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

•  How it depends on the ISM conditions ?



The spectral index gradient problem

Fermi-LAT coll.  2012

proton spectral index

Conventional models, tuned on local CR data and 
reproducing the 𝛾-ray diffuse emission outside the 
Galactic plane (GP), fall short in the inner GP 
above tens of GeV

In 2016 a template fit analysis of Fermi-LAT data 
shown that the effect is due to a radial dependent 
CR spectral index confirming a previous finding by  
Gaggero, Urbano, Valli & Ullio 2015

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

• intensity/spectral variations 

• challenge simple propagation 
models

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2005).

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
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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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Figure 1. Spectral index of gamma rays associated with ⇡0 decay at di↵erent radii from the Galactic
center. Shown here 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.

2.3 Energy dependence of the hardening of the proton spectrum

If the trend in the spectral hardening is present at higher energies this would disfavor the
model based on CR self-confinement as described in [8], because it relies on advection, which
is sub-dominant at cosmic-ray energies above ⇠ 100 GeV. The model based on anisotropic
di↵usion on the other hand should hold at all energies.
To assess the trend at high energies a power-law with a break at 30 GeV was fitted to the
⇡0 components. Because of the increasingly lower statistics at higher energies we model the
gamma-ray sky with the ⇡0 component split over 7 rings according to Table 2 instead of the
9 rings as above.
The resulting spectral indices from 2 � 30 and 30 � 230 GeV are shown in Figure 2.

3 Unresolved sources

Despite the careful analysis presented above, it is conceivable that the spectral hardening in
the ⇡0 emission is caused by contamination of unresolved point sources that lie below the de-
tection limit. A large population of weak point sources could possibly mimic di↵use emission
that is absorbed by the ⇡0 template. If these sources have, on average, a hard gamma-ray
spectrum this could induce a perceived hardening in the ⇡0 template that increases towards
the Galactic center, where most of the sources reside. Moreover, it is slightly worrying that
the trend as presented in Figure 2 appears to follow the source distribution. Even more so,
the excessive spectral hardening found from 30 � 220 GeV could be an indication of hard
spectrum unresolved sources that contribute increasingly more at higher energy.
Population studies of gamma-ray sources in the Galaxy are available from the 3FGL [17] and

– 5 –

Prothast, Gaggero, Strom, Weniger, 2018
preliminary  

proton spectral index
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?
Clear evidence of a progressive hardening 

in the inner Galaxy towards the GC
Large uncertainty in the GC region !

proton spectral index



A possible solution based on non-linear propagation
                                                               Recchia, Blasi & Morlino 2016

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

  Energy dependent effect: at high energy it should be absent 

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

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

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

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

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

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

B0(R < 5 kpc) = B⊙R⊙/5 kpc

B0(R > 5 kpc) = B⊙R⊙/R , (18)

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

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

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

B0(R > 10 kpc) =
B⊙R⊙

R
exp

[

−R − 10 kpc
d

]

(19)

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

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

MNRAS 000, 1–6 (2015)



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

Another solution based on anisotropic diffusion

0 2 4 6 8 10 12 14
R [kpc ]

2.0

2.2

2.4

2.6

2.8

3.0

3.2

P
ro

to
n

sp
ec

tr
al

in
de

x

Mainly parallel
CR escape

Mainly perpendicular
CR escape

Fermi-LAT analysis

Gaggero+2015 analysis

�? = 0.5, ✏D = 0.01

�? = 0.6, ✏D = 0.01

�? = 0.7, ✏D = 0.01

�? = 0.5, ✏D = 0.01

�? = 0.6, ✏D = 0.01

�? = 0.7, ✏D = 0.01

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

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

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

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

Snodin + 2015                                            

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

                           ➜  CR spectrum becomes harder for R ➜ 0



Another motivation for  
anisotropic diffusion 
  Pakmor, Pfrommer, Simpson & Springel, 2016

N-body simulation of the Galaxy with stars, magnetic field 
and CR based on the code AREPO

Wind speed and galactic magnetic field were found too low 
for isotropic diffusion. 



Why to look at the GC ?

