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Disclaimer

This talk will be focussed mainly on Galactic cosmic rays (because the 

speaker does not feel he has much to say about extragalactic ones…). A 

large fraction of the stuff shown in the following slides comes from two 

recent review articles: 

Gabici, Evoli, Gaggero, Lipari, Mertsch, Orlando, Strong, Vittino, Int. J. 

Mod. Phys. D (2019) -> high energy CRs 

Tatischeff & Gabici, Ann. Rev. Nucl. Part. Sci. (2018) -> low energy CRs
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Outline of the talk

The orthodoxy: a critical review 

The three pillars of orthodoxy 

Recent observations and open questions 

Galactic cosmic rays and neutrinos 

The link with gamma rays 

Neutrinos from the Galactic disk 

Neutrinos from the Galactic halo 

Neutrinos from Galactic sources of CRs 

Conclusions
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variations around a leg
The cosmic-ray spectrum 70 years later...

C. Evoli (GSSI) Phenomenology and Theory of GCP 13/06/2019 3 / 37

The cosmic ray spectrum
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[1] Which classes of sources contribute to the CR flux in different energy ranges? 

How many types of sources provide a significant contribution to the overall CR flux?  

[2] Are CR nuclei and electrons accelerated by the same sources?  

[3] Which sources are capable of reaching the highest particle energies and how?  

[4] Which are the processes responsible for CR confinement in the Galaxy?  

[5] Where is the transition between Galactic and extra-Galactic CRs and how can 

we explain the well-known features such as knee, second knee, ankle?  

[6] What is the origin of the difference between the chemical composition of CRs  

and the solar one? 

A classic set of questions
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The orthodoxy (1)

The bulk of the energy of cosmic rays originates 

from supernova explosions in the Galactic disk
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Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
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rather than
condensed into dust
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with low (high)
condensation
temperature are
called volatiles
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Rigidity: regulates
the motion of
particles in a
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and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):
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Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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The orthodoxy (1)

spallation

energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
mainly in spallation reactions 
involving Carbon (primary)
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Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
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rather than
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with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):
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ISM
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Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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The orthodoxy (1)

qB ⇠ nC �s nISM cproduction rate of B

spallation

energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
mainly in spallation reactions 
involving Carbon (primary)
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Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
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rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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The orthodoxy (1)

qB ⇠ nC �s nISM cproduction rate of B

nB ⇠ qB ⌧diskequilibrium density of B

spallation

energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
mainly in spallation reactions 
involving Carbon (primary)



10
-2

10
-1

1

10

10 2
10 3
10 4
10 5
10 6
10 7
10 8

10 9

10 10
10 11

0 5 10 15 20 25 30 35 40

Solar system
H

He

Li

Be

B

C

N

O

F

Ne

Na

Mg

Al

Si

P

S

Cl

Ar

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Galactic cosmic rays

Atomic number, Z

A
to

m
ic

 a
bu

nd
an

ce
, S

i =
 1

06

Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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qB ⇠ nC �s nISM cproduction rate of B

nB ⇠ qB ⌧diskequilibrium density of B

nB
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spallation

energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
mainly in spallation reactions 
involving Carbon (primary)
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Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i
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The bulk of the energy of CRs originates from SN explosions in the Galactic disk
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The orthodoxy (1)

energy/nucleon is conserved in 
spallation reactions 
Boron (secondary) is produced 
mainly in spallation reactions 
involving Carbon (primary)

grammage ⇤g = µmp nISM ⌧disk �! nB

nC
⇠ �s

µmp
⇤gc
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CR energy density total CR energy in the disk MW disk volume

Small spatial 
gradient

wCR ⇠ 1 eV/cm3 �! ECR = wCR Vdisk

FERMI all sky

Power of CR sources in the disk

LCR = WCR/⌧disk ⇠ 1041erg/s

Power of Galactic SN explosions

LSN = ESN⌫SN ⇠ 1042erg/s

1051 erg 3/century
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FIG. 1. The B/C ratio computed with DRAGON for the three
propagation setups considered in this paper and modulated
in the force-field approximation (Φ = 0.5 GV) are compared
with PAMELA [19] and AMS-02 [20] preliminary experimen-
tal data.
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FIG. 2. The proton and helium spectra computed with
DRAGON for the three propagation setups considered in this
paper and modulated in the force-field approximation are
compared with PAMELA and AMS-02 experimental data.
The local interstellar spectrum (LIS) is also shown. The
PAMELA data reported in this and the following figures
of this paper are extracted from the cosmic-ray database
(CRDB) (http://lpsc.in2p3.fr/cosmic-rays-db/) [23].

spectrum measured by PAMELA (see Refs. [18] and [24]).
As discussed in the introduction, the positron fraction
data above 10 GeV require the presence of an e− + e+

extra component with a hard spectrum. We assume
the extra component to be charge symmetric and tune
its source spectral index γ(e±) against the PAMELA
positron fraction data. We consider two reference values

FIG. 3. The face-on view of the primary electron density at
100 GeV on the Galactic plane as computed with DRAGON

is represented (arbitrary units).

