 years data of Fermi-
LAT are in good agreement with previous studies of the
Gould Belt region [16, 17, 23–25]. The plotted spectral
points are normalized to A=1 and compared to the γ-
ray fluxes expected from interactions of CRs described
by the locally measured CR flux (see Eq.1 in the supple-
mentary material). The γ-ray fluxes from GMCs with
galactocentric distances more than 8 kpc, including all
nearby high latitude clouds, are in good agreement with
the theoretical predictions made under the assumption
that the CR fluxes and energy spectra coincide with the
direct CR measurements reported by the AMS collabo-
ration. The same is true for the Sgr B2 complex [22] in
the Galactic Center. Moreover, for all clouds, except for
one (the cloud #933) located in the ring between 6 and
8 kpc, we find a γ-ray flux similar to the AMS spectrum.
On the other hand clouds located in the 4-6 kpc show
enhanced γ-ray fluxes and likely harder energy spectra.
From the SEDs of γ rays one can extract direct in-

formation about the energy density of the parent CR
protons assuming that the inelastic proton-proton and
proton-nuclei interactions with production and decay of
π0-mesons are responsible for the major fraction of the
detected γ-rays. For this purpose, we used the naima

software package [26]. The CR density was fitted as a
power law; the spectral indices and the energy densities
of CRs above 10 GeV derived for individual clouds are
listed in Table I.
To summarize, a robust conclusion can be drawn for all

clouds with Galactocentric distances larger than 8 kpc,
independently of their location in the Galaxy. The re-
sults are in good agreement with theoretical predictions
assuming that γ rays are produced at interactions of CRs
with the gas inside the clouds and that the flux and spec-
tral shape of CRs embedded in the clouds are pretty
close to the locally measured CR flux and spectrum as
reported by the AMS collaboration [1]. From Fig. 2
we can see good agreement between the observed γ-ray
fluxes (normalized for each cloud to the value of the cor-
responding parameter A) from three regions representing
the Gould Belt, the 8-10 kpc ring and the periphery be-
yond ≥ 10 kpc. While, at first glance, the data relative

Use Fermi-LAT data for selected isolated clouds  

Aharonian, Peron, Yang, Zanin, Casanova, 2018
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MOLECULAR CLOUDS AS A PROBE OF THE CR SEA 
4

Cloud ρ0,CR (10 GeV) α
[10−12 GeV−1 cm−3]

418 1.7 ± 0.6 2.78 ± 0.13
429 1.5 ± 0.6 2.7 ± 0.3

Maddalena 2.0 ± 0.7 2.91 ± 0.07
MonOB1 2.4 ± 0.8 3.0 ± 0.1

610 2.0 ± 0.8 3.1 ± 0.3
612 1.4 ± 0.7 2.8 ± 0.4

Cepheus 2.3 ± 0.8 2.88 ± 0.07
Orion A 2.3 ± 0.8 2.83 ± 0.07
Taurus 2.3 ± 0.7 2.90 ± 0.07
Lupus 1.6 ± 0.6 2.69 ± 0.11
933 2.9 ± 1.2 2.81 ± 0.12
900 2.4 ± 0.8 2.88 ± 0.11
964 1.8 ± 0.6 2.73 ± 0.08
876 2.1 ± 0.7 3.01 ± 0.14
243 5.5 ± 1.8 2.93 ± 0.11
877 3.7 ± 1.2 2.75 ± 0.05
902 4.8 ± 1.6 2.99 ± 0.11
804 2.7 ± 0.9 2.67 ± 0.09

Sgr B2a 1.2 ± 0.4 3.1 ±0.3

AMS-02 1.41 2.85 b

a from [22]
b Value relative to the rigidity range 45 GV-100 GV as given in[1]

TABLE I. The spectral indices and CR densities at 10 GeV
derived from the γ-ray and CO data at the locations of clouds
indicated in Fig. 1. Errors on the normalization result from
the sum in quadrature of the statistical error deriving from
the fit and the 30% uncertainty on the A parameter due to
the conversion factor XCO

to the Gould Belt clouds could be interpreted as a result
of the dominant contribution by local accelerators to the
measured CR flux, the γ-ray data from other clouds, in
particular Maddalena, cloud #418 and cloud #429, ex-
clude this scenario. The constancy of the derived den-
sities and the spectral indices of CRs tell us that, most
likely, we deal with the sea of CRs. Quite remarkably,
the same level of CR density is also derived in the GC
region based on the analysis of γ-ray flux below 30 GeV
from the Sgr B2 complex in the GC [22] (see Fig.2). To a
certain extent, this is an unexpected outcome, given the
presence of several potentially powerful accelerators in
that region. A plausible explanation of this result could
be the effective escape of low-energy CRs from the inner
parts of the GC, e.g., due to the fast convection, before
they could propagate to large distances and approach Sgr
B2.

On the other hand, all four clouds located in the 4-6
kpc ring, show significantly, by a factor of 2-3, enhanced
γ-ray fluxes, as well as systematically harder energy spec-
tra compared to γ rays induced by the sea of CRs (see
Fig.2). This generally agrees with the results derived
from the diffuse γ-radiation of the Galactic Disk [20, 28].
However, one should note that, while the method of
derivation of the radial distribution of CRs from the dif-
fuse γ-ray emission is based on a few assumptions and

FIG. 2. Spectral Energy Distributions of GMCs. The upper panel:
The points are multiplied in order to distinguish them from one an-
other according to their distance from the galactic center, from the
bottom to the top: 10-12 kpc (circles); 8-10 kpc (triangles) 6-8 kpc
(squares), 4-6 kpc (stars). The SEDs of three Gould Belt clouds
and Sgr B2 are shown in the lower panel (below the horizontal
line). SEDs are normalized to the parameter of each cloud A (i.e.
the derived fluxes are divided to the corresponding values of the A
parameter. In some cases the binning at higher energy has been
enlarged to include more statistics. The dashed black line indi-
cated for each set of GMCs is the expected SED of a cloud with
A = 1 calculated for the parent CR proton spectrum reported by
the AMS collaboration [1], and using the differential cross-section
parametrization from ref. [27]. The parameter that takes into ac-
count the contribution of nuclei to the γ-ray production, η = 1.8,
corresponds to the standard compositions of the interstellar gas
and CRs The shaded gray area indicates the 30% uncertainty in
M5/d2kpc, due to the CO-to-H2 conversion factor.

gives the average density of CRs inside the Galactocen-
tric rings, γ-ray emission from individual clouds provides
direct information about the CR density in the localized
regions within a few tens of pc. This is an important
information which can tell us whether the enhanced γ-
ray emission of the 4-6 kpc ring is a result of a global
variation of the level of the CR sea on large (kpc) scales
or it is caused by an additional component of radiation

“.. all four clouds located in the 4-6 kpc ring, show 
significantly, by a factor of 2-3, enhanced γ-ray fluxes, 
as well as systematically harder energy spectra compared 
to γ rays induced by the sea of CRs (see Fig.2). This 
generally agrees with the results derived from the diffuse 
γ-radiation of the Galactic disk.” 

