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constant luminosity was by far a bad assumption!



Cosmic-ray flux

• Almost a perfect power-law 
over 12 energy decades.


• Observed at energy higher than 
terrestrial laboratories!


• Direct measurements versus 
air-cascade reconstructions.


• Anti-matter component.


• Transition from galactic to 
extra-galactic?


• Energy density in equipartition 
with starlight, turbulent gas 
motions and magnetic fields.   



The SuperNova paradigm

LSN ⇠ RSNEkin ⇠ 3⇥ 1041 erg/s

or leptonic:

Fritz Zwicky

low-energy break in IC 443 and 21s for that in
W44, when assuming a nested model with two
additional degrees of freedom.

To determine whether the spectral shape could
indeed be modeled with accelerated protons, we
fit the LAT spectral points with a p0-decay spec-
tral model, which was numerically calculated from
a parameterized energy distribution of relativistic
protons. Following previous studies (15, 16), the
parent proton spectrum as a function of momen-

tum p was parameterized by a smoothly broken
power law in the form of

dNp

dp
º p−s1 1þ p

pbr

! "s2 − s1
b

2

4

3

5
−b

ð1Þ

Best-fit parameters were searched using c2-
fitting to the flux points. Themeasured gamma-ray
spectra, in particular the low-energy parts, matched

the p0-decay model (Fig. 2). Parameters for the
underlying proton spectrum are s1 = 2.36 T
0.02, s2 = 3.1 T 0.1, and pbr = 239 T74GeV c−1 for
IC 443, and s1 = 2.36 T 0.05, s2 = 3.5 T 0.3, and
pbr = 22 GeV c−1 for W44 (statistical errors
only). In Fig. 3 we show the energy distribu-
tions of the high-energy protons derived from
the gamma-ray fits. The break pbr is at higher
energies and is unrelated to the low-energy pion-
decay bump seen in the gamma-ray spectrum.
If the interaction between a cosmic-ray precursor
(i.e., cosmic rays distributed in the shock upstream
on scales smaller than ~0.1R, where R is the SNR
radius) and adjacent molecular clouds were re-
sponsible for the bulk of the observed GeV gamma
rays, one would expect a much harder energy
spectrum at low energies (i.e., a smaller value for
the index s1), contrary to the Fermi observations.
Presumably, cosmic rays in the shock downstream
produce the observed gamma rays; the first index
s1 represents the shock acceleration index with
possible effects due to energy-dependent prop-
agation, and pbr may indicate the momentum
above which protons cannot be effectively con-
fined within the SNR shell. Note that pbr results in
the high-energy break in the gamma-ray spectra
at ~20 GeV and ~2 GeV for IC 443 and W44,
respectively.

The p0-decay gamma rays are likely emitted
through interactions between “crushed cloud” gas
and relativistic protons, both of which are highly
compressed by radiative shocks driven into mo-
lecular clouds that are overtaken by the blast
wave of the SNR (25). Filamentary structures of
synchrotron radiation seen in a high-resolution
radio continuum map of W44 (26) support this
picture. High-energy particles in the “crushed
cloud” can be explained by reacceleration of the
preexisting galactic cosmic rays (25) and/or fresh-
ly accelerated particles that have entered the
dense region (20). The mass of the shocked gas

Fig. 1. Gamma-ray count maps of the 20° × 20° fields around IC 443 (left) and W44 (right) in
the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as crosses and squares.
Diamonds denote previously undetected sources. For sources indicated by crosses and diamonds,
the fluxes were left as free parameters in the analysis. Events were spatially binned in regions of
side length 0.1°, the color scale units represent the square root of count density, and the colors
have been clipped at 20 counts per pixel to make the galactic diffuse emission less prominent.
Given the spectra of the sources and the effective area of the LAT instrument, the bulk of the
photons seen in this plot have energies between 300 and 500 MeV. IC 443 is located in the
galactic anti-center region, where the background gamma-ray emission produced by the pool of
galactic cosmic rays interacting with interstellar gas is rather weak relative to the region around
W44. The two dominant sources in the IC 443 field are the Geminga pulsar (2FGL J0633.9+1746)
and the Crab (2FGL J0534.5+2201). For the W44 count map, W44 is the dominant source
(subdominant, however, to the galactic diffuse emission).
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Fig. 2. (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured
with the Fermi LAT. Color-shaded areas bound by dashed lines denote the best-
fit broadband smooth broken power law (60 MeV to 2 GeV); gray-shaded bands
show systematic errors below 2 GeV due mainly to imperfect modeling of the
galactic diffuse emission. At the high-energy end, TeV spectral data points for IC
443 from MAGIC (29) and VERITAS (30) are shown. Solid lines denote the best-

fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrah-
lung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra
when including an ad hoc low-energy break at 300 MeV c−1 in the electron
spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV
data points into account). Magenta stars denote measurements from the AGILE
satellite for these two SNRs, taken from (31) and (19), respectively.
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The SuperNova paradigm

or leptonic:

low-energy break in IC 443 and 21s for that in
W44, when assuming a nested model with two
additional degrees of freedom.

To determine whether the spectral shape could
indeed be modeled with accelerated protons, we
fit the LAT spectral points with a p0-decay spec-
tral model, which was numerically calculated from
a parameterized energy distribution of relativistic
protons. Following previous studies (15, 16), the
parent proton spectrum as a function of momen-
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Best-fit parameters were searched using c2-
fitting to the flux points. Themeasured gamma-ray
spectra, in particular the low-energy parts, matched

the p0-decay model (Fig. 2). Parameters for the
underlying proton spectrum are s1 = 2.36 T
0.02, s2 = 3.1 T 0.1, and pbr = 239 T74GeV c−1 for
IC 443, and s1 = 2.36 T 0.05, s2 = 3.5 T 0.3, and
pbr = 22 GeV c−1 for W44 (statistical errors
only). In Fig. 3 we show the energy distribu-
tions of the high-energy protons derived from
the gamma-ray fits. The break pbr is at higher
energies and is unrelated to the low-energy pion-
decay bump seen in the gamma-ray spectrum.
If the interaction between a cosmic-ray precursor
(i.e., cosmic rays distributed in the shock upstream
on scales smaller than ~0.1R, where R is the SNR
radius) and adjacent molecular clouds were re-
sponsible for the bulk of the observed GeV gamma
rays, one would expect a much harder energy
spectrum at low energies (i.e., a smaller value for
the index s1), contrary to the Fermi observations.
Presumably, cosmic rays in the shock downstream
produce the observed gamma rays; the first index
s1 represents the shock acceleration index with
possible effects due to energy-dependent prop-
agation, and pbr may indicate the momentum
above which protons cannot be effectively con-
fined within the SNR shell. Note that pbr results in
the high-energy break in the gamma-ray spectra
at ~20 GeV and ~2 GeV for IC 443 and W44,
respectively.

The p0-decay gamma rays are likely emitted
through interactions between “crushed cloud” gas
and relativistic protons, both of which are highly
compressed by radiative shocks driven into mo-
lecular clouds that are overtaken by the blast
wave of the SNR (25). Filamentary structures of
synchrotron radiation seen in a high-resolution
radio continuum map of W44 (26) support this
picture. High-energy particles in the “crushed
cloud” can be explained by reacceleration of the
preexisting galactic cosmic rays (25) and/or fresh-
ly accelerated particles that have entered the
dense region (20). The mass of the shocked gas