of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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positron fraction data. We consider two reference values
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of the extra component source spectrum cutoff energy:
Ecut = 1 and 10 TeV. The former is more suitable for
pair production in pulsar wind nebulae (mechanism A
mentioned in the introduction) while the latter is more
natural for secondary production in SNRs (mechanism
B).
Similarly to what was done in Refs. [17] and [24], in

this section we assume that the sources of this compo-
nent have the same spiral-arm spatial distribution as that
adopted for CR nuclei and for the electron background;
this is consistent with both production mechanisms A
and B mentioned above since both the pulsar and SNR
populations are expected to be highly correlated with
the spiral-arm structure. The spatial distribution of the
propagated high-energy electrons originated from a spi-
ral source term is shown for illustrative purposes in Fig.
3.
As first shown in Ref. [17], we notice the importance

of this structured source term to reproduce the data us-
ing a more realistic primary injection spectrum: the en-
hanced energy losses due to the Sun being located in an
interarm region, hence far from most sources, provide a
further steepening which helps accommodate the extra
component. We remark, however, that in order to match
consistently all PAMELA data sets we need an injec-
tion spectrum [γ(e−) = −2.5], which is still quite steeper
than that expected from Fermi acceleration theory and
inferred form radio observations of SNRs. A detailed
investigation of the escape mechanism of the electrons
from the sources should then be invoked to explain this
discrepancy.
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No. 1, 1997 GALACTIC COSMIC RAYS FROM SNRs. II. 199

FIG. 1.ÈGalactic cosmic-ray source abundance relative to solar abundance vs. atomic mass number. All values are measured relative to cosmic-ray
hydrogen at a given energy per nucleon. The elements are divided, on the basis of condensation temperature, into refractory, semivolatile, volatile, and highly
volatile groups. The refractories are essentially completely locked in grains in the ISM, while the highly volatile elements are gaseous. The arrows on carbon
and oxygen indicate that these elements have an additional source from 22Ne-C-OÈenriched Wolf-Rayet wind material. Our estimate for the nonÈW-R
contribution of carbon is labeled. Our predictions for the abundances of volatile elements from a high Mach number shock model are shown with a dotted
line, and those for a lower Mach number model with a dot-dashed line. The horizontal solid lines on the right side of the plot are limits on our predicted
abundance of iron and other refractory elements. The label on the abscissa [D(A/Q)a, where a is some unspeciÐed constant] is a reminder that, for most
ionization models, A/Q is a roughly monotonically increasing function of mass. We note that the abundances of Kr, Xe, Mo, Ba, Ce, Pt, and Pb relative to Fe
may contain systematic errors that are difficult to evaluate (we indicate this with a question mark to the right of the point). For a complete discussion of the
observations, see Paper I.

major cosmic-ray components using a mixture of inter-
stellar gas and dust.

2. MODEL ASSUMPTIONS

The hypothesis that we wish to test is that the bulk of the
GCRs at energies below the so-called ““ knee ÏÏ at D1015 eV
are accelerated by the forward shock waves associated with
supernova remnants. The main arguments in favor of an
SNR origin for the GCRs are that it is very hard to think of
any other possible acceleration sites with adequate power
(although stellar winds might be sufficient) (see, e.g., Axford

and that SNRs are known from their radio synchro-1981)
tron emission to accelerate electrons to cosmic-ray energies
(see, e.g., & Ellison We assume the forwardReynolds 1992).
shocks in the Sedov phase are mainly responsible for
producing cosmic rays. While inner reverse shocks exist in
the early remnant phases, the forward shocks are much
longer lived and contain more energy. In addition, cosmic
rays accelerated when the remnant is small su†er strong
adiabatic losses, making later stages more important (see,
e.g., & Keane The forward shocks accelerateDrury 1995).
mainly ambient interstellar material, although recent calcu-

Ellison, Drury, Meyer (1997) see also Caprioli+ 2017

why dusty?
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[1] Which classes of sources contribute to the CR flux in different energy ranges? 

How many types of sources provide a significant contribution to the overall CR flux?  

[2] Are CR nuclei and electrons accelerated by the same sources?  

[3] Which sources are capable of reaching the highest particle energies and how?  

[4] Which are the processes responsible for CR confinement in the Galaxy?  

[5] Where is the transition between Galactic and extra-Galactic CRs and how can 

we explain the well-known features such as knee, second knee, ankle?  

[6] What is the origin of the difference between the chemical composition of CRs  

and the solar one? 
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Fig. 2. Spectra of p, e�, e+, (e� + e+) and p. The high energy data points for protons are from
CREAM the data points for (e� + e+) are from DAMPE and HESS. All other points are from
AMS02. The lines superimposed to the e�, e+ and p data points are simple power law fits for
E > 30 GeV. The line for the proton data is a broken power law fit. Figure from.113

secondary production once the relevant uncertainties a↵ecting these computations
are taken into account.132,133

3.1.5. A possible (non-orthodox) interpretation of cosmic ray positrons and
antiprotons spectra

In most of the studies on Galactic cosmic rays, the main observations used to identify
source and propagation e↵ects has been the study of secondary nuclei (such as
lithium, beryllium and boron) as outlined in Sec. 2 in this review. The comparison
of the spectra of di↵erent particle types, in particular p, e�, p and e

+, that have
di↵erent sources and di↵erent propagation properties, can also be used to develop
an understanding of the mechanisms that form the spectra.

Fig. 2 show some recent measurements of the energy spectra for the four parti-
cles types which show several intriguing features that have to be understood. One
question that is obviously of central importance is the origin of the very di↵erent
shapes (and normalizations) of the p and e

� spectra. Intimately related to this
question is the problem of the origin of the softening observed in the (e+ + e

�)
spectrum at E ' 1 TeV.