The authors however argue that the effect is 
not statistically significant and it may be due 
to contamination from sources in that dense 
region 

Very promising proof of concept 
which will be fully exploited by CTA! 

Aharonian, Peron, Yang, Zanin, Casanova, 2018
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THEORETICAL INTERPRETATION

The regular magnetic field (with versor b ) breaks 
isotropy 


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


Perpendicular diffusion however may be dominant 
due to the quasi-azimuthally symmetric geometry 
of the regular magnetic field
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Diffusion as a tensor

Flusso di neutrini dalla regione del CG

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

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

~r · ~J = Q

dove
Ji = �Dijrj�

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

Il tensore di diffusione puó essere parametrizzato:

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

dove ~b ⌘ ~B0
B0

.

C. Evoli (Universitá di Pisa) Emissione diffusa di ⌫ dalla Galassia Pisa, 20/10/2006 10 / 33
DA

Proton distributions at 1 PeV for different level 
of turbulence

Neutrino fluxes from the GC region

Flusso di neutrini dalla regione del CG

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

b� = 1 con br = bz = 0
@

@� = 0

Dk non ha effetti fisici

L’equazione da risolvere diventa:
⇢
�1

r
@r [rD?@r ]� @z [D?@z ] + ur @r + uz@z

�
N(r , z) = Q(r , z)

dove le velocitá di drift sono definite

ur ⌘ �
@(DAb�)

@z

uz ⌘
1
r

@(rDAb�)
@r

C. Evoli (Universitá di Pisa) Emissione diffusa di ⌫ dalla Galassia Pisa, 20/10/2006 11 / 33

CE, D. Grasso & L. Maccione, JCAP, 2007, J. Candia, JCAP, 2005

 De Marco, Blasi & Stanev 2007           
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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

THEORETICAL INTERPRETATION

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

and more relevant for small R       
•  Particle tracing numerical simulations                                                                       

Casse+ 2001, De Marco+ 2007 ,  Snodin + 2015                                            

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

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

➤

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

Cerri, Gaggero, Vittino, Evoli & DG, JCAP 2017
 using   DRAGON 2  (JCAP 2017)  
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IMPLICATIONS FOR THE GAMMA-RAY AND 
NEUTRINO ASTRONOMY ABOVE THE TEV
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

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

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

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

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

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

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

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

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

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

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

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

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

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

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

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

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

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

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

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

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

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

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

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

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

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

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

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

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

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

VIII. THE ICECUBE NEUTRINO SIGNAL

As discussed in the introduction, the IceCube neutrino
telescope has recently obtained evidence for the existence
of a signal of high energy events of astrophysical origin
above the expected foreground of atmospheric ⌫’s [14–
17]. The signal is consistent with an isotropic flux of
extragalactic neutrinos, generated by the ensemble of all
(unresolved) sources in the universe. The flavor compo-
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FIG. 13: Ratio between the gamma ray fluxes calculated according
to the non–factorized and the factorized emission models. The ratio
is shown as a function of the gamma ray energy, after integration
in di↵erent longitude regions, for the latitude |b| < 5�. The solid
(dashed) lines include (neglect) the e↵ects of absorption.

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

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

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

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

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

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

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

Several authors have however suggested that a signifi-
cant fraction of (or even the entire) IceCube signal is of
Galactic origin. This requires the introduction of some
new mechanism for ⌫ production to explain the higher
normalization and the approximately isotropic angular
distribution of the neutrino signal.
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FIG. 11: Spectral index of the gamma ray emission as a function
of the distance from the Galactic Center for points on the Galactic
plane. The points are the estimates by Acero et al. [6] and Yang
et al. [19]. The dashed line is from Gaggero et al. [18]. The solid
line is the model discussed in this paper for E = 12 GeV.

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

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

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

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

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

VIII. THE ICECUBE NEUTRINO SIGNAL

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

Lipari & Vernetto, 2018

Dramatic flux 
enhancement at 
low longitudes 
above the TeV !!
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FIG. 13: Ratio between the gamma ray fluxes calculated according
to the non–factorized and the factorized emission models. The ratio
is shown as a function of the gamma ray energy, after integration
in di↵erent longitude regions, for the latitude |b| < 5�. The solid
(dashed) lines include (neglect) the e↵ects of absorption.

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

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

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

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

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

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

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

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

359.0359.500.000.501.0
Galactic longitude (degrees)

–00.6

–00.4

–00.2

+00.0

+00.2

+00.4

+00.6

G
al

ac
tic

 la
tit

ud
e 

(d
eg

re
es

)

C
ounts per pixel

Sgr A*

a

359.500.0
Galactic longitude (degrees)

–00.4

–00.2

+00.0

+00.2

+00.4

Sgr A*

b

–1.4

–0.5

1.9

7.8

23.0

61.7

160.0

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.

© 2016 Macmillan Publishers Limited. All rights reserved

pacmanridge

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 
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DIFFUSE EMISSION FROM THE GALACTIC CENTER
the PeVatron scenario

626 K. Ferrière et al.: Spatial distribution of interstellar gas in the Galactic bulge

Fig. 6. Azimuthally-averaged column densities through the Galactic
disk of interstellar hydrogen nuclei in molecular form (solid line),
atomic form (dot-dashed line) and ionized form (dotted line) and as-
sociated surface densities of total interstellar matter (assuming a total-
to-hydrogen mass ratio of 1.453; see Sect. 2) as functions of Galactic
radius.

with αvh = 21◦. The H+ space-averaged density of the VHIM,
⟨nH+⟩VHIM = ⟨ne⟩VHIM/1.2, can then be written in terms of the (η, ζ)
coordinates as

⟨nH+⟩VHIM = (0.29 cm− 3) exp
⎡
⎢⎢⎢⎢⎣−

⎛
⎜⎜⎜⎜⎝

x2 + η2

L2
vh

+
ζ2

H2
vh

⎞
⎟⎟⎟⎟⎠
⎤
⎥⎥⎥⎥⎦ , (28)

with Lvh = 162 pc and Hvh = 90 pc.