• Different models predict different spectra

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



The Galactic center TeV excess
H.E.S.S. , Nature 2006 

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

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

• The spectrum is harder (𝛤 ≃ - 2.3 ) than 

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

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

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

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

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

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

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

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

© 2016 Macmillan Publishers Limited. All rights reserved

X 10
• the diffuse emission around J1745-290 

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

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

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

H.E.S.S.  Nature 2016



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

      ΓHESS17 = 2.28 ± 0.03stat ± 0.2sys 

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

      ΓHESS16 = 2.32 ± 0.05stat ± 0.11sys 

H.E.S.S.    Nature 2016 
          + arXiv 1706.04535 
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

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

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

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

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

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

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

    (1° ≃ 150 pc at the GC )

• The inferred CR density profile is consistent 
with that expected from CR diffusing out a 
stationary source                                                                                                   

The PeVatron scenario
H.E.S.S.  Nature 2016 + arXiv 1706.04535
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The case of the Pevatron observed by HESS 

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

25
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Looking for a feature

conventional 
Galactic background

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

0 90
Counts

The Fermi counts from the central kpc of the Galaxy 

The emission is clearly dominated by the CMZ !
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E > 1 GeV

Central Molecular 
zone (CMZ)

Galactic disk 
emission

3FHL source
(10 GeV - 2 TeV)

3FGL sources
(20 MeV - 300 GeV)
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H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
                 “                     + S. Ventura (ICRC 2017) 
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PASS8 Fermi-LAT  470 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FGL catalogue subtracted.    
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H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso, S. Ventura 
preliminary
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PASS8 Fermi-LAT  516 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FHL catalogue subtracted.    

ΓHESS + FERMI = 2.33 ± 0.03

this implies Γ ∼  2.45 for 
primary protons

| l | < 1° , | b | < 0.3° 



H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso, S. Ventura 
preliminary
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PASS8 Fermi-LAT  516 weeks of 
data extracted with the v10r0p5 
Fermi tool. Point sources from the 
3FHL catalogue subtracted.    

ΓHESS + FERMI = 2.33 ± 0.03
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The data before 2016

4 L. Jouvin et al.

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

�N
�t
=
�

��
(PN) � N

⌧
+Q (4)

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

We used the software package GAMERA (Hahn 2015).
The energy loss processes taken into account are the ion-
ization, synchrotron, bremsstrahlung, inverse compton (IC)
and inelastic pp scattering. We assume a maximum accel-
eration energy of 1 PeV for the protons and 1 TeV for the
electrons since radiative losses are expected to be already
very strong for 1 TeV electrons. Both in the advective or
di↵usive scenari, the e�ciency for CR acceleration is fixed
to 10% of the kinetic energy released from a SN explosion
and the ratio electrons/protons is assumed to be 1%. As
considered in the previous sections 2.1 and 2.2, the typical
scale H for CRs to escape is 50 pc. For the IC, we considered
two target photon populations as Yoast-Hull et al. (2014):
an optical radiation field (T=5000K) with an energy den-
sity of 60 eV cm�3 and a far infrared radiation field (T=21
K) with an energy density of 15 eV cm�3.

Outside the NRFs, the di↵use radio emission shows a
downward break at 1.7 GHz that constrains B > 50 µG
(Crocker et al. 2011). However, the magnetic field in the gen-
eral ISM could be close to the equipartion with the cosmic-
rays, B

eq

⇡ 10 µG (LaRosa et al. 2005). We use di↵erent
magnetic field strengths between 10 and 100 µG. Whatever
the value, the IC is never dominant for the GeV and TeV
domain.

For the advection case, we assume a power-law for the
parent particles population, protons and electrons, with a
spectral index p of 2.45. The SED is represented on Figure 1
(top panel) with the GeV data points from Macias & Gordon
(2014) and the TeV data from Aharonian et al. (2006). By
assuming a magnetic field arnd 30 µG, intermediate value of
the magnetic field estimations in the general ISM (Crocker
et al. 2011; LaRosa et al. 2005), we ensure that the model
matches with the �-ray spectrum observed at TeV energies.
To do so, as shown above, we have to consider a quite large
SN recurrence time around 104 years.

The figure 1 (bottom panel) represents the SED for a
CR escape due to the di↵usion with a power-law di↵usion
coe�cient: D = D0(E/10 TeV)d with D0 = 2 ⇥ 1029 cm2s�1

and d = 0.3. For di↵usive escape, the injection spectrum is
harder with a spectral index of 2.15 increasing the IC and
bremsstrahlung components of the total SED. As empha-
sized in the section 2.2, the di↵usion model matches well
with the �-ray spectrum observed at TeV energies by as-
suming a smaller SN recurrence time of 2 ⇥ 103 yrs closer
to some GC estimates (e.g. Crocker et al. 2011; Ponti et al.
2015).