A second question that emerges naturally is why the spectra of e+ and p (above

Several papers by Paolo Lipari (see also Genolini+)
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In most of the studies on Galactic cosmic rays, the main observations used to identify
source and propagation e↵ects has been the study of secondary nuclei (such as
lithium, beryllium and boron) as outlined in Sec. 2 in this review. The comparison
of the spectra of di↵erent particle types, in particular p, e�, p and e

+, that have
di↵erent sources and di↵erent propagation properties, can also be used to develop
an understanding of the mechanisms that form the spectra.
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question that is obviously of central importance is the origin of the very di↵erent
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Fig. 6. The emissivity associated to the pion decay component of the di↵use gamma-ray emission
as measured by Fermi-LAT and as predicted within standard CR propagation models. The di↵erent
theoretical predictions correspond to di↵erent sizes of the di↵usive halo of the Galaxy, as detailed
in the legend. Only for very large values of this parameter the tension between model predictions
and data is attenuated. Figure taken from.215

The first attempts at a solution to the gradient problem did not involve any
modification of the standard description of CR propagation. As an example, as
investigated in,219 one could reduce the steepness of the CR proton density by
simply assuming a larger size for the di↵usive halo of the Galaxy (10 kpc or more).
This is shown in Fig. 6. However, matching the flatness of the density profile inferred
from the gamma-ray observations appears to be rather di�cult and, at some point,
a very large halo size starts to be in tension with 10Be/Be and synchrotron data.
An alternative solution would be to adopt a flatter distribution of sources, but this
seems to be in contrast with SNR catalogs,220 pulsar catalogs,221 and with the
distribution of OB stars.222 Another possibility, put forward in,223 lies in assuming
a sharp rise of the factor XCO adopted to convert the intensity of the carbon
monoxide line emission into the molecular hydrogen column density. Under this
hypothesis, the flatness of the CR density in the outer Galaxy would just be the
result of an erroneous determination of the molecular component of the interstellar
hydrogen density in that region. However, the analysis performed by Fermi-LAT
in215 showed that the gradient problem is still present even if one considers only
the di↵use emission resulting from collisions against the atomic component of the
interstellar hydrogen.

A di↵erent approach in solving the gradient problem, which implies a modifi-
cation of the standard description of CR di↵usion, has been pursued in.160 Within
this model, the di↵usion coe�cient perpendicular to the Galactic magnetic field
is characterized by a spatial-dependent normalization, strongly correlated with the
CR source distribution. One possible reason for this is that perpendicular di↵usion

[6]  Why is the spatial gradient of CRs 
so small? Why is the CR spectrum  

hardening towards the Galactic centre? 
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Fig. 5. The hadronic CR spectral index inferred by Fermi-LAT data, according to three recent
analyses based on template-fitting techniques, see.203–205 The first point of the dataset taken
from204 corresponds to the Central Molecular Zone only, which was cut out from the innermost
ring and associated to a dedicated gas column density map. Figure adapted from.205

recently showed evidence for a population of unresolved point sources, possibly
millisecond pulsars in the Galactic bulge. The recently developed SkyFACT200 tool,
based on both template fitting and image reconstruction techniques, has allowed
for further improvement in the quality of the fits by implementing pixel-by-pixel
variations of the Galactic di↵use emission templates: A recent investigation of the
morphology of the GeV excess based on these techniques finds a correlation with the
stellar distribution in the central boxy/peanut-shaped bulge/bar that characterize
the inner regions of the Galaxy, and seems to provide more support to the mil-
lisecond pulsars hypothesis.201 The excess has also been comprehensively analyzed
by the Fermi-LAT collaboration.194 The bottom lines of this decade-long debate,
in our opinion, are the following: (1) The existence of an extended signal from the
inner Galaxy peaking at few GeV is fairly well established; (2) The precise charac-
terization of this anomaly seems to depend quite significantly on the assumptions
regarding the spatial distribution of CR sources; (3) The interpretation in terms of
unresolved point sources will be testable in the future by means of more sensitive
radio facilities.202

3.3.2. Progressive hardening in the hadronic gamma-ray emission

The Fermi-LAT gamma-ray data o↵er the unique opportunity to probe the proper-
ties of the di↵use and ubiquitous flux of cosmic particles in di↵erent regions of the
Galaxy and learn useful insights on their propagation in a quite broad range of en-
ergies. This is a very challenging task since it requires, once the point and extended
sources are properly subtracted, to disentangle the di↵erent types of emission. A
pioneering attempt to study the variation of the spectral index associated to the

Fermi 2011



10 questions

intro       orthodoxy?       galactic disk       galactic halo       point sources       the end

[7]  Why is the CR flux very close to isotropy up to very large energies? Why is the 
phase of the anisotropy pointing away from the Gal. centre for energies < 100 TeV? 