Fig. 1. Gamma-ray count maps of the 20° × 20° fields around IC 443 (left) and W44 (right) in
the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as crosses and squares.
Diamonds denote previously undetected sources. For sources indicated by crosses and diamonds,
the fluxes were left as free parameters in the analysis. Events were spatially binned in regions of
side length 0.1°, the color scale units represent the square root of count density, and the colors
have been clipped at 20 counts per pixel to make the galactic diffuse emission less prominent.
Given the spectra of the sources and the effective area of the LAT instrument, the bulk of the
photons seen in this plot have energies between 300 and 500 MeV. IC 443 is located in the
galactic anti-center region, where the background gamma-ray emission produced by the pool of
galactic cosmic rays interacting with interstellar gas is rather weak relative to the region around
W44. The two dominant sources in the IC 443 field are the Geminga pulsar (2FGL J0633.9+1746)
and the Crab (2FGL J0534.5+2201). For the W44 count map, W44 is the dominant source
(subdominant, however, to the galactic diffuse emission).
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Fig. 2. (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured
with the Fermi LAT. Color-shaded areas bound by dashed lines denote the best-
fit broadband smooth broken power law (60 MeV to 2 GeV); gray-shaded bands
show systematic errors below 2 GeV due mainly to imperfect modeling of the
galactic diffuse emission. At the high-energy end, TeV spectral data points for IC
443 from MAGIC (29) and VERITAS (30) are shown. Solid lines denote the best-

fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrah-
lung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra
when including an ad hoc low-energy break at 300 MeV c−1 in the electron
spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV
data points into account). Magenta stars denote measurements from the AGILE
satellite for these two SNRs, taken from (31) and (19), respectively.
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Do SNRs accelerate ENOUGH protons?  
  

Do they accelerate protons up to the knee?

S.Gabici, TeVPA2016



Cosmic-ray composition
Solar System Cosmic Rays

c⌧esc =
X(E)

n̄ISMµ
⇠ 103 kpc
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Cosmic-ray composition
Solar System Cosmic Rays

>> Galaxy size!

PrimarySecondary

c⌧esc =
X(E)

n̄ISMµ
⇠ 103 kpc



Fitting local observables

vA

D0

� ⇠ 0.42

D0

H
⇠ 0.75

1028 cm2/s

kpc

CE, D. Gaggero, D.Grasso, JCAP, 2016





~ 70% of all observed photons coming from the diffuse Galactic emission

Fermi-LAT  E>100 MeV by 3FGL  
[LAT collaboration 2015] 

~ 70% of all observed photons coming from the diffuse Galactic emission 

The gamma-ray sky in 2016

The extremely accurate gamma ray maps that FERMI is providing 
are useful to trace the CR distribution throughout all the Galaxy!

GP



Most of the GP g emission is the decay of p0 produced in CR/gas collisions

Counts map derived from HI and CO radio surveys. 
The gas column density distributed in Galactocentric 
rings was scaled to reproduce the LAT counts

LAT counts minus sources and isotropic

LAT view of the Galactic interstellar emission 

HI from LAB survey

CO from CfA survey

Counts map derived from HI and CO radio surveys. 
The gas column density distributed in Galactocentric 
rings was scaled to reproduce the LAT counts

LAT counts minus sources and isotropic

LAT view of the Galactic interstellar emission 

HI from LAB survey

CO from CfA survey

=

Z

los

dl np(r)⇥
Counts map derived from HI and CO radio surveys. 
The gas column density distributed in Galactocentric 
rings was scaled to reproduce the LAT counts

LAT counts minus sources and isotropic

LAT view of the Galactic interstellar emission 

HI from LAB survey

CO from CfA survey

+ np(r)⇥XCO(r)⇥

H2

⇡0�

for a review see I.Grenier, J.Black and A.Strong, ARA&A 2015

more details and results in Luigi Tibaldo’s talk



Template analysis for the GDE

=Σqhir*NHIr+Σqcor*WCOr+qHI*IIC+Iso
r=1,6r=1,6

γ
Templates: all-sky surveys or GALPROP IC

The Template Approach

The diffuse emission can be modelled with a linear combination of various templates. 
This approach was used to study selected regions of the sky. 