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

Figure 1. Spectral energy distribution (SED) of the Galactic
Ridge for a steady state scenario. The CR escape is due to the
advection of the perpendicular wind of speed 1000 km/s on a 30
pc scale on the top panel and to the di↵usion on the bottom panel.
We assume a power-law di↵usion coe�cient: D=D0(E/10 TeV )d
with D0=2 ⇥ 1029 cm2s�1 and d=0.3. The spectral index of the
parent particle population is fixed to 2.45 in the top panel and
2.15 in the bottom panel. The SN recurrence time is fixed around
104 years in the top panel and 2⇥103 years in the bottom panel. For
the IC, we considered two target photon populations: an optical
radiation field (T=5000K) with an energy density of 60 eV cm�3

and far infrared radiation field (T=21 K) with an energy density
of 15 eV cm�3. We assume an e�ciency for CR acceleration of
10% of the kinetic energy released from a SN explosion, E

k

=1051

erg, and a ratio electrons/protons equal to 1%. The interstellar
medium density is equal to 100 cm�3 and the magnetic field to 30
µG.

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

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

MNRAS 000, 1–10 (2015)

Jouvin et al. 2017
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

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

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

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

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

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

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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The CR energy density radial profile
from HESS and FERMI

ΦGR ¼ 8.96þ1.35
−1.39 × 10−9

!
Eγ

1 TeV

"−2.49þ0.09
−0.08

ðTeV cm2 s srÞ−1

ð1Þ

and

Φpm ¼ 1.36þ0.12
−0.12 × 10−8

!
Eγ

1 TeV

"−2.41þ0.07
−0.06

ðTeV cm2 s srÞ−1

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

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

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

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

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

×
!
ηN
1.5

"−1!Lγð≥ 10 GeVÞ
1034 erg=s

"!
Mgas

106 M⊙

"−1
: ð3Þ

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

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

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

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

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

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

FIG. 3. The CR energy density radial profiles for
ECR > 10 TeV, as determined by H.E.S.S. [1], and for
0.1 ≤ ECR ≤ 3 TeV, as determined here from Fermi-LAT data,
are reported. Those data are compared with the gamma model
predictions (solid lines). The regions of the sky used for deriving
the data are represented in the inset. The model energy density
profiles on Galactic scales are reported in the Supplemental
Material [20].

PRL 119, 031101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
21 JULY 2017

031101-3

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

Here we use the same approach, and 
same gas mass distribution based on the 
CS emission map, of the HESS coll. and 
compare the result with our model

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



What we learn from the new data alone

• The spectrum in the ridge and in the most internal region (pacman) are 
practically the same from few GeV up to ~ PeV

• No strong evidence of a spectral feature. The emission seems to be 
dominated by a single population of particles ! 

• At few GeV the emission is compatible with what expected for a CR 
population similar to that at the Earth.  

This suggests that a large part the emission may due to the 
Galactic CR sea which however needs to be harder than at the 

Earth 



CAN  THE  GALACTIC CR  SEA  AT  THE GC               
BE LARGER AND HARDER THAN EXPECTED ?



Our reference model                                           
 Gaggero, Urbano, Valli & Ullio, PRD 2015

The CR spectral index gradient problem is interpreted as an effect due to the radial 

dependence of the diffusion coefficient  (KRA𝜸  model). 

This was implemented with the DRAGON code.

             D(E) = D0 (E/E0)δ(r)          with     δ(r) = A r + B  for r < 11 kpc                          
so that        𝛤 (r) =  psource  +  δ(r)
                     

    

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

• intensity/spectral variations 

• challenge simple propagation 
models

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2005).

GALPROP
Fermi LAT collab. ApJ 750 2012  3A

DRAGON
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proton spectral index
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 ⬅   Yang, Aharonian & Evoli 2016
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• emissivity spectrum in rings    
(H I line Doppler shift)

• intensity/spectral variations 

• challenge simple propagation 
models
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2005).
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proton spectral index

proton density > 10 GeV

Fermi-LAT coll.  2016

 ⬅   Yang, Aharonian & Evoli 2016

Fermi-LAT coll.  2016

Although this is a phenomenological model it can be motivated in 
terms of anisotropic diffusion



KRA𝜸

conventional

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

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

The KRA! model: Radial dependency of CR transport

KRA! model

Fermi ref. model

Our reference model                                           
  against Fermi-LAT data for the inner Galactic plane

Gaggero, Urbano, Valli & Ullio, PRD 2015



conventional 
model without 
hardening

conventional model 
with hardening

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

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

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

Our reference model                                           
  against Fermi-LAT and Milagro data



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

Then we incorporate the CR spectral hardening 
in the KRA𝛾 model (gamma model) 
assuming it is present in the whole Galaxy (we 
introduced it in the source term). 