4.4. Altogether

The total space-averaged density of hydrogen nuclei in the inter-
stellar GB is given by the sum of the partial contributions from
the molecular, atomic and ionized media:

⟨nH⟩ = 2⟨nH2⟩ + ⟨nHI⟩ + ⟨nH+⟩, (29)

where

⟨nH2⟩ = ⟨nH2⟩CMZ + ⟨nH2⟩disk (30)

(see Eqs. (18) and (23)),

⟨nHI⟩ = ⟨nHI⟩CMZ + ⟨nHI⟩disk (31)

(see Eqs. (19) and (24)) and

⟨nH+⟩ = ⟨nH+⟩WIM + ⟨nH+⟩HIM + ⟨nH+⟩VHIM (32)

(see Eqs. (25), (26) and (28)). For an assumed total-to-hydrogen
mass ratio of 1.453 (see beginning of Sect. 2), the total space-
averaged mass density of interstellar gas in the interstellar GB is
related to the above hydrogen space-averaged density through

⟨ρ⟩ = 1.453 mP ⟨nH⟩, (33)

where mP is the proton rest mass.
Displayed in Fig. 6 is the radial variation of the azimuthally-

averaged column densities through the Galactic disk of the
molecular, atomic and ionized gases. The vertical variation of
their hydrogen space-averaged densities is shown in Fig. 7
at three representative horizontal locations, namely, at the
GC [(x, y) = (0, 0)], at the center of the CMZ [(x, y) =
(− 50 pc, 50 pc)] and at the point of the GB disk (projected onto
the Galactic plane) where its major axis intersects its “ridge"

Fig. 7. Space-averaged densities of interstellar hydrogen nuclei in
molecular form (solid line), atomic form (dot-dashed line) and ionized
form (dotted line) as functions of Galactic height: a) at the GC; b) at
the center of the CMZ; c) at the point of the GB disk (projected onto the
Galactic plane) where its major axis intersects its “ridge”.

[r = 3
4 (1.47 kpc), θ = 47.◦6 (see below Eq. (24)), i.e., (x, y) =

(742 pc, 815 pc)]. The graphs speak for themselves. The molec-
ular gas (solid line) is by far the most abundant. Its radial dis-
tribution exhibits a high peak at the origin, corresponding to the
CMZ, and a lower bump at r ≃ 0.47 kpc, corresponding to the
holed GB disk. Along the vertical, it is confined to a thin layer,
which is nearly centered on the Galactic midplane, except out-
side the CMZ, where it is centered on the tilted midplane of the
GB disk (see Fig. 7c). The atomic gas (dot-dashed line) is about
ten times less abundant than the molecular gas, it has virtually
the same radial distribution and it occupies an approximately
three times thicker layer. Finally, the ionized gas (dotted line)
is the most rarefied, and it spreads much farther out in all direc-
tions. The slight rise in its radial distribution outside ∼ 1 kpc is
due to the contribution from the Galactic disk.

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 
in the CMZ.  This may give rise to a bias. 

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                                                                                                   

wCR(E, r) =
Q̇source(E)

4⇡D(E)

1

r

Ferriere et al. 2007

H.E.S.S. coll., Nature 2016 
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DIFFUSE EMISSION FROM THE GALACTIC CENTER
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| l | < 1° , | b | < 0.3° 
ΓHESS + FERMI = 2.33 ± 0.03

implies Γ ∼  2.45 for primary 
protons


Data clearly suggest a 
unique origin of the emission 
from few GeV to ~ 40 TeV !
Notice that Fermi data are 
consistent with the emission 
being originated by the 
Galactic CR sea !! PASS8 Fermi-LAT  516 weeks of 

data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FHL catalogue subtracted.    

H.E.S.S. + Fermi
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
                 “                     + S. Ventura (ICRC 2017)
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DIFFUSE EMISSION FROM THE GALACTIC CENTER
comparison with the Gamma model
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Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
                 “                     + S. Ventura (ICRC 2017)

Conventional model

The gamma model matches the 
diffuse emission spectrum inferred 
from FERMI + HESS  data in the 
ridge and inner regions 

Gas density is degenerate with the CR 
density normalization. Using Case & 
Bhattacharya (1998) SNR distribution and 
Ferriere 2007  3-D gas distribution                 

𝛾 -ray data are matched if                               

XCO (R = 0) = 0.6 × 1020 cm-2 (K km/s)-1    

which is a quite reasonable value. 

    

Gamma model

| l | < 1° , | b | < 0.3° 
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DIFFUSE EMISSION FROM THE INNER GP ABOVE THE TEV
HAWC preliminary resultsBrief overview of the Galactic neutrino searches

Barolo workshopPAHEN workshop

“IceCube Search for Galactic Neutrino Sources based on 
HAWC Observations of the Milky Way” [Ali Kheirandish & 
Joshua Wood, ICRC 2019, Madison]. 
• No clear detection. Some interesting hints

�5

Joint IceCube-HAWC Search

✓HAWC targets the portion of sky IceCube is the most sensitive.

✓HAWC operates at very high energies related to IceCube.

✓HAWC can study sources with any extension.

• Using 2HWC Catalog, we perform

• Stacked Search for neutrino emission from identified sources

• Template analysis for neutrino emission from Galactic plane and special regions

HAWC-IceCube Synergy

Stacking Search Template Search
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2HWC J1857+02716

Figure 9. Same as Figure 8, farther along the Galactic Plane.

• Region containing previously identified sources 
with spectra consistent with PeVatron scenarios


• Located at the best place for IceCube


• !-ray emission nature not well understood

• The most significant result!


• Best fit signal events: 36

→pre-trial p-value=0.02 

• Upper limit is 3 times the 
total flux, assuming all !-
rays are hadronic! Not 
constraining!
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Figure 9. Same as Figure 8, farther along the Galactic Plane.

• Region containing previously identified sources 
with spectra consistent with PeVatron scenarios


• Located at the best place for IceCube


• !-ray emission nature not well understood

• The most significant result!


• Best fit signal events: 36

→pre-trial p-value=0.02 

• Upper limit is 3 times the 
total flux, assuming all !-
rays are hadronic! Not 
constraining!