We can also apply it to the whole Galaxy. 
Principle:

Galactocentric HI rings

Example of Galprop IC prediction, depends on electron distribution and the ISRFGalactocentric HI rings

�� =
X

i

giHINHI(ri) +
X

i

giCOWCO(ri) +
X

i

giICIIC(ri) + Iiso

from a propagation model

�� ⇠
X

i

np(ri)NHI(ri) +
X

i

np(ri)XCO(ri)WCO(ri)

free parameters

Ackermann et al., ApJ, 750 (2012)

from radio observations



FERMI galactic diffuse emissionConventional models against Fermi data 
Fermi coll.  ApJ 2012

full-sky but the GP inner GP

Fermi Benchmark (FB) conventional model:   

δ = 0.3 , !P = 2.72 (in the whole Galaxy),   zh =  4 kpc

full sky, without the GP inner GP

@100 GeV

FERMI reference model 
for the galactic emission

Ackermann et al., ApJ, 750 (2012)

DGE

⇡0



What do we learn about galactic CR?
– 75 –

Fig. 25.— Radial distribution of XCO for model SSZ4R20T150C5 (black X), SLZ6R20T1C5 (blue

squares), SYZ10R30T150C2 (red circles), and SOZ8R30T1C2 (green triangles). We do not show

the XCO values in the outer Galaxy because they are strongly biased by the lack of �-ray intensity

in the outer Galaxy in our models. For comparison, we also show data from Abdo et al. (2010d)

(purple diamonds), Ackermann et al. (2011a) (cyan stars), and Strong et al. (2004c) (solid curve).

The blue dashed curve shows the initial value we used in our iterative procedure.
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squares), SYZ10R30T150C2 (red circles), and SOZ8R30T1C2 (green triangles). We do not show
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in the outer Galaxy in our models. For comparison, we also show data from Abdo et al. (2010d)

(purple diamonds), Ackermann et al. (2011a) (cyan stars), and Strong et al. (2004c) (solid curve).

The blue dashed curve shows the initial value we used in our iterative procedure.

• standard CR propagation/interaction models adequate for local measurements 
• diffuse emissions are reproduced at the expenses of consistent physics (i.e., normalisations 

“here & then”)   
• FERMI DGE became “a point-source analysis model”!

see Olaf Reimer’s talk at TeVPA2015



Model independent template analysis

=Σqhir*NHIr+Σqcor*WCOr+qHI*IIC+Iso
r=1,6r=1,6

γ
Templates: all-sky surveys or GALPROP IC

The Template Approach

The diffuse emission can be modelled with a linear combination of various templates. 
This approach was used to study selected regions of the sky. 

We can also apply it to the whole Galaxy. 
Principle:

Galactocentric HI rings

Example of Galprop IC prediction, depends on electron distribution and the ISRFGalactocentric HI rings

�� =
X

i

giHINHI(ri) +
X

i

giCOWCO(ri) +
X

i

giICIIC(ri) + Iiso

free parameters free parameters

�� ⇠
X

i

np(ri)NHI(ri) +
X

i

np(ri)XCO(ri)WCO(ri)

R. Yang, F. Aharonian, CE, PRD, 2016



The radial distribution of the diffuse g-ray emissivity in the GP
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FIG. 5: The SED of galactic diffuse γ-ray emission associated with the gas in different rings around the GC.
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FIG. 6: The distribution of the photon index of the galactic diffuse gamma ray emission associated with the gas in
different rings.

opacity maps. The energy range of detected γ-rays from
100 MeV to 200 GeV allows derivation of detailed spec-
tral and spatial distributions of CRs over almost four en-
ergy decades, from mildly relativistic (sub-GeV) to ultra-
relativistic (multi-TeV) energies.

The results described in the previous sections demon-
strate strong variations of both the energy spectra and
the absolute fluxes of γ-rays throughout the entire galac-
tic plane (0◦ < l < 360◦ and |b| < 5◦). The energy spec-
tra of γ-rays arriving from the directions of inner Galaxy
appear significantly harder compared to the spectra of
radiation from outer parts of the Galaxy. The tendency

of the spectral change is clearly seen in Fig.1 and Fig.2.
This conclusion agrees with the recent analysis of the
Fermi LAT data reported in ref. Casandjian [5], and,
with some reservation, with the old results reported by
the EGRET team [18] 5. A hard diffuse γ-ray spectrum

5 Note that although the EGRET result later has been criticised,
and the very existence of the “GeV bump” has been discarded
by the community, one should point out that in general terms
the latter is in reasonable agreement with the recent Fermi-LAT
data.
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FIG. 7: Normalised per H-atom gamma ray emissivities above 1 GeV in different rings by using the best fit
conversion factor XCO as shown in Tab.1. The points close to the GC are taken from analysis of the γ-ray
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complex Sgr B2 [15].
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FIG. 8: The same as in Fig.7 but for the conversion factor XCO fixed at the local value 2.0± 0.2× 1020 .