July 25, 2019 20:24 WSPC/INSTRUCTION FILE manuscript

22 Gabici et al.

(energy)1/3

103 104 105 106 107

energy [GeV]

0.1

1

10

am
pl

itu
de

A 1
[1

0�
3 ]

Galactic Center

90
135
180
225
270
315

0
45
90

ph
as

e
a 1

[d
eg

re
e]

model

Super-K

MACRO

IceCube

IceTop

K-Grande

Tibet-ASg
Baksan

Milagro

EAS-TOP

ARGO-YBJ

Fig. 3. Phase and amplitude of the (equatorial) dipole anisotropy from recent measurements.
From Ref.150

for a misalignment between the gradient and the regular background field.149,152

In addition, the stochasticity of the turbulent magnetic field can produce realisa-
tions of the turbulent field that lead to lower dipole amplitudes.149 (In isotropic
di↵usion, this also weakens the directional association between gradient and dipole
directions.) Furthermore, due to the discrete nature of CR sources in space and
time, the density of CRs in the Galaxy is very sensitive to the exact distribution
of young and/or nearby sources.153,154 This results in variations as a function of
position and time of the observed dipole amplitudes and phases. Modelling of the
nearby known sources155,156 and Monte Carlo simulations157,158 show variations
of the amplitude and phase. However, in order to suppress the amplitude to the
observed level of 10�4 at tens of TeV would require for the dipole from the Galac-
tic center to cancel the dipole from a nearby source in the opposite direction.156

One of the earliest solution to the anisotropy problem suggested,159 was to limit the
rigidity-dependence of the di↵usion coe�cient (see also157). Finally, simple di↵usion
models can be overestimating the size of the CR gradient and thus also the dipole
anisotropy:160 If di↵usive escape was increased in the inner Galaxy (via higher levels
of self-induced turbulence and thus larger perpendicular di↵usion) this would also
help with the gamma-ray gradient problem, see Sec. 3.3.3.

The high statistics of observations performed over the last decade have not
only improved the determination of the large scale anisotropies, but also led to a
serendipitous discovery at TeV-PeV energies: A number of localised hot-spots at
the level of 10�4 were found by Tibet,161 Milagro,162 and ARGO-YBJ.163 IceCube
extended the analysis of small-scale anisotropies to the southern hemisphere and

Ahlers & Mertsch 2017
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[8]  What is the origin of small 
scale anisotropies? 

IceTop + HAWC at 10 TeV 
spectral peak in anisotropy 
near 10 TeV 
close to the spectral peak in  
protons 
no anisotropy detection in 
CALET, DAMPE or AMS data

cosmic-ray anisotropy

3.3. The Anti-sidereal Anisotropy

Imitating the sidereal and solar time frames, a spurious time
frame with 364.242 cycles a year is defined as the anti-sidereal
time frame (Farley & Storey 1954). It is expected to have no
physical signal. Therefore, the anti-sidereal anisotropy is
usually used to estimate the systematic error of the sidereal
anisotropy. In this work, we also analyze the anti-sidereal
anisotropy using the same data used for Sections 3.1 and 3.2.
The 1D profiles of the anti-sidereal anisotropy are shown in
Figures 2 and 4, respectively, which are used to indicate the
systematic error in this work. The maximum systematic error
for the yearly sidereal anisotropy shown in Figure 2 is about
0.03%, which is much smaller than the LSA amplitude in
sidereal time. The systematic errors from 4.0 to 71 TeV as well
as at 520 TeV are also much smaller than the LSA amplitude in
sidereal time. At 160 TeV, the systematic error, about 0.04%,
seems larger than at other energies, while it is still smaller than
the observed sidereal anisotropy. The observed results for the

anti-sidereal frequency support the reliability of the observed
sidereal anisotropy presented in this work.

4. Discussion and Summary

In this analysis, only events with reconstructed energy above
3 TeV are used. During five years, no significant time
dependence of the anisotropy is detected. However, this result
does not exclude the possibility of time-dependent variation of
the anisotropy at lower energy. According to the estimation of
Zhang et al. (2014), the magnetic field within the heliosphere
has minor influence on anisotropy above 4 TeV, and the
influence will be visible at energies below 1 TeV. According to
Figure 1, ARGO-YBJ can also reach the sub-TeV energy band.
A study of the behavior of the anisotropy at energies below
3 TeV is deferred to a future publication.
This paper reports on the measurement of the large-scale

cosmic-ray anisotropy by the ARGO-YBJ experiment with data
collected from 2008 January to 2012 December. This analysis
extends a previous report limited to the period from 2008
January to 2009 December, near the minimum of solar activity
between cycles 23 and 24. In contrast with a previous report by
the Milagro experiment, no significant time dependence of the
anisotropy is detected for a median energy of 7 TeV during
5 years, when the solar activity changed from near minimum to
maximum of solar cycle 24. With an improved energy
reconstruction procedure, we extended the energy range
investigated by ARGO-YBJ up to 520 TeV. A dramatic change
of the morphology, consistent with the observations reported
by IceCube in the southern hemisphere and Tibet ASγ in the
northern hemisphere, is clearly observed starting from about
50 TeV. The dipole at 160 TeV and 520 TeV is aligned (at
α= 251°.1± 6°.5 and α= 279°.2± 14°.5, respectively) near the
direction of the Galactic center (268°.4 R.A.), suggesting this
region as a possible source of cosmic rays.
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Figure 11. (A) Relative intensity of cosmic-rays at 10 TeV median energy (Figure 4(A)) and (B) corresponding small-scale
anisotropy (Figure 5(A)) in J2000 equatorial coordinates with color scale adjusted to emphasize features. The fit to the boundary
between large scale excess and deficit regions is shown as a black crossed curve. The magnetic equator from Zirnstein et al.
(2016) is shown as a black curve as is the plane containing the local interstellar medium magnetic field and velocity (B � V
plane). The Galactic plane is shown as a red curve and two nearby supernova remnants, Geminga and Vela are shown for
reference as is Cygnus X-1, a black hole X-ray binary known to produce high energy � rays (Albert et al. 2007).

