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An historical discovery
Victor Hess (nobel lecture, 1936)

« [...]When, in 1912, I was able to demonstrate by means of a series of balloon ascents, that the ionization in a 
hermetically sealed vessel was reduced with increasing height from the earth (reduction in the effect of radioactive 
substances in the earth), but that it noticeably increased from 1km onwards, and at 5 km height reached several times the 
observed value at earth level, I concluded that this ionization might be attributed to the penetration of the earth’s 
atmosphere from outer space by hitherto unknown radiation of exceptionally high penetrating capacity, which was 
still able to ionize the air at the earth’s surface noticeably [...]. »
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Notice: this is the 5th time that the 
ATLAS detector appears...
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Primary Cosmic Ray Energy Spectra: Power-law like

up to 10-100 TeV one can use 
particle detectors flying on balloons 
or in space, indirect techniques are 
the only ones viable above

 ~1% electrons (decreasing with E)

Fluxes:

• @ 1 GeV: �1 particle cm

�2
s
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Experiments...

CREAM
ATIC
PAMELA

AMS-01
AMS-02 is coming! 
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Experiments...

Pierre Auger Observatory

Indirect Measurements
What one can measure inside the atmosphere 
& from ground are secondary cosmic rays:
γ, e±, µ±, ν, + hadrons (nucleons, π±...)
all produced from the cascade started in the 
interaction of the primary=object of study!

Highly indirect inference, models of hadronic 
interactions  EAS development needed



Cosmic Rays are charged...
Ze

c
|v �B| = p v

r

rmin =
pmin c

Ze|v̂ �B| = R�

Are they “rays”? Not really, they are charged!
Equating Lorentz & centrifugal force
(equatorial plane)

If the radius of curvature is smaller than Earth
radius, that orbit is forbidden

Note: for a single type of charge, only one 
direction if forbidden → East-West Asymmetry

East-West asymmetry 
and latitude effect (flux
grows with latitude)

Some trajectories are 
forbidden due to Lorentz 
force

Latitude effect discovered
in 1929.
East-West asymmetry 
determined in 1934.
CRs are protons!



Secondary / Primary

Primary species are present in 
sources (CNO, Fe). Produced by 
stellar nucleosynthesis. 
Acceleration in SN shocks (≥104 yr).

Secondary species are absent of 
sources (LiBeB, SubFe). 

Produced during 
propagation of primaries



Secondary / Primary
Consider two species: 
p, s, coupled through 
spallation: p --> s + ...
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Evidence for diffusive propagation - I

Consider two CR species: primaries with 
number density np and secondaries with 
number density ns. If the two are coupled 
by the spallation process p → s+..., then 

interaction lengths (in g/cm2),
CNO ~6.7  LiBeB~10

Grammage (amount 
of  traversed  matter)

spallation probability
for CNO ~0.35

From the ratio S/P being ~0.25, one deduces X~4.3 g/cm2

~B/C
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Secondary / Primary
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CR clocks

Radioactive isotopes can be 
used as “CR clocks” to 
measure their residence time:
if purely secondary
if decay time ~ residence time

CR clocks
Some nuclei can be used as “CR clocks” to measure their residence time.
Requisites:
‣ decay time comparable to the CR residence time (~ Myr)
‣ purely secondary

10Be, 26Al, 
36Cl, 54Mn

Year Experiment Energy range 
(MeV)

10Be/Be Age (Myr)

1977-1981 IMP7-IMP8 31-151 0.028±0.014 17
1980 ISEE-3 60-185 0.064±0.015 84

1977-1991 Voyager I II 35-92 0.043±0.015 27

1990-1996
Ulysses/HET 

Shuttle 
discovery

68-135 0.046±0.006 26

1997 CRIS/ACE 70-145 145

L = c� ⇥ 103 kpc� 15 kpc

CR propagation is not ballistic!!CR propagation is 
not ballistic!