has been recently reported also in Neronov and Maly-
shev [19] who claimed a universal photon index close to
2.45 throughout the entire Galactic Disk. However, this
conclusion based on a rather limited range of galactic lon-
gitudes (|l| ≤ 90◦), is misleading. The results shown in
Fig.1 and Fig.2 reveal a non-negligible spectral variation
throughout the galactic plane. In particular, while the
γ-ray spectrum in the inner parts of the Galaxy is sig-
nificantly harder than the spectrum of locally measured
CRs, the latter is quite close to the spectrum of γ-rays
(and, consequently, to the spectrum of parent protons)
from the anti-centre direction (where the Solar system is
located). Moreover, the comparison of Fig.2 with Fig.3
and Fig.4, makes it clear that the spectral hardening
takes place only in the galactic plane.

In general, the spectral hardening of γ-rays could be
caused by contamination of the truly diffuse flux of γ-

ray (i.e. the ones produced in interactions of CRs) by
discrete γ-ray sources concentrated in the inner Galaxy.
We believe that the discrete sources have been carefully
treated in our analysis. Nevertheless, we cannot exclude
the possibility that a new population of weak but numer-
ous hard-spectrum γ-ray sources, which have not been
resolved by Fermi-LAT, significantly contribute to the
truly diffuse γ-ray background.

Alternatively, the hardening could be caused, in prin-
ciple, by undervaluation of the contribution of the IC
component of γ-rays in the inner Galaxy. In this work,
a spatial IC template based on the calculations with the
GALPROP code [9], was used to model the IC emis-
sion. Although the interstellar radiation fields (ISRF)
are poorly constrained, their enhancement in the inner
Galaxy (compared to the values provided by GALPROP)
hardly can exceed a factor of two or three. Meanwhile,

R. Yang, F. Aharonian, CE, PRD, 2016
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FIG. 1: The spectral energy distribution (SED) of the galactic diffuse γ-ray emission associated with the dust
opacity in three different directions.
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FIG. 2: The distribution of the power-law photon index of the galactic diffuse γ-ray emission associated with the
dust opacity over the galactic longitudes integrated for the interval |b| < 5◦.
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FIG. 3: The same as in Fig.2 but for the latitude interval 5◦ < |b| < 10◦.

hard
ening!

�

Templates based: 
• on CO galactic survey of with the CfA 1.2m millimetre-wave Telescope 
• the Leiden/Argentine/Bonn (LAB) Survey on HI gas  
• dust opacity maps from PLANCK for “dark gas” 

Main result: Both the absolute emissivity and the energy spectra of γ-rays derived in 
the interval 0.2-100 GeV show significant variations along the galactic plane. 
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see also D. Gaggero et al., PRD, 91 (2015)
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FIG. 9: The CR proton spectra in the inner (r ≤ 8 kpc) and outer (r ≥ 8 kpc) regions, as well as in the 4-6 kpc ring
derived from γ-ray emissivities presented in Fig.7. Also are shown the proton spectra derived from the γ-ray

measurements of the nearby molecular cloud Orion B [16]. and from the low-energy γ-ray component called “GeV
excess”. The direct measurements of the CR proton spectrum are from the AMS-02 collaboration report [17], which

are shown as black squares.