8.1. Cosmic Ray Propagation in the Interstellar
Medium

The angular power spectrum in Figure 7 shows two
di↵erent regimes: a steeply falling slope at large scales
` = 1, 2, 3 and a softer slope at small scales ` > 3. This
suggests that two di↵erent mechanisms are responsible
for the structures observed in the sky map. The steep
portion of the angular power spectrum may be asso-
ciated with large scale di↵usive processes (over many
mean free paths) across the interstellar medium, as sug-
gested by Erlykin & Wolfendale (2006); Blasi & Amato
(2012); Ptuskin (2012); Pohl & Eichler (2013b); Svesh-
nikova et al. (2013); Savchenko et al. (2015); Ahlers
(2016); Giacinti & Kirk (2017). On the other hand, the

softer slope portion appears to be consistent with non-
di↵usive pitch angle scattering e↵ects on magnetic tur-
bulence within the mean free path (Giacinti & Sigl 2012)
and with that obtained from numerical calculations
of sub-PeV protons propagating through incompress-
ible magnetohydrodynamic turbulence (López-Barquero
et al. 2016). In Ahlers (2014) it is shown that under
certain conditions, those small-scale structures arise as
natural consequence of hierarchical evolution of angular
scales under Liouville’s theorem.
The dipole component of the anisotropy may provide

a hint into the direction of the large scale cosmic ray
density gradient on the equatorial plane, thus linking
the observed anisotropy with possible contributions of
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Fig. 1. Top panel: EGRET and MILAGRO data points for the region of the
Galactic plane with coordinates 30◦ < l < 65◦. The solid line represents a fit to
both the sets of data due to π0-decay gamma-ray emission from the CR spectrum
described by Eq. 1. The dotted and dashed lines represents the gamma-ray emission
from a hard (∝ E−2) CR spectrum that fits the MILAGRO point only. Bottom

panel: EGRET data points for the inner Galaxy (−40◦ < l < 40◦). Lines are the
same as in the top panel rescaled upwards of a factor ∼ 1.3.

calculated using the parameterization given in [20] and is plotted as a solid
line in Fig. 1 (top panel) 1 . The curve fits both the EGRET and MILAGRO
data, with the exception of the data points at energies below ≈ 100 MeV,
where electron Bremsstrahlung is well known to be the dominant mechanism
for gamma-ray production in the Galactic disk [10,8].

A different possibility to explain the excess of multi-TeV diffuse emission above

1 The best fit parameters slightly change if a different parameterization for the
production of gamma rays is adopted (e.g. [21,10,22]) since these parameterizations
treat the production of low energy pions in proton–proton interactions in a different
way. However, at the high energies which are most relevant for this paper all the
approaches converge to the same spectrum, and the choice of the parameterization
will not affect our final results.
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Fig. 3. Left panel: neutrino fluxes from the inner Galaxy. Solid, dashed and dot-
ted lines refer to an underlying CR spectrum described by Eq. 1 and Eq. 2 with
Ecut = 1 and 5 PeV respectively. The flux of atmospheric neutrinos is shown as a
shaded region. Right panel: Detection rates integrated above an energy E in a
km3 neutrino telescope. Curves have the same meaning as in the left panel.

3.2 Neutrinos from the inner Galaxy: detectability for km3–scale detectors

The left panel of Fig. 3 shows our predictions for the diffuse flux of neutri-
nos expected from the inner Galaxy, defined by the coordinates −40◦ < l <
40◦,−2◦ < b < 2◦. Neutrino spectra are calculated following [20] and are
the sum of all the neutrino flavours produced in proton–proton interactions
(two muon neutrinos plus one electron neutrino) divided by three to take into
account neutrino oscillations (maximal mixing). The adopted parent proton
spectra are the same we used to fit the MILAGRO data (see Sec. 2) and then
extrapolated to the whole inner Galaxy, namely, we used the same CR proton
spectra that produce the gamma-ray emission plotted in the bottom panel of
Fig. 1.

The solid line represents the neutrinos produced by CRs with spectrum de-
scribed by the broken power law in Eq. 1, while dashed and dotted lines refer to
a hard CR spectrum like in Eq. 2, with exponential cutoff at energies Ecut = 1
and 5 PeV respectively. The shaded region represents the atmospheric neutri-
nos, integrated over the whole of the considered region, which has an extension
of 0.097 steradians.

For the case of the broken power law the atmospheric neutrinos dominates over
the signal for all neutrino energies. On the other hand, if a hard spectrum is
considered, and the exponential cutoff in the CR spectrum is significantly
above 1 PeV, the neutrinos from CR interactions in the inner Galaxy start to
dominate over the atmospheric background above an energy of a few tens of
TeV.

In order to investigate the capability of a neutrino telescope to detect the
diffuse emission we convolved the neutrino fluxes with the effective area (Eq. 4)
to obtain the integral detection rate. The rates above a given energy E for one
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spectra are the same we used to fit the MILAGRO data (see Sec. 2) and then
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nos, integrated over the whole of the considered region, which has an extension
of 0.097 steradians.

For the case of the broken power law the atmospheric neutrinos dominates over
the signal for all neutrino energies. On the other hand, if a hard spectrum is
considered, and the exponential cutoff in the CR spectrum is significantly
above 1 PeV, the neutrinos from CR interactions in the inner Galaxy start to
dominate over the atmospheric background above an energy of a few tens of
TeV.