CRs propagate into the turbulent Galactic magnetic field!
The Larmor radius of a CR is

for a typical disk height ~100 pc  ⇒  propagation is diffusive up to ~ 1016-1017 eV.

you are here

1-10 kpc

Galactic Propagation

rL(E) =
E

ZeB
⇠ 1 pc

✓
E

1015eV

◆ ✓
B

1µG

◆�1
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Supernovae as sources
!CR = 0.5eVcm�3

V
conf

= ⇡R2h = 2⇥ 1067 cm3

WCR = !CRV
conf

⇠ 2⇥ 1055erg

LSN ⇠ RSNEkin ⇠ 3⇥ 1041erg s�1

LCR ⇠
WCR

⌧
conf

⇠ 5⇥ 1040erg s�1

vs



Supernovae as sources

I. Acceleration of GCRs: SNRs

SNR RX J0852.0-4622

% Observed in X-ray & &-rays '
(Hess Coll. A&A 2005)

       If  all from hadronic sources

( #  IS acceleration spectrum

BUT:  how much is IC?

)(E) * E-#   #=2.1±0.1  '

Predictions of supernova shock acceleration: )(E) * E-#      # = 2.0-2.1
(Berezhko & Ellison 1999; Baring et al. 1998)

Complex SNR CTB 37

 Observed in X-ray & &-rays
(Hess Coll. arXiv:0803.0702)

       Hadron dominated scenario

more likely

Predictions of supernova shock acceleration: 
                   with α≃2�(E) / E�↵



Why to bother with HE CR?

Energy density in equipartition with other galactic 
components.

Wander over the galaxy: probe its environment.

We still have to learn a lot: sources? components?

Responsible for the diffuse gamma-ray emission in the 
Galaxy.

Act as a background for exotic component searches.



The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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ṗ� p

3
— · vc

⌘
Ni� ∂

∂p
p2Dpp

∂
∂p

Ni

p2 =

Qi(p,r,z)+Â
j>i

cbngas(r,z)si jN j� cbngassin(Ek)Ni
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Source term:
‣ assumed to trace the SNR in the Galaxy
‣ assumed the same power-law everywhere
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CR Diffusion in the MW
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ṗ� p

3
— · vc

⌘
Ni� ∂

∂p
p2Dpp

∂
∂p

Ni

p2 =

Qi(p,r,z)+Â
j>i

cbngas(r,z)si jN j� cbngassin(Ek)Ni

CR Diffusion in the MW

Diffusion tensor:
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The diffusion equation: 
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ṗ� p

3
— · vc

⌘
Ni� ∂

∂p
p2Dpp

∂
∂p

Ni

p2 =

Qi(p,r,z)+Â
j>i

cbngas(r,z)si jN j� cbngassin(Ek)Ni

CR Diffusion in the MW

Energy losses:
‣ ionization, Coulomb, synchrotron
‣ adiabatic convection



The diffusion equation: 

Ginzburg & Syrovatsky, 1964

∂Ni

∂t
�— · (D—� vc)Ni +

∂
∂p

⇣
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SOLVING THE DIFFUSION EQUATION
 leaky-box models

 Back of the envelope approach with many useful predictions.

 semi-analytic models 
Assume simplified distributions for sources and gas, and try to 

solve the diffusion equation analytically 
(see Maurin, Salati, Donato et al.)

 numerical models (GALPROP) 

use more realistic distribution
(Strong and Moskalenko, 1998 ... 2012)



SOLVING THE DIFFUSION EQUATION
 leaky-box models

 Back of the envelope approach with many useful predictions.

 semi-analytic models 
Assume simplified distributions for sources and gas, and try to 

solve the diffusion equation analytically 
(see Maurin, Salati, Donato et al.)

 numerical models (GALPROP) 

use more realistic distribution
(Strong and Moskalenko, 1998 ... 2012)

 a new numerical model: DRAGON (Diffusion of cosmic RAys 
in the Galaxy modelizatiON). See Evoli et al. 2008.



CR diffusion in the MW
��
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Greenʼs function solution for E-independent Diffusion

For an impulsive event, localized
in space and time

Note that the maximum is reached at time t=x2/(6 D) after the beginning of the event

Neglecting everything else but E-indep. 
diffusion (and source term), one has 

The solution can be obtained by 
convolution with the Green’s function
(heat diffusion kernel...)

the solution writes

Neglect everything but diffusion (and take it 
constant...)