E
2 ⌫
�

⌫
µ
+
⌫̄
µ
[T
eV

cm
�
2
s�

1
]

<latexit sha1_base64="b5Sy+aN+mxn8Wcv1bTXuIetiZWw="></latexit><latexit sha1_base64="b5Sy+aN+mxn8Wcv1bTXuIetiZWw="></latexit><latexit sha1_base64="b5Sy+aN+mxn8Wcv1bTXuIetiZWw="></latexit><latexit sha1_base64="b5Sy+aN+mxn8Wcv1bTXuIetiZWw="></latexit>

E⌫ [TeV]
<latexit sha1_base64="gcJhCJNks4p6G8u/hyewdtqzdNQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiCC4rtLWQhDCZTtqhM5MwD6GGfokbF4q49VPc+TdO2yy09cCFwzn3cu89Sc6o0p737VTW1jc2t6rbtZ3dvf26e3DYU5mRmHRxxjLZT5AijArS1VQz0s8lQTxh5CEZ38z8h0ciFc1ER09yEnE0FDSlGGkrxW79Ng6FgaHkMOiQXhS7Da/pzQFXiV+SBijRjt2vcJBhw4nQmCGlAt/LdVQgqSlmZFoLjSI5wmM0JIGlAnGiomJ++BSeWmUA00zaEhrO1d8TBeJKTXhiOznSI7XszcT/vMDo9CoqqMiNJgIvFqWGQZ3BWQpwQCXBmk0sQVhSeyvEIyQR1jarmg3BX355lfTOm77X9O8vGq3rMo4qOAYn4Az44BK0wB1ogy7AwIBn8ArenCfnxXl3PhatFaecOQJ/4Hz+AJ3vkmY=</latexit><latexit sha1_base64="gcJhCJNks4p6G8u/hyewdtqzdNQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiCC4rtLWQhDCZTtqhM5MwD6GGfokbF4q49VPc+TdO2yy09cCFwzn3cu89Sc6o0p737VTW1jc2t6rbtZ3dvf26e3DYU5mRmHRxxjLZT5AijArS1VQz0s8lQTxh5CEZ38z8h0ciFc1ER09yEnE0FDSlGGkrxW79Ng6FgaHkMOiQXhS7Da/pzQFXiV+SBijRjt2vcJBhw4nQmCGlAt/LdVQgqSlmZFoLjSI5wmM0JIGlAnGiomJ++BSeWmUA00zaEhrO1d8TBeJKTXhiOznSI7XszcT/vMDo9CoqqMiNJgIvFqWGQZ3BWQpwQCXBmk0sQVhSeyvEIyQR1jarmg3BX355lfTOm77X9O8vGq3rMo4qOAYn4Az44BK0wB1ogy7AwIBn8ArenCfnxXl3PhatFaecOQJ/4Hz+AJ3vkmY=</latexit><latexit sha1_base64="gcJhCJNks4p6G8u/hyewdtqzdNQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiCC4rtLWQhDCZTtqhM5MwD6GGfokbF4q49VPc+TdO2yy09cCFwzn3cu89Sc6o0p737VTW1jc2t6rbtZ3dvf26e3DYU5mRmHRxxjLZT5AijArS1VQz0s8lQTxh5CEZ38z8h0ciFc1ER09yEnE0FDSlGGkrxW79Ng6FgaHkMOiQXhS7Da/pzQFXiV+SBijRjt2vcJBhw4nQmCGlAt/LdVQgqSlmZFoLjSI5wmM0JIGlAnGiomJ++BSeWmUA00zaEhrO1d8TBeJKTXhiOznSI7XszcT/vMDo9CoqqMiNJgIvFqWGQZ3BWQpwQCXBmk0sQVhSeyvEIyQR1jarmg3BX355lfTOm77X9O8vGq3rMo4qOAYn4Az44BK0wB1ogy7AwIBn8ArenCfnxXl3PhatFaecOQJ/4Hz+AJ3vkmY=</latexit><latexit sha1_base64="gcJhCJNks4p6G8u/hyewdtqzdNQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiCC4rtLWQhDCZTtqhM5MwD6GGfokbF4q49VPc+TdO2yy09cCFwzn3cu89Sc6o0p737VTW1jc2t6rbtZ3dvf26e3DYU5mRmHRxxjLZT5AijArS1VQz0s8lQTxh5CEZ38z8h0ciFc1ER09yEnE0FDSlGGkrxW79Ng6FgaHkMOiQXhS7Da/pzQFXiV+SBijRjt2vcJBhw4nQmCGlAt/LdVQgqSlmZFoLjSI5wmM0JIGlAnGiomJ++BSeWmUA00zaEhrO1d8TBeJKTXhiOznSI7XszcT/vMDo9CoqqMiNJgIvFqWGQZ3BWQpwQCXBmk0sQVhSeyvEIyQR1jarmg3BX355lfTOm77X9O8vGq3rMo4qOAYn4Az44BK0wB1ogy7AwIBn8ArenCfnxXl3PhatFaecOQJ/4Hz+AJ3vkmY=</latexit>

�10

Cygnus Region

• No Signal events!

→under-fluctuation. 

• Compatible with other 
observations and theoretical 
studies of the !-ray emission.


• Hadronic component 
constrained to < 60% of the 
total flux

The List

1. HAWC galactic plane template 

2. Stacked point source analysis using all identified HAWC 
sources minus sources associated with PWN 

3. Special regions:

Cygnus Region MGRO J1857 & J1852

MGRO J2031+041

MGRO J2019+037

• Star forming region with a high level of !-ray activity 
and young stars


• Very high energy diffuse !-ray emission 

• !-ray emission from the cocoon

• Uncertainties on resolved sources & their extensions
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Cygnus Region

• No Signal events!

→under-fluctuation. 

• Compatible with other 
observations and theoretical 
studies of the !-ray emission.


• Hadronic component 
constrained to < 60% of the 
total flux

The List

1. HAWC galactic plane template 

2. Stacked point source analysis using all identified HAWC 
sources minus sources associated with PWN 

3. Special regions:

Cygnus Region MGRO J1857 & J1852

MGRO J2031+041

MGRO J2019+037

• Star forming region with a high level of !-ray activity 
and young stars


• Very high energy diffuse !-ray emission 

• !-ray emission from the cocoon

• Uncertainties on resolved sources & their extensions
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2HWC J1857+02716

Figure 9. Same as Figure 8, farther along the Galactic Plane.

• Region containing previously identified sources 
with spectra consistent with PeVatron scenarios


• Located at the best place for IceCube


• !-ray emission nature not well understood

• The most significant result!


• Best fit signal events: 36

→pre-trial p-value=0.02 

• Upper limit is 3 times the 
total flux, assuming all !-
rays are hadronic! Not 
constraining!
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Cygnus Region

• No Signal events!

→under-fluctuation. 