at multi-GeV energies the component of π0-decay γ-rays
strongly, by on order of magnitude, dominates over the
IC contribution calculated for the “standard” fluxes of
ISRF [see 8]. Consequently, the interpretation of the
spectral hardening of γ-rays by an enhanced IC contri-
bution, seems rather unlikely.
Thus, we may conclude, although not without the

caveat concerning the possible non-negligible contribu-
tion of unresolved γ-ray sources, that the major fraction
of the diffuse γ-ray flux at GeV energies arises from in-
teractions of CR protons and nuclei with the interstellar
gas (through the production and decay of the secondary
neutral pions). In the framework of this interpretation,
the hardening of the γ-ray spectrum in the inner Galaxy
can be explained by the concentration of CR accelera-
tors in the inner Galaxy and/or by the CR propagation
effects [see e.g. 20]. The radial distributions of the nor-
malised γ-ray emissivity (Fig.7 and Fig.8), as well as the
radial dependence of the photon index (Fig.6), contain
unique information regarding the spatial distribution of
CR accelerators.
If the distinct maximum in the radial distribution of

the γ-ray emissivity in Fig.7 calculated for the values of
the conversion factor XCO from Table 1, is real, it is
straightforward to assume that the CR accelerators are
concentrated in the 4-6 kpc ring. The continuous injec-
tion of CRs into the interstellar medium can explain the
gradual drop of the γ-ray emissivity in both directions
- towards the GC and to the periphery of the Galaxy
(see Fig.7). While in the homogeneous and spherically
symmetric medium we expect 1/r type distribution for
the CR density [see e.g. 8], radial dependence of the dif-
fusion coefficient and its possible anisotropic character
could result in a deviation from the 1/r dependence. De-
tailed numerical treatment of the CR propagation, and

the comparison of theoretical predictions with the results
presented in Fig.7 and Fig.6, would provide an important
information on the spatial distribution of sources of CRs,
on the character of their propagation in the interstellar
magnetic fields, on the total CR injection rate, etc.

What concerns the harder energy spectrum of CRs
which are currently confined in the 4-6 kpc ring, com-
pared to their spectrum in outskirts of the Galaxy, a
possible reason of this effect could be an intrinsic fea-
ture of particle accelerators in the ring. For example,
one may speculate that the sources in the inner Galaxy
accelerate CRs with harder spectra than the CR acceler-
ators do in the outer Galaxy. An alternative explanation
of of this effect could be related to the specifics of prop-
agation of particles in the inner Galaxy. In particular,
it could be caused by different rates of escape of CRs in
different parts of the Galaxy. For example, the stronger
galactic wind in the inner Galaxy, caused by a higher lo-
cal pressure, may result in the transport of CRs which
at low energies might be dominated by advection rather
than diffusion. Consequently, at low energies the shape
of the CR spectrum in the inner Galaxy would not suffer
deformation [8], while in the outer Galaxy the energy-
dependent diffusion could lead to significant steepening of
the original (acceleration) spectrum. Apparently, these
two scenarios need further observational and theoretical
inspections. In particular, it would be important to per-
form independent measurements of the CR spectra from
individual massive clouds which can serve as CR barome-
ters [21–23]. Such measurements, already have been con-
ducted for the nearby molecular clouds in the Gould Belt
[16] and local Hi regions [24, 25]. They have revealed ab-
solute fluxes and energy spectra of CRs which are in a
good agreement with the results of this paper for the
outer Galaxy, and with the recent direct measurements

R. Yang, F. Aharonian, CE, PRD, 2016

AMS-02 protons inner Galaxyouter Galaxy



FERMI galactic interstellar emission model (GEIM)– 47 –
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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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Disclaimer:

+ Sources  
- Losses  
- Spallation

Ginzburg & Syrovatsky (1964)
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In tension with the SN paradigm?
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looking for alternative scenarios: sources or propagation?
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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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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)

S. Recchia, P. Blasi and G. Morlino, arXiv:1604.07682

non-linear effects during propagation



hints of anisotropic diffusion?
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CRs in the halo
Tibaldo+, ApJ, 2015

from the gamma-ray emission in 
high- and intermediate-velocity 
molecular clouds 
 
CRs at ~GeV originate in the 
Galactic disk: proved! 

but: what is the physical meaning 
of the halo?



conclusions

• assuming constant properties can be dangerous if one aims at 
understanding how stars or CRs are distributed in our Galaxy 

• recent model-independent analysis of the gamma-ray emissivity 
profiles provide strong evidence for inhomogeneous and/or 
anisotropic diffusion in the different galactic environments 

• propagation models are challenged to reproduce these new 
exciting results and confirm/rule out the SN paradigm.
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