CR diffusion in the MW
Consider an isotropic, homogeneous and stationary 
problem. In this case diffusion can be seen as a 
leakage process

@N

@t
�Dr2N = Q ! @N

@t
� N

⌧di↵(E)
= Q

N = Q(E)⌧di↵(E)

Stationary solution

⇥�

⇥t
�Dr2� = Q ) ⇥�

⇥t
� �

�di�(E)
= Q

� = Q(E)�di�(E)

Leaky box approximation

For stationary, homogeneous & isotropic 
problems, the diffusion operator can be 
effectively replaced by an effective 
“diffusive confinement” time τdiff

At steady state

Note that, if diffusion dominates, we can also infer that the source spectra  
are in general different  than those CR observed at the Earth

⌧di↵(E) / D(E)�1 / E�



Useful tools: secondary to primary ratios
Spectral slopes of Primary CRs at high energy mainly depend on: 
Injection spectrum ( E-α )
Energy dependence of diffusion coefficient ( Eδ )

The slopes of ratios of Secondary/Primary CRs 
do not show this degeneracy: they only depend 
on energy dependence of diffusion coefficient.

0 = Q(E)� N(E)
�esc(E)

! N(E) / Q(E)��1
esc (E)! N(E) / E�↵��

Nsec(E)
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+
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Secondary/Primary

Dependence of secondary/primary ratios on the 
reacceleration level in the “best fit” case. 
Modulation potential fixed by requiring to 
reproduce the proton spectrum



Secondary Antiprotons
CR proton/He spallation onto the Galactic gas is an avoidable antiproton source 

p + pgas ! p + p + p + p̄

kinematical threshold 7 GeV.

In principle, antiprotons data may then be used to constraint a primary  
component which may produced by astrophysical sources or by dark 
matter annihilation/decay. 

Antiprotoni secondari

Le predizioni teoriche di B/C  e flusso di antiprotoni secondari devono essere consistentemente

compatibili con le osservazioni a meno che non sia presente una componente esotica di antiprotoni

Antiprotoni secondari

Le predizioni teoriche di B/C  e flusso di antiprotoni secondari devono essere consistentemente

compatibili con le osservazioni a meno che non sia presente una componente esotica di antiprotoni

➔

See GALPROP website



Antiproton/Protons

Large effects of reacceleration on the proton 
spectrum: can it constrain vA?
Interesting feature: the antiproton flux is less 
affected by reacceleration.



Results - I
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Emin = 5 GeV/n



Results - I

No spectrum 
breaks here!

B/C p/p Combo

vA ⇠ 10

vA ⇠ 20

vA ⇠ 30

Emin = 5 GeV/n



Table 1: Best fit parameters, and the corresponding χ2 values resulting from comparing our model predictions with
nuclear experimental data alone (B/C analysis) and with nuclear and p̄/p combined data (combined statistical analysis),
as described in text. The values corresponding to Emin = 5 GeV/n for the combined analysis, which are used to constraint
our models, are reported in bold.

B/C analysis joint analysis
vA [km/s] Emin [GeV/n] δ D0/zt χ2 δ D0/zt χ2

0
1 0.57 0.60 0.38 0.47 0.74 3.25
5 0.52 0.65 0.33 0.41 0.85 2.04
10 0.46 0.76 0.19 0.44 0.82 1.57

10
1 0.52 0.68 0.32 0.49 0.71 1.47
5 0.49 0.71 0.28 0.41 0.85 1.69
10 0.44 0.82 0.20 0.44 0.82 0.12

15
1 0.46 0.76 0.33 0.47 0.76 0.94
5 0.49 0.73 0.26 0.44 0.82 0.12
10 0.44 0.84 0.18 0.41 0.98 0.16

20
1 0.41 0.90 0.47 0.47 0.79 2.28
5 0.44 0.84 0.22 0.44 0.84 0.85
10 0.44 0.87 0.20 0.44 0.85 0.98

30
1 0.33 1.20 0.40 0.33 1.20 5.84
5 0.38 1.06 0.20 0.36 1.09 2.47
10 0.41 0.98 0.16 0.38 1.04 1.61

analysis more experimental data and 2) to work in an energy range where propagation is as less
as possible affected by poorly known low energy physics. For example, possible charge de-
pendent drift effects in the solar modulation (see e.g. [43, 20]) can be safely neglected in that
energy range. Best fit parameters and confidence level contours obtained for that value of Emin
are showed in Tab. 1 and in Fig. 1 respectively.

From both we notice that all considered values of vA are almost equally permitted by the
B/C χ2 analysis, and that the δ − D0/zt allowed region slightly moves towards low δ’s and large
D0/zt’s as vA is increased from 0 to 30 km/s. While Kraichnan diffusion is clearly favored in the
case of low values of vA, Kolmogorov becomes favored, for vA >∼ 30 km/s. The choice among
those model, however, is difficult in the absence of an independent estimate of vA. We will show
that the antiproton/proton data break such degeneracy.