• Compatible with other 
observations and theoretical 
studies of the !-ray emission.


• Hadronic component 
constrained to < 60% of the 
total flux

The List

1. HAWC galactic plane template 

2. Stacked point source analysis using all identified HAWC 
sources minus sources associated with PWN 

3. Special regions:

Cygnus Region MGRO J1857 & J1852

MGRO J2031+041

MGRO J2019+037

• Star forming region with a high level of !-ray activity 
and young stars


• Very high energy diffuse !-ray emission 

• !-ray emission from the cocoon

• Uncertainties on resolved sources & their extensions
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Summary
• Galactic cosmic ray accelerators are guaranteed to contribute to the 

total observed high-energy cosmic neutrino flux.

• The contribution of Galactic sources to the IceCube neutrino flux is 

limited to less than 15%.

• The upper limits from searching for high-energy neutrinos from major 

!-ray emitters in the Milky Way constrain but do not exclude hadronic 
components.


• Continuous observation of IceCube and new techniques for 
identification of neutrinos with high purity will help finding Galactic 
neutrino sources.


• Advancements in ground base !-ray telescopes and future instruments 
will improve our understanding of the spectra and morphologies and 
will help identifying potential sources of high-energy neutrinos in the 
Milky Way. �26

The contribution of Galactic sources to the IceCube neutrino flux is 
limited to less than 15%.  

Kheirandish, Wood + HAWC coll.   ICRC 2019.

PoS(ICRC2019)932

Galactic Neutrino Sources & HAWC Ali Kheirandish

discussed in Section 2, a detection of neutrinos in association with HAWC sources would provide
evidence for the acceleration of cosmic rays from these Galactic sources. In this study, we use eight
years of muon neutrino track events from the Northern sky, a data set that was previously used in a
search for neutrino point sources [11].

We incorporate a stacking likelihood method (see [12] for details) and test five different hy-
potheses for the correlation of gamma-rays and neutrinos. The first search is a stacking search
for neutrino emission from HAWC sources that are not identified as PWN 1. This focuses on 20
sources shown in Fig. 2.

Figure 2: Map of the neutrino excess in IceCube with HAWC sources overlaid.

For the four other searches, we use the morphology of the gamma-ray emission as reported
by the HAWC Collaboration. For this purpose, we incorporate the high-energy gamma-ray flux
morphology as shown in Fig. 3 and use the gamma-ray emission at each point to weight the stacking
likelihood. We do this search by considering the whole plane seen by the Northern sky muon
neutrino sample (Dec. >�5�) as well as for three regions defined a priori: Cygnus region, and the
areas surrounding 2HWC J1908+06, and 2HWC J1857+027. These are star forming regions with
high levels of gamma-ray activity and young stars, and have been historically identified as potential
neutrino emitters [14, 6].

Figure 3: Map of the neutrino excess in IceCube with HAWC flux contours overlaid.

The results of these likelihood tests are summarized in Table 1. The observed excess of sig-
nal neutrinos found in these tests is not statistically significant for claiming evidence of neutrino
emission associated with the gamma-ray emission measured by HAWC. The most significant test
corresponds to the region surrounding 2HWC J1857+027 and finds an excess of 36.7 neutrinos
with a pre-trial p-value of 2%.

In the absence of a significant excess we set upper limits on the muon neutrino flux for each of
the five analyses. Fig. 4 and 5 summarize the upper limit at 90% C.L. on nµ + n̄µ flux. We project

1We have excluded PWN in this search for two reason: first, high-energy emission from PWN is generally under-
stood to be leptonic. Second, a dedicated search by the IceCube collaboration has examined neutrino emission from TeV
PWN [13].
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DIFFUSE EMISSION FROM THE INNER GP ABOVE THE TEV
HAWC preliminary results

PoS(ICRC2019)750

Diffuse Emission from Galactic Plane Amid Nayerhoda

As it is shown in figure 3, the intensity of GDE (and likely unresolved sources) increases in the
direction of the center of the Galaxy, and also in the more populated regions.

Figure 3: Residual significance map.

3.1 Longitude and Latitude Profile

The longitude profile of the GDE is represented in figure 4 for b < |2| over the Galactic Plane.
The blue line represents the diffuse emission measured by HAWC (and a contribution of unresolved
sources), while the red and green lines are the DRAGON base and g model predictions respectively.

Figure 4: Galactic Longitude profile at 7 TeV.
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DIFFUSE EMISSION FROM THE INNER GP ABOVE THE TEV
results from air-shower experiments

Search for PeV Gamma-Ray Emission with IceCube 15
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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-
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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
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above background expectation was observed.
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NEUTRINOS FROM THE GP

➤ Most of the emission predicted by the the KRA𝛾 in 
the inner GP is hadronic ⇒ strong neutrino flux 
enhancement


➤ On the whole sky the KRA𝛾 model predict a flux 
which is 15 % at most (8 % for conventional 
models) [for Ep, cut = 50 PeV] of the astrophysical one 
measured by IceCube.   


➤ In the innermost region of the GP 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.         


➤ Observable by KM3NeT !

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

IceCube + ANTARES constraints  
 ANTARES coll. , Phys. Lett. B, 2016 

 ANTARES coll. + D. Gaggero & D.G.  PRD 2017 
 ANTARES + IceCube + D. Gaggero & D.G. , APJ 2018
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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.

ANTARES acknowledges the financial support of the
funding agencies: Centre National de la Recherche Sci-
entifique (CNRS), Commissariat à l’énergie atomique
et aux énergies alternatives (CEA), Commission Eu-
ropéenne (FEDER fund and Marie Curie Program),
Institut Universitaire de France (IUF), IdEx program
and UnivEarthS Labex program at Sorbonne Paris
Cité (ANR-10-LABX-0023 and ANR-11-IDEX-0005-
02), Labex OCEVU (ANR-11-LABX-0060) and the
A*MIDEX project (ANR-11-IDEX-0001-02), Région

The diffuse emission from the  

GP is constrained to be < 8.5 %  

of the total astrophysical flux
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Figure 5. Pre-trial significance as a function of direction,
in equatorial coordinates (J2000), for the all-sky scan. The
galactic plane (center) is indicated by a grey curve (dot).

constrain the spectrum of possible emission following the
Fermi -LAT ⇡0 template (Aartsen et al. 2017b). As an
a posteriori test, we extend the template analysis de-
scribed in Section 5.1 to include the spectral index �
as a free parameter. A 2D scan of the resulting likeli-
hood for the Fermi -LAT ⇡0 model is shown in Figure 7,
with contours from the spatially-binned track analysis
shown for comparison. In both analyses, the best fit
is obtained for a harder spectrum close to � = 2, with
both normalization and spectral index consistent within
less than 1�. These independent results would remain
statistically insignificant even under a combined analy-
sis. Nevertheless, they are consistent with each other
and with a possible astrophysical signal, potentially im-
perfectly tracing the spatial dependence prescribed by
the KRA� and Fermi -LAT ⇡0 models, at a level only
starting to approach the reach of existing detectors and
methods.