In order to investigate the capability of a neutrino telescope to detect the
diffuse emission we convolved the neutrino fluxes with the effective area (Eq. 4)
to obtain the integral detection rate. The rates above a given energy E for one
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(two muon neutrinos plus one electron neutrino) divided by three to take into
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spectra are the same we used to fit the MILAGRO data (see Sec. 2) and then
extrapolated to the whole inner Galaxy, namely, we used the same CR proton
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The solid line represents the neutrinos produced by CRs with spectrum de-
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a hard CR spectrum like in Eq. 2, with exponential cutoff at energies Ecut = 1
and 5 PeV respectively. The shaded region represents the atmospheric neutri-
nos, integrated over the whole of the considered region, which has an extension
of 0.097 steradians.

For the case of the broken power law the atmospheric neutrinos dominates over
the signal for all neutrino energies. On the other hand, if a hard spectrum is
considered, and the exponential cutoff in the CR spectrum is significantly
above 1 PeV, the neutrinos from CR interactions in the inner Galaxy start to
dominate over the atmospheric background above an energy of a few tens of
TeV.

In order to investigate the capability of a neutrino telescope to detect the
diffuse emission we convolved the neutrino fluxes with the effective area (Eq. 4)
to obtain the integral detection rate. The rates above a given energy E for one
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Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E

�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E

�2 ansatz, an unbroken E
�2 flux

at our best-fit level would have been expected to give 3.1
additional events above 2 PeV (a higher energy search
[10] also saw none). This may indicate, along with the
slight excess in the lower energy bins, either a softer spec-
trum or a cuto↵ at high energies. Correlated systematic
uncertainties in the first few points in the reconstructed
spectrum (Fig. 4) arise from the poorly constrained level
of the prompt atmospheric neutrino background. The
presence of this softer (E�2.7) component would decrease
the non-atmospheric excess at low energies, hardening
the spectrum of the remaining data. The corresponding
range of best fit astrophysical slopes within our current
90% confidence band on the prompt flux [9] is �2.0 to
�2.3. As the best-fit prompt flux is zero, the best-fit
astrophysical spectrum is on the lower boundary of this
interval at �2.3 with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [32]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypotheti-
cal point source. This reduces the bias introduced by
muons, allowing track and shower events to be used to-
gether, and also improves sensitivity to multiple sources
by considering the entire sky rather than the single best
point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources, also using
track and shower events together. The first two searched
for clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [33],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [34] and ANTARES [35]

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events are marked with + and those con-
taining muon tracks with ⇥. Event IDs match those in the
catalog in the online supplement and are time ordered. The
grey line denotes the equatorial plane. The color map shows
the test statistic (TS) for the point source clustering test at
each location. No significant clustering was observed.

lists; see online supplement). For the catalog search, the
TS value was evaluated at each source location, and the
post-trials significance calculated by comparing the high-
est observed value in each hemisphere to results from
performing the analysis on scrambled datasets.
No hypothesis test yielded statistically significant evi-

dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater TS 84% and 7.2% of the time for all
events and for shower-like events only. As in the two-year
data set, the strongest clustering was near the galactic
center. Other neutrino observations of this location have
given no evidence for a source [36], however, and none of
the new events were strongly correlated with this region.
When using the marginalized likelihood, a test statistic
greater than or equal to the observed value was found
in 28% of scrambled datasets. The source list yielded p-
values for the northern and southern hemispheres of 28%
and 8%, respectively. Correlation with the galactic plane
was also not significant: when letting the width float
freely, the best fit was ±7.5� with a post-trials chance
probability of 2.8%, while a fixed width of ±2.5� returned
a p-value of 24%. A repeat of the time clustering search
from [11] also found no evidence for structure.
With or without a possible galactic contribution [37,

38], the high galactic latitudes of many of the highest-
energy events (Fig. 5) suggest at least some extragalac-
tic component. Exception may be made for local large
di↵use sources (e.g. the Fermi bubbles [39] or the galac-
tic halo [40, 41]), but these models typically can ex-
plain at most a fraction of the data. If our data arise
from an extragalactic flux produced by many isotropi-
cally distributed point sources, we can compare our all-
sky flux with existing point-source limits. By exploiting

isotropy? extragalactic?
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RXJ1713: difficulties of one-zone 
leptonic models

two features in the electron spectrum: 
acceleration time = synchrotron loss time -> acceleration cutoff at Emax 
SNR age = synchrotron loss time -> cooling break at Ecool

ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p 0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p 0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p 0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p 0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p 0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p 0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p 0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p 0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p 0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p 0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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ation and escape in SNRs. It should be noted that although the GeV
c-rays tell us only about low-energy particles, they in fact serve as
unique carriers of information about the sites of ‘‘ancient’’ PeVa-
trons. Generally, within the DSA paradigm, no TeV c-rays are ex-
pected from the shells of old and middle-aged SNRs. On the
other hand, this argument should not prevent us from future
searches for TeV c-rays from the shells of older SNRs. Although
so far the DSA mechanism seems to work without a major problem,
yet it remains a theoretical paradigm, therefore its predictions
should not be overestimated, in particular concerning the interpre-
tation of c-ray observations.