In Fig. 2(a) we show the effect on the B/C ratio of varying vA keeping δ and D0/zt fixed to
the value (0.45, 0.8) which will be motivated below.

3.2. Antiprotons
The statistical analysis for the p̄/p ratio is rather simpler than the one for B/C. Indeed, the

secondary p̄ production depends, besides on D0/zt, δ and vA, only on the source abundance
ratio He/p. This last unknown quantity can be easily fixed by looking at the measured spectrum
of He at Earth, which is relatively well known. Therefore, we do not need to fit the source
abundance ratio here and can directly proceed to map the χ2p̄/p in the (D0/zt, δ) space, for several
vA, similarly to what described in items (ii) and (iii) of the previous subsection.

In the second column of Fig. 1 we show the statistically allowed regions in the plane (D0/zt, δ)
for several values of vA and compare them with the corresponding regions determined from the
light nuclei analysis (first column in the same figure). The allowed CL region is significantly

9

What we learn from this analysis is:
@95% C.L.

0.2 < δ < 0.7
vA < 30 km/s

@best-fit:
δ = 0.45

vA = 15 km/s

Results - II



Secondary e+  are produced with the same spectral shape of primary p  (scaling regime)

Then they propagate like the electrons:    

In the standard scenario e+   are not expected to be significantly produced in the SNRs 
(see however Blasi, PRL 2009)

they are mainly produced by spallation of primary nuclei, e.g.

p + pgas ! p + n + ⇡+ ! · · · + µ+ ! · · · + e+

Since                       a decreasing ratio is expected 

CR positrons

(for 1 < E < 100 GeV)  
e+

e� + e+
⇠ e+

e�
/ E��p�⌧

E��0�⌧
/ E��p+�0

�p > �0



Two Galactic Components?

Toy model:

galactic component that follows 
the pulsar distribution

Point-sources model:

g0 = 2.0/2.65 , d = 0.46

contribution from nearby pulsars (<2kpc) 
taken from the ATFN catalogue

N

extra

µ E

�1.5
exp(E/1TeV )

ge = 1.4 , Ecut = 2TeV
t0 = 75kyr , hp = 0.35



Further constraints from diffuse emissions?
2011 Fermi Symposium, Roma., May. 9-12 3

Figure 2: Upper left : B/C spectrum to fit the diffusion
parameters in Eq. (5), Upper right : the proton flux to fit
γp
i , Lower left : the predicted antiproton spectrum,

Lower right : the e+ + e− flux to fit γe and pulsar
parameters in Eq. (3).

Figure 3: Reference model, predictions for the γ-ray
spectrum for 0◦ < l < 360◦, Upper left : 10◦ < |b| < 20◦,
upper right : 20◦ < |b| < 60◦, lower : 60◦ < |b| < 90◦.

checked for consistency as well.

3. Results

Our reference model with δ = 0.5, zd = 4 kpc and
rd = 20 kpc called ”KRA4-20” provides a good com-
bined fit of local CRs (Fig. 2) and diffuse γ-ray spectra
at intermediate and high latitudes (Fig. 3).
In Fig. 4 we show the γ-ray spectra for differ-

ent spectral indices; δ = 0.5 (”KRA4-20”), δ = 0.4
(”RUN4-20”) and δ = 0.33 (”KOL4-20”). The π0

Figure 4: Predictions for different values of the diffusion
index δ. dotted lines: δ = 0.5, dashed lines: δ = 0.4,
dashed-dotted lines: δ = 0.33. For all zd = 4 kpc and
rd = 20 kpc.