For emission from the Fermi bubbles, we obtain ns =
5.2, with a p-value of 0.30 (0.51�). Flux upper limits
based on these tests are shown in Figure 8. In the ab-
sence of significant emission, we set the most stringent
limits to date on possible high energy neutrino emission
from this intriguing structure.

7. CONCLUSION AND OUTLOOK

In this work, we apply a novel NN reconstruction to
seven years of IceCube cascade data in order to search
for high energy neutrino emission from a number of as-
trophysical source candidates. By improving the an-
gular resolution and time-integrated signal acceptance
with respect to our previous analysis using two years of
data (Aartsen et al. 2017d), we obtain significant gains
in sensitivity, with the best sensitivity of any experi-

Figure 6. Per-flavor upper limit for Sagitarius A⇤,
as a function of possible angular extension, including for
some choices of a possible exponential cuto↵ energy, Ecut.
ANTARES curves are taken from Albert et al. (2017a).

ment to date for sources concentrated in the southern
sky. Nevertheless, we did not find significant evidence
for emission from any of the sources considered.

While we have considered several neutrino source can-
didates, the ensemble of tests is far from exhaustive.
We have begun to revisit multi-wavelength EM data in
an e↵ort to identify new catalogs of sources of inter-
est for individual and stacking analyses. Furthermore,
as in our previous paper (Aartsen et al. 2017d), we
have still used IceCube cascades primarily in just time-
integrated analyses. In future work we intend to explore
time-dependent source candidates, including e.g. high-
variability blazars as well as transients such as gravi-
tational wave candidates reported by Advanced LIGO
(Abbott et al. 2016). The NN reconstruction is espe-
cially promising for rapid follow-up of transient source
candidates because once the NN is trained, compute
time for the reconstruction is negligible.

In future work, we plan to revisit the event selec-
tion criteria. The selection used in this paper already
achieves very good rejection of atmospheric backgrounds
using explicit cuts on low-level parameters in the data.
However, it is possible to improve the signal accep-
tance by including machine learning methods not only
in the cascade reconstruction but in the event selection
as well (e.g. Niederhausen & Xu 2018).

Finally, we have deliberately attempted to maintain
statistical independence between this analysis and oth-
ers performed using IceCube tracks. We have sepa-
rately developed multiple throughgoing (e.g. Aartsen

ICECUBE SHOWER EVENT ANALYSIS
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Figure 4. Per-flavor sensitivity, discovery potential, and source candidate upper limits as a function of sin(�), for point sources
following an unbroken E�2 spectrum (left), unbroken E�3 spectrum (center), and E�2 spectrum with an exponential cuto↵ at
Ecut = 100TeV (right).

7yr Cascades 7yr Tracks

Catalog Sensitivity p-value ns � UL p-value ns � UL

SNR with mol. cloud 9.9 0.12 17.2 3.76 24 0.25 16.5 3.95 2.23

SNR with PWN 6.3 1 0 — 6.3 0.34 9.36 3.95 11.7

SNR alone 7.5 0.082 8.2 2.42 15 0.42 3.82 2.25 2.06

Table 1. Sensitivity and results of the SNR stacking analyses, compared to the previous analysis with tracks (Aartsen et al.
2017b). Sensitivity and ULs are given as E2 · (E/100TeV)0.5 · dN/dE in units 10�12 TeV cm�2 s.

7yr Cascades Previous Work

Template p-value Sensitivity Fitted Flux UL p-value Sensitivity Fitted Flux UL

KRA5
� 0.021 0.58 0.85 1.7 0.29 0.81 0.47 1.19

KRA50
� 0.022 0.35 0.65 0.97 0.26 0.57 0.37 0.90

Fermi-LAT ⇡0 0.030 2.5 3.3 6.6 0.37 2.97 1.28 3.83

Table 2. Sensitivity and results of the di↵use Galactic template analyses, compared to latest previous work: a joint
IceCube-ANTARES (Albert et al. 2018) for KRA� models, and seven years of IceCube tracks (Aartsen et al. 2017b) for
Fermi-LAT⇡0 decay. Sensitivity, fitted flux, and ULs are given as multiples of the model prediction for KRA� models, and as
E2 · (E/100TeV)0.5 · dN/dE in units 10�11 TeV cm�2 s�1 for Fermi-LAT ⇡0 decay.

result with respect to assumed source extension under-
scores the importance of atmospheric background rejec-
tion at the event selection level, relative to per-event an-
gular reconstruction, in the overall performance of this
analysis.

The results of the SNR stacking analyses are shown in
Table 1. We find ns = 0 for SNR with PWN and mild
excesses for the other two catalogs, the most significant
of which is an excess with p = 0.082 for SNR alone. The
SNR-with-PWN category is the only one for which this
analysis finds a sensitivity flux below the previous UL
from the track analysis (Aartsen et al. 2017b); the UL
found here constitutes a reduction of ⇠ 50%.

The results of the di↵use Galactic extended template
analyses are shown in Table 2. The primary hypothesis
test, for emission following the KRA5

� model, was also
the most significant with a p-value of 0.021 (2.0�) and
a best-fit flux2 of 0.85 ⇥ KRA5

� . The best-fit fluxes for
each template are consistent with ULs set by previous
work (Aartsen et al. 2017b; Albert et al. 2018).

Prior to this analysis, the most significant (1.5�) in-
dication for di↵use Galactic emission came from an
IceCube analysis using a spatially-binned method and
only events originating in the northern sky in order to

2 Note that fitted fluxes, unlike ULs, are central values and are
thus not subject to the penalty factors described in 5.2

KRA𝛾 5 (Ep, cut = 5 PeV)  model  consistent with data at 2.0 𝜎 ,  

best fit:  0.85 × KRA𝛾 5
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et al. 2017a, 2016b) and starting (Aartsen et al. 2016a,
2019) track selections, each with di↵ering energy- and
declination-dependent background rates and signal ac-
ceptances. Combined analyses using tracks and cas-
cades may o↵er the best sensitivity achievable using
the existing IceCube detector alone. Joint IceCube–
ANTARES analyses so far have not included IceCube
cascades (Adrian-Martinez et al. (2016), updated results
in preparation). All-flavor, multi-detector analysis will
likely give the best possible sensitivity in a future anal-
ysis.
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Figure 7. A posteriori likelihood scan of spatially-
integrated, per-flavor Galactic flux as a function of normal-
ization and spectral index. Solid (dashed) contours indicate
68% (95%) confidence regions. Grey contours show the re-
sult of past IceCube work using tracks from the northern sky
(Aartsen et al. 2017b), for comparison.