Accounting for the harding at 300 GeV/n  to be 
present in the whole GP  this allows to match 
FERMI data and Milagro observed flux @ 15 TeV  
consistently !

Our reference model                                           
  against Fermi-LAT and Milagro data

HAWC collaboration is working to 
check and to extend Milagro results 
which will allow to test our model



The models against FERMI + HESS at the GC
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
                 “                     + S. Ventura (ICRC 2017) 

10�2 10�1 100 101

E [TeV ]

10�7

10�6

10�5

10�4

10�3

E
2
d�

/d
E

�
/d

⌦
[G

eV
cm

�
2 s

�
1 s

r�
1 ]

Galactic Ridge

Hard di↵usion

Conventional di↵usion

Comparison with HESS 2017

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

We use the Ferriere 2007  3-D gas     
tuning the XCO                                         
XCO (R = 0) = 0.6 × 1020 cm-2 (K km/s)-1  

for the Case & Bhattacharya (1998) 
source distribution

We found that the same model solving the 
GP FERMI anomaly and matching Milagro 
(gamma model) reproduces FERMI + 
HESS  data in the ridge and inner region

     

| l | < 1° , | b | < 0.3° 



The models against FERMI + HESS
Gaggero, D.G., A. Marinelli, Taoso & Urbano,S. 
Ventura 2018 

We use the Ferriere 2007  3-D gas     
tuning the XCO                                         
XCO (R = 0) = 0.8 × 1020 cm-2 (K km/s)-1  

for the Case & Bhattacharya (1998) 
source distribution

We found that the same model solving the 
GP FERMI anomaly and matching Milagro 
(gamma model) reproduces FERMI + 
HESS  data in the ridge and inner region
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The models against FERMI + HESS

10�2 10�1 100 101

E [TeV ]

10�7

10�6

10�5

10�4

10�3

E
2
d�

/d
E

�
/d

⌦
[G

eV
cm

�
2 s

�
1 s

r�
1 ]

Galactic Ridge

Galactic Ridge - 3FHL Point Sources

Fermi Data PASS8

HESS Data 2017

Gamma Model

Foreground

Fermi Data PASS8

HESS Data 2017

Gamma Model

Foreground

disk emission

gamma model



 32

0.15° <  𝜃  <  0.45°  ,  22 < d < 67 pcPacman region
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The effect of the CR sea at the GC
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| l | < 1° , | b | < 0.3° 

10�2 10�1 100 101

E [TeV ]

10�7

10�6

10�5

10�4

10�3

E
2
d�

/d
E

�
/d

⌦
[G

eV
cm

�
2 s

�
1 s

r�
1 ]

Galactic Ridge

Hard di↵usion

Conventional di↵usion

Comparison with HESS 2017

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

Gamma model

Base model

Fermi Data PASS8

HESS Data 2017

Best Fit HESS+Fermi

Degeneracy between poorly known gas 
and CR source densities at the GC



The role of the (global) hardening 
at few hundred GeV
     

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

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

• first evidence of the presence of the CR 
hardening in the GC region suggesting this 
is a global effect (a source effect most 
likely). 
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Sgr B
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0.4° < l  < 0.9° ,  - 0.3° < b  < 0.2° 
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The CR energy density radial profile
from HESS and FERMI

ΦGR ¼ 8.96þ1.35
−1.39 × 10−9

!
Eγ

1 TeV

"−2.49þ0.09
−0.08

ðTeV cm2 s srÞ−1

ð1Þ

and

Φpm ¼ 1.36þ0.12
−0.12 × 10−8

!
Eγ

1 TeV

"−2.41þ0.07
−0.06

ðTeV cm2 s srÞ−1

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

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

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

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

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

×
!
ηN
1.5

"−1!Lγð≥ 10 GeVÞ
1034 erg=s

"!
Mgas

106 M⊙

"−1
: ð3Þ

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

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

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

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

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

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

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

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

Reasonable agreement for R > 50 pc 
consistent with an almost uniform CR 
density outside that region
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E > 1 GeV



Sgr D : Pevatron vs CR sea  
against CTA sensitivity (50 hr)
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• Fermi-LAT data in the inner galaxy may imply that the Galactic 
CR sea in the GC region is harder that the local one (which may 
be explained in terms of anisotropic transport) 

•  If a CR spectral hardening at 300 GeV (as that found by Pamela 
and AMS locally) is present in that region the bulk of the diffuse 
emission from the CMZ could be originated by the CR sea

• CTA may also confirm the scenario we propose observing the 
emission from molecular clouds outside the CMZ

• This would have relevant implications for understanding CR 
transport in the Galaxy