Figure 5: Predictions varying the diffusion radial scale
rd. dotted lines: rd = 5 kpc, dashed lines: rd = 10 kpc,
dashed-dotted lines: rd = 20 kpc. For all δ = 0.5 and
zd = 4 kpc.

component depends on the propagated proton spec-
trum. Lower values of the δ makes the propagated
spectrum harder, resulting in the need for a softer in-
jection index γpi in order to fit the data as shown in
Table I. The differences in γpi + δ causes small differ-
ences in the π0 fluxes. Electrons propagation, unlike
protons, mainly depends on energy loss time-scale and
thus is not affected much by varying the diffusion in-
dex. Since we normalize our diffusion coefficient at 3
GV (see Table I), for larger δ the higher energy e± dif-
fuse faster, reaching the higher latitudes faster giving
a slightly harder inverse Compton spectrum. Differ-
ences in low energy Bremsstrahlung emissions come
from different Alfvén velocities (see Table I), with the
greater re-acceleration depleting the low energy spec-
trum.
The decreasing of rd from 20 kpc (”KRA4-20”)

to 5 kpc (”KRA4-5”) makes the diffusion coefficient
smaller towards the Galactic center, which forces CRs
produced closer to the Galactic center to spend greater
time there. Since we refit the D0 for each propaga-
tion model (see Table I) the net effect in the fluxes is
negligible (Fig. 5).
In Fig. 6 we show the effect of varying the diffusion

scale height zd from 1 kpc (”KRA1-20”) to 10 kpc
(”KRA10-20”). Since π0 and Bremsstrahlung emis-
sions are morphologically correlated to the gas dis-
tribution which is concentrated close to the galactic
disk, they do not change much by changing the size
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Abstract

Recently published �-ray spectral data from the Fermi Collaboration have provided the possibility to study the diffuse �-ray sky at medium and high latitudes (| b |> 10

�) and energies of 1-100 GeV with unprecedented accuracy. This gives us the chance of analyzing the
properties of sources and propagation of cosmic rays (CRs) in the Galaxy. Implementing the publicly available DRAGON code, we have performed a detailed study on assumptions done in the literature for the interstellar HI and H2 gas distributions, as well as tests on a variety
of propagation models. Each model assumes a distinct global profile for the diffusion and the re-acceleration of CRs. Fitting propagation parameters to well measured local CRs such as, the B/C ratio, p, p̄ and e± fluxes, we evaluate the �-ray spectra at medium and high latitudes
in order to place further constraints on these models of propagation.

1. Introduction

Interactions of CRs with the interstellar medium (ISM) are a copius source of gamma
rays. Inelastic collisions of CR protons and helium with interstellar gas (ISG) produce
⇡0s which subsequently decay into 2 photons. Photons produced in this process con-
stitute the main contribution to the diffuse gamma ray flux from the Milky Way in the
intermediate GeV range and trace the ISG target distribution dominated by the HI and
H2 gasses. Bremsstrahlung off CR e± in the ISG and the inverse Compton scattering
(ICS) of CR e± off the interstellar radiation field (ISRF) and the CMB are the two other
mechanisms which dominantly produce diffuse galactic �-rays at least up to energies
⇠ 100 GeV. Apart from diffuse galactic �-rays, the observed fluxes include galactic
and extragalactic point sources [1] as well as isotropic components of extragalactic
and instrumental origin. Thus a detailed study of different models for CR propagation,
CR sources, ISG, ISRF and galactic magnetic fields is crucial for studying the �-ray
spectrum.
The propagation of CRs in the Galaxy at energies below 10

17 eV can be described by:
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where  (~r, p, t) is the density per unit particle momentum, q(~r, p, t) is the source term
including components of primary origin, as well as CRs from spallation and decay pro-
cesses, Dxx(~r) and Dpp(~r) are the diffusion tensors in, respectively, the position and
momentum space, ṗ is the momentum loss rate due to interactions with interstellar
medium (ISM), the Galactic magnetic field or the ISRF, ~V is the convection velocity
(consistently with the literature we put ~V = 0), and ⌧frag and ⌧decay are the timescales
for, respectively, fragmentation loss and radioactive decay.
For our simulations we use the DRAGON code [2] which solves numerically Eq. (1)
in a 3D grid: 2 spatial dimensions for galactocentric radial distance r✏(0, 20)(kpc) and
height from the galactic plane z✏(�20, 20)(kpc), and 1 for the momentum p.