Figure 8. Per-flavor upper limits, shown as functions
of neutrino energy, for emission from the Fermi Bubbles.
Various exponential cuto↵s are considered as indicated in
the legend. The horizontal span of each curve indicates the
energy range containing 90% of signal events for each spectral
hypothesis based on signal MC. Space-integrated fluxes are
shown; our Fermi bubble template spans a total solid angle
of 1.18 sr while the template used by ANTARES (Hallmann
& Eberl 2018) spans a total solid angle of ⇠ 0.66 sr.
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THE RELATED CTA KEY SCIENCE PROJECTS 

➤ Galactic plane survey (GPS) 
It will assume an updated version 
of the gamma model for point source 
identification 

➤ Galactic Center (GC) paper         
The factorized scenario will be 
tested against the peVatron one. 
The emission from massive clouds 
around the CMZ will be crucial 

CTA view of the Galactic Center region Aion Viana

Figure 1: Left: A schematic representation of the Galactic Centre KSP. This figure shows one possible
observation strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension
shown in cyan (with each circle representing a 6� field of view for a typical CTA configuration) (from
Ref. [11]). Right: A simulated view of the inner 4� of the Galactic Centre region as seen by CTA (excess
events above 100 GeV after cosmic-ray background subtraction, with PSF smoothing).

tables, and calibration data) of the existing TeV and GeV sky, as well as extrapolations of measured
fluxes to higher and lower energies, based on population models, were produced. The event lists
were simulated from high-level instrument response functions that correspond to an ideal CTA
with good and stable atmosphere and instrument conditions; only zenith angles of 20 degrees and
40 degrees were simulated. The GC survey was simulated assuming all the 825 (525 + 300) hours
of observations distributed on 1671 pointings (following the scheme illustrated in Fig. 1), and it
included the Galactic Center Central Source (CS), the PWN/SNR G0.9+0.1, HESS J1745-303, and
the Galactic Ridge (as part of the Galactic Diffuse Emission). The right panel of Fig. 1 shows the
simulated excess map of gamma-rays above 100 GeV after hadronic background subtraction and
smoothed by the CTA point-spread function (PSF).

The simulated data were analyzed using a 3D template technique, where the gamma-ray
sources and the hadronic background are simultaneously fitted under an assumption about their
spectral and spatial distribution. The central source and G0.9+0.1 were simulated and fitted as
point-like sources, and with a spectrum following a power-law with exponential cut-off and pure
power-law shapes, respectively. For the Galactic Ridge emission, predictions from the CR propa-
gation codes Picard [12], for inverse-Compton emission, and Dragon [13] for gas-related emission
(bremsstrahlung + p0) were used. HESS J1745-303 was simulated assuming a Gaussian morphol-
ogy with a 0.2� radius and power-law spectrum. However, for this initial study, HESS J1745-303
did not participate in the fitting procedure (the spatial and spectral parameters were frozen to the
simulation values). On the left panel of Fig. 2 the residuals after subtraction of the fitted GC central
source, G0.9+0.1 and the Galactic Ridge are shown. These sources are successfully reconstructed
with high precision. The reconstructed spectrum of the GC central source is compared to the MC
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CONCLUSIONS

➤ Fermi-LAT gamma-ray data strongly suggest that conventional CR 
transport models are not adeguate and that a spatial dependent 
spectrum should be adopted 

➤ This turns in a dramatically enhanced 𝜸-ray and ν   emission from the 
innermost regions of the Galactic plane with strong implication for the 
detectability of the diffuse emission and source identification 

➤ The diffuse emission detected by HESS from the GC may be 
interpreted in that framework. CTA will be able to test it. 

➤ Further checks will come from HAWC, IceTop/IceCube, LHAASO 

➤ IceCube and ANTARES have already hints of a positive detection of a  
similar ν   emission . Km3Net  will confirm of disprove such scenario
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THE GRADIENT PROBLEM
Lorimer (2004), based on pulsar cat.

fitted to EGRET data

 Strong & Mattox, A&A, 1996; Strong et al., ApJ, 2000

• CR distribution inferred from gamma-ray data (method goes back to SAS-2/COS-B era)  
    is flatter than that computed assuming the observed SNR (source) profile.

The gradient problem
Case & Bhattacharya (1996)

fitted to EGRET data

Lorimer (2004), based on pulsar cat.

fitted to EGRET data

 Strong & Mattox, A&A, 1996; Strong et al., ApJ, 2000

• CR distribution inferred from gamma-ray data (method goes back to SAS-2/COS-B era)  
    is flatter than that computed assuming the observed SNR (source) profile.

The gradient problem
Case & Bhattacharya (1996)

fitted to EGRET data

The problem was already evident in the 
longitude profile of the 𝛾-ray diffuse emission 
of the Galaxy measured by EGRET:  the 
inferred CR density profile is flatter that 
expected on the basis of SNR catalogues !   

Before Fermi-LAT a possible way-out was left 
opened: the H2 gas radial distribution may be 
flatter than inferred from the CO emission due 
to the (poorly known) radial dependence XCO



A POSSIBLE SOLUTION TO THE GRADIENT PROBLEM
Based on inhomogeneous/anisotropic diffusion 

Results

Ackermann et al, ApJ 710 
(2010), II quadrant analysis

Ackermann et al, ApJ 726 
(2011), III quadrant analysis

τ = 0.0 (no radial dependence)