In addition to gamma-ray emission from classical shell-type
SNRs, a few TeV galactic c-ray sources spatially coincide with the
so-called composite SNRs, objects with combined features of two
different source populations – the shell-type SNRs and pulsar wind
nebulae. In one case, the association of a TeV c-ray source with the
composite SNR G0.9+0.1 seems to be robustly established [47]. The
point-like c-ray image of this source indicates that TeV c-rays orig-
inate, most likely, in the plerionic core of the remnant, rather than
in the 40 radius shell.

3. TeV emission of young SNRs

Both the particle acceleration and radiation processes are very
sensitive to the initial conditions of SN explosions, as well as to
the parameters characterizing the surrounding environment. This
can explains the diversity in the multiwavelength radiation prop-
erties of young SNRs reported as TeV c-ray sources. So far, the most
unusual representative of this class of objects is RX J1713.7-3946.

3.1. RX J1713.7-3946 – an atypical SNR

While the synchrotron radio emission and thermal X-rays are
two distinct components of shell type SNRs in general, RX
J1713.7-3946 shows weak radio emission, and no thermal X-radi-
ation at all. On the other hand, this object is a powerful nonthermal
X-ray and TeV c-ray emitter. The X- and VHE c-ray images of this
remnant are shown in Fig. 3a. The overall shell type structure and
its correlation with the nonthermal X-ray image is clearly recog-
nizable, although the ‘c-X’ correlation is less evident on smaller
angular scales [48].

The broad-band c-ray spectrum of the entire remnant based on
the Fermi LAT [34] and HESS [49] measurements is shown in
Fig. 3b. It extends over five decades, from 1 GeV to 100 TeV. The

theoretical curves correspond to the leptonic (IC) and hadronic
(p 0-decay) model-predictions; they are calculated within a simple
one-zone model, assuming that the GeV and TeV c-ray regions fully
overlap. It is seen that although both hadronic and leptonic models
do satisfactorily explain the spectral points above 1 TeV, the one-
zone leptonic model fails to explain the GeV fluxes reported by Fer-
mi. The problem here is related to the synchrotron cooling break in
the electron spectrum, and correspondingly to the position of the
Compton peak which in the spectral energy distribution (SED) ap-
pears above 1 TeV [50]. Thus, the reduction of the break energy
down to 200 GeV could in principle solve the problem. Since the
magnetic field in this model cannot significantly exceed 10 lG,
the only possibility to shift the Compton peak to sub-TeV energies
is to assume that the remnant is much older than 103 years, which
however is not supported by multiwavelength data. On the other
hand, the constraints on the strength of the magnetic field are less
robust, if the IC and synchrotron components of radiation are
formed in different zones [51]. Such a scenario in young SNRs is
not only possible, but, in fact, can be naturally realized in the for-
ward and inverse shocks in which the magnetic fields are essen-
tially different [15].

The agreement of the spectrum of hadronic c-rays with the
measurements over the entire GeV to TeV region can achieved
assuming a very hard spectrum of protons with power-law index
1:7 and an exponential cutoff at 25 TeV. Although this spectrum
is harder than the nominal E!2 type acceleration spectrum pre-
dicted by the models applied to this source [12–15], such a hard
proton distribution cannot be excluded. Moreover, in the case of
inhomogeneous distribution of gas in the shell, the proton spec-
trum in the densest regions, where the major fraction of c-rays is
produced, can significantly deviate, due to the propagation effects,
from the acceleration spectrum [52,15] (see below).

The total energetics in accelerated electrons and protons in the
relevant leptonic and hadronic models of c-rays can be estimated
by invoking minimum model parameters. For the given distance to
the source of about 1 kpc, the required budget in electrons is deter-
mined only by the reported c-ray fluxes, We ’ 3" 1047 erg, while
the total energy budget of protons in hadronic models depends
on the ambient gas density, Wp ’ 1050ðn=1cm!3Þ!1 erg [50]. The
lack of the thermal X-ray emission from this source requires gas
density as low as 0:1 cm!3 which makes the realization of standard
hadronic scenarios rather problematic [53,15,14]. Still, even in the
case of very low gas density of the shell, the contribution of hadro-
nic gamma-rays can be significant, if accelerated protons interact

Fig. 3. Spatial and spectral characteristics of RX J1713.7-3946. (a) (Left panel): The X- and VHE c-ray images of RX J1713.7-3946 obtained with the ASCA and HESS telescope
array, respectively (from Ref. [49]). (b) (Right panel): The spectral energy distribution of RX J1713.7-3946 based on the Fermi [34] and HESS [49] data. The theoretical
‘‘hadronic’’ and ‘‘leptonic’’ c-ray spectra calculated within a simple one-zone model are from Ref. [50]. The IC curve is obtained for the electron spectrum derived from the
synchrotron X-ray flux assuming for the strength of the magnetic field 14 lG. The ‘‘p 0-decay’’ c-ray spectrum corresponds to the spectrum of protons with the power-law
index C ¼ 1:7 and exponential cutoff at 25 TeV.
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Table 2
RX J1713.7−3946 Model Parameters

Parameter Symbol Model 1 (baseline) Model 2 Model 3 Model 4 Model 5

Blast energy (erg) E 1.6 × 1051 1.6 × 1051 1.6 × 1051 1.6 × 1051 1.6 × 1051

Initial mass (M⊙) M0 1.6 1.6 1.6 6.4 0.4
Initial velocity (cm s−1) v0 1.0 × 109 1.0 × 109 1.0 × 109 5 × 108 2.0 × 109