2. Assumptions

Primary Sources: CR primary sources up to energies of ⇠ 100TeV, are supernova
remnants (SNRs). For each nucleus i the source term describing the injection of CRs
in the ISM is given as a function of rigidity, R, by:

qi(r, z, E) = fs(r, z)q0,i(
R(E)

R0
)

��i , (2)

where q0,i is the normalization of the injected CR species, fs(r, z) traces the distribu-
tion of SNRs as modeled in [3] on the basis of pulsar and progenitor star surveys
[4].
Electrons and positrons accelerated between a pulsar and the termination shock of
the wind nebula, may also contribute to the high energy e± spectrum, and then to the
�-ray flux. Each pulsar contribution to the e± fluxes can be described by an injection
spectrum ⇠ E�n with a high energy break Eb estimated at the time the surrounding
pulsar wind nebula (PWD) is disrupted leading to the e± escaping into the ISM. We fit
the properties of a pulsar distribution following the parametrization of [5]:

Qp(r, z, t, E) = J0E
�ne�E/Mfp(r, z) , (3)

where M is a statistical cut-off, n the injection index for the distribution of pulsars and
fp(r, z) describes the spatial distribution of young pulsars in the Galaxy as given in[6].
Magnetic fields and Diffusion: The large scale galactic magnetic field is generally
assumed to be a bi-symmetrical spiral with a small pitch angle [7]. Here we assume
that the regular magnetic field is purely azimuthal, ~B0 = B0

ˆ�, and has the form

B0 = 3 exp (� r � r�
11(kpc)

) exp (� |z|
2(kpc)

)(µG) (4)

based on the analysis of WMAP synchrotron intensity and polarization data in [8]. As
the B-field decreases moving away from the galactic center, the diffusion coefficient
is expected to increase at large r and z. On the basis of [2] for vertical profile, we
choose the spatial part of D to be proportional to some negative power of large scale
galactic magnetic field. Thus, assuming isotropic diffusion, the diffusion coefficient in
CR transport equation can be modeled as:

D(r, z, R) = D0�
⌘
(

R

R0
)

�
exp (

r � r�
rd

) exp (

|z|
zd

) , (5)

where R0 = 3GV is the reference rigidity and � is the diffusion spectral index which is
related to different ISM turbulence power-spectrum. The dependence of diffusion on
the particle velocity, � = vp/c, is naturally expected to be linear (⌘ = 1), however the
analysis by [9] shows an increase in diffusion at low energies. To represent such a
behavior, the parameter ⌘ has been introduced by [10].
Interstellar Gas: The interstellar gas is composed of hydrogen, helium and small
contributions from heavier elements, with hydrogen observed in atomic (HI), molecu-
lar (H2) and ionized (HII) states.
The three dimensional distribution of HI gas can be derived from 21-cm spectra infor-
mation and rotation curves. The model which has been widely used in the literature
is developed by [11, 12], while we use as a reference the model developed by [13].
Molecular hydrogen can exist only in dark cool clouds where it is protected against the
ionizing stellar ultraviolet radiation. It can be traced with the � = 2.6 mm (J = 1 ! 0)
emission line of CO, since collisions between the CO and H2 molecules in the clouds
are responsible for the excitation of CO. The CO to H2 conversion factor, XCO which
relates the H2 column density, NH2 , to the velocity-integrated intensity of the CO line,
through NH2 = XCOTbVr, has considerable uncertainties. For this reason we study
different HI and H2 three-dimensional distribution models as shown in Fig. 1, where
we present the radial and vertical profiles of HI and H2 volume density among the
different models. For the H2 distribution we use for our reference model the map pro-
vided by [14], assuming the conversion factor to vary exponentially with galactocentric
radius:

XCO[H2cm
�2K�1km�1s] = 1.4 exp(

R

11(kpc)
), (6)

however [15] is also an older widely used model in the literature.

Figure 1: Large scale density distributions of atomic and molecular hydrogen in the
Galaxy vs r for z = 0( left); vs z for r = r� ( right).

Ionized hydrogen occurs in the vicinity of young O and B stars, with the ultraviolet ra-
diation from these stars ionizing the ISM. HII regions have a similar distribution to the
molecular hydrogen, but mass-wise their contribution is negligible. Thus we choose
not to vary the averaged large-scale distribution of this gas component.
Finally Helium appears to follow the hydrogen distribution with a factor He/H =

0.10 ± 0.08. We adopt a value of He/H = 0.11, which is widely used in the litera-
ture, and neglect heavier nuclear species.

3. Analysis

We consider a range of values for the height and radial scales of the diffusion coeffi-
cient, zd and rd, as well as for the diffusion index � in Eq. (5). For each set of values of
�, zd and rd, we sample the parameter space (D0, ⌘, vA) by minimizing the �2 for B/C
data (see Fig. 2 (upper left)). We then fix the spectral properties of the CR protons
as shown in Fig. 2 (upper right), while checking also the