τ = 0.7

τ = 1.0

equation with the DRAGON numerical diffusion code [24],
which, differently from other numerical and semianalytical
programs, is designed to account for a spatially dependent
DC. The code is two dimensional (R, z) and assumes a
purely azimuthal (no arms) structure of the regular GMF.
Therefore, we can only model perpendicular diffusion and
the DC is treated as a (position dependent) scalar.
Nevertheless, as only the escape time is relevant to deter-
mine the CR density, we can account for parallel diffusion
along the spiral arms by using an effective DC: DeffðRÞ ¼
max½D?ðRÞ; ðH=RarmÞ2DkðRÞ%. We assume, therefore, the
phenomenological dependence D?ðRÞ / QðRÞ!, where
! * 0 is a free parameter to be fixed against the data
(simulations do not allow us to determine ! with sufficient
accuracy). According to QLT and numerical simulations,
we assume Dk to have an opposite dependence on the
turbulence strength; hence, DkðRÞ / QðRÞ&!. We remark
that parallel diffusion has almost no effect on the "-ray
angular distribution and the local CR anisotropy, as it
becomes relevant only in the most external regions of the
Galaxy, where the source density (hence turbulence injec-
tion) is very small. Its presence, however, naturally pre-
vents the escape time from taking unphysically large
values at large R. For the source radial distribution we
adopt QðRÞ / ðR=R'Þ1:9 expð&5ðR&R'

R'
ÞÞ, based on pulsar

catalogues [25]. Using other, observationally determined,
distributions would not change our main results. Similarly
to [3,19], we assume a vertical profile DeffðR; zÞ ¼
DeffðRÞ expðz=HÞ. We also assume D / ðv=cÞ&0:4 (v is
the particle velocity) to reproduce the low-energy B/C
data as shown in those papers. This does not affect the
results discussed here. We fix H ¼ 4 kpc and for each
value of ! we set the D normalization to match the ob-
served B/C ratio and other light nuclei ratios. We fix theD
rigidity dependence # ¼ 0:6 in the rest of our Letter. To
better highlight the effects of inhomogeneous diffusion we
consider here only PD propagation setups. Adding moder-
ate reacceleration and radially uniform convection does not
change significantly any of our results.

We find a good fit of the B/C ratio for all values of
! 2 ½0; 1%. The best fit D normalization only mildly de-
pends on !. Also the computed antiproton and midlatitude
"-ray spectra match observations within errors. We then
calculate the "-ray emissivity from the CR spatial distri-
butions in our models. As is clear from Fig. 1, the model
! ¼ 0 (uniform diffusion) does not reproduce the observed
emissivity profile. We obtain the simulated "-ray angular
distribution by performing a line-of-sight integration of the
product of the emissivity times the gas density. For con-
sistency we use the same gas distribution [26] and the same
catalogue sources [27] adopted by the Fermi-LAT collabo-
ration. We show in Fig. 2 the longitude profiles of Galactic
"-ray emission and the residuals of the models against data
for ! ¼ 0 and ! ¼ 0:85. The model ! ¼ 0 is clearly too
steep compared to the data: it overshoots the data in the

Galactic center region while it undershoots observations by
several $ in the anticenter region. Increasing ! yields a
much smoother behavior of the emissivity as a function of
R (see [15] for the possible reasons why the emissivity in
the II and III quadrants do not agree entirely). A good
match of Fermi-LAT data is achieved for ! ’ ½0:7– 0:9%,
with ! ¼ 0:85 providing an optimal fit and improving the
residual distribution.
Effect on the CR anisotropy.—The CR LSA component

in the radial direction is related to the CR gradient by

anisotropy ¼ 3D?
c

!!!!!!!!
rrnCR
nCR

!!!!!!!!; (2)

FIG. 1 (color online). Integrated "-ray emissivity (number of
photons emitted per gas atom per unit time) constrained by
Fermi-LAT (orange region [15], gray region [14]) compared
with our predictions for ! ¼ 0, 0.2, 0.5, 0.7, 0.8, 0.9 (from top
to bottom).

FIG. 2 (color online). Predicted longitudinal profile of the
"-ray diffuse flux along the Galactic plane compared to
Fermi-LAT data [27], and residuals. Data are integrated over
the latitude interval jbj< 5( and in energy between 1104 and
1442 MeV. Solid line ! ¼ 0:85, dashed line ! ¼ 0.
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larger D⊥ ⇒ faster CR escape ⇒ flatter CR profile



NEUTRINOS FROM THE CMZ
PoS(ICRC2017)939

High Energy Neutrino expectations from the Central Molecular Zone Antonio Marinelli

of point-like sources analysis start to be compatible with the expected neutrino flux of Gamma
model above 60 TeV. It should be noted here that the IceCube sensitivity is calculated for a generic
E�2.0 spectrum whereas the expected neutrino spectrum from Gamma model follows a power law
of E�2.3 up to few hundreds of TeV. The total integrated neutrino SED for the CMZ will does
not change drastically if we add possible point-like contribution from the recently observed HESS
J1746-285 and HESS J1745-290 (in the reported map of Fig. 3 respectively 3FGL J1746-2851C
and 2FHL1745.7-2900). This is visible in the plot 2 where the eventual neutrino contribution of the
HESS J1745-290 is added to the total spectrum of the “pacman” (Sagittarius A molecular cloud).
While the analysis of track-like neutrino events from these regions of the GP will be important to

Figure 3: On the left side: the zoomed skymap on the CMZ with the point-like sources seen by Fermi-LAT
telescope (with coral stars the 3FGL while with blue violet circle the 2FHL). Possible neutrino point-like
sources, observed also as TeV gamma-ray emitters are 3FGL J1746.3-2851c and 2FHL J1745.7-2900. With
the navy star we indicate the position of the IceCube HESE shower event IC14 with a reconstructed energy
of 1041 TeV. Due to its angular incertitude of 13.2� the entire reported region can be considered compatible
with his reconstructed position. With dashed blue, red and black lines we reported the studied regions
of Sagittarius A (“pacman”), Sagittarius B (region of H.E.S.S. 2006) and the region of CMZ observed by
H.E.S.S. in 2017. The previous two regions are contained in the last one. On the right we report the expected
neutrino spectra for Gamma and Base models in comparison to the IceCube point-like sensitivity obtained
with 7 years and the flux extrapolated from the HESE event IC14.

.

constrain the different models of CR sea diffuse emission, with a big improvement expected from
ANTARES [22] and future KM3NeT/ARCA [23] observations, the most energetic HESE event
collected around the GC by IceCube experiment can give us hints about the cutoff to be applied to
the primary CRs. Looking over the 54 HESE events one of them (IC14) with measured energy of
1041+132

�144 TeV and a angular incertitude of 13.2� can be spatially related with the position of the
CMZ regions considered here. In Figs. 2 and 3 we introduce the maximal neutrino flux computed
considering the HESE event compatible with the reported region of the sky in comparison with the
neutrino spectra from Gamma and Base models. Since we are referring to a single PeV shower
event (IC14, with 13.2� of angular incertitude) associated with the CMZ region, this flux cannot be
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