ICM density (cm−3) nICM 0.2 0.2 0.2 0.2 0.2
Sedov time (yr) ts 420 420 420 1300 132

Magnetic field (µG) B 12 60 2.4 12 12
Cooling constant (s−1) ν 2.2 × 10−19 4.7 × 10−18 3.7 × 10−20 2.2 × 10−19 2.2 × 10−19

Cooling electron Lorentz factor (νt)−1 9.1 × 107 4.2 × 106 5.4 × 108 9.1 × 107 9.1 × 107

Low energy electron cutoff γ1 10 10 10 10 10
High energy electron cutoff γ2 3.1 × 108 3.1 × 108 3.1 × 108 3.1 × 108 3.1 × 108

Injection spectral index q 2.1 2.1 2.1 2.1 2.1
Electron acceleration efficiency ηe 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5 5.0 × 10−5
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Figure 10. Multi-zone model fit to RX J1713.7−3946. Curves show the total
emission from the knots and overall shock combined (black solid curve) as well
as synchrotron emission (dot-dashed curves), Compton-scattered CMB (dashed
curves), Compton-scattered IIRF (dotted curves), and SSC (double dot-dashed
curves) from the overall shock and knots.
(A color version of this figure is available in the online journal.)

themselves could contribute a significant amount to the γ -ray
emission from the source.

Smaller knots emitting synchrotron, SSC, and Comptonized
CMB and IIRF radiation were added to Model 1, as seen in
Figure 10. The much smaller volume of these knots results in
large synchrotron energy densities in the knots, with strong SSC
emission at GeV energies. This fit has the number of zones taken
to be Nknots = 100, with each zone having Bknots = 16 µG,
radii Rknot = 1 mpc, and an electron distribution that spans
from γknot,1 = 10 to γknot,2 = 1.4 × 108 with a break at
γknot,brk = 4.7 × 107 with Ne,knot(γ ) ∝ γ −2.3 for γ < γknot,brk
and Ne,knot(γ ) ∝ γ −3.3 for γ > γknot,brk. As can be seen in
Figure 10, this reproduces the SED well and makes interesting
predictions.

The synchrotron component is dominated by the large first
zone that effectively represents the entire remnant, which also
makes the bulk of the TeV radiation. Emission !1 TeV is
dominated by the Compton-scattered CMB of the remnant as
a whole, while in the range of the joint LAT/HESS window at
"1 TeV the γ -rays arise from the SSC component in the knots.
The angular resolution of the LAT is generally worse than 0.◦1.
At a distance of 1 kpc, the 1 mpc knots will have an angular
radius of 0.′′2 and thus cannot be resolved with LAT. CTA will

have an angular resolution of ∼ 1′ (Actis et al. 2011) and will
also not be able to distinguish the variable and non-variable
X-ray knots seen by Uchiyama et al. (2007) either, even if they
radiate in γ -rays. However, if the low- and high-energy γ -rays
come from different components, maps of RX J1713.7−3946
made with CTA may be different at lower ("1 TeV) and higher
(!1 TeV) energies, with the higher energy maps being in closer
agreement with X-ray ones. This may allow this multi-zone
model to be tested.

The knots contribute ∼ 10% to the X-ray emission of the
remnant, consistent with observations from Uchiyama et al.
(2003). They are also much lower than the values inferred from
variability by Uchiyama et al. (2007). However, there seem to
be many knots that are not variable, which could reflect a lower
magnetic field.

4. DISCUSSION AND CONCLUSIONS

The SNR RX J1713.7−3946 occupies an important place
in γ -ray studies of SNRs. Its TeV emission was first detected
with the CANGAROO experiment (Muraishi et al. 2000). Based
on further CANGAROO observations, Enomoto et al. (2002)
claimed that a standard leptonic synchrotron/EC-CMB model
did not fit these data, including the EGRET upper limit. Reimer
& Pohl (2002) argued that EGRET upper limits rule out a
hadronic origin, but diffusion of high-energy particles upstream
of the shock can harden nuclear emission (Malkov & Diamond
2006). Aharonian et al. (2004) produced the first resolved γ -ray
image of an SNR by HESS. Further HESS observations found
that the X-ray and VHE γ -rays were spatially well correlated
(Aharonian et al. 2006). Porter et al. (2006) found, however, that
Compton-scattered Galactic background photons, in addition to
CMB photons, could help to explain the RX J1713.7−3946
VHE emission in leptonic models. Still further HESS observa-
tions detected the remnant out to ∼ 100 TeV (Aharonian et al.
2007). Li et al. (2011) provide a good fit to the full SED including
the LAT spectrum with a model similar to Porter et al. (2006),
including Compton scattering of interstellar infrared photons.
As discussed above in Section 3.1, they assumed that the source
was at a distance of 6 kpc from us, closer to the Galactic cen-
ter where the IIRF is much more intense. However, we think
the molecular cloud and X-ray absorption evidence points to
RX J1713.7−3946 most likely being at d= 1 kpc. This empha-
sizes the crucial importance of an accurate distance measure-
ment to SNR modeling.
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So? Two possibilities…

-> modify the two-power-
laws model to account for 
all data (most popular)

-> invent a radically 
different scenario to 
account for all data 

(less popular)

neutrinos will solve the hadronic versus leptonic dilemma 
(at least in RX J1713 and sources of comparable gamma-ray flux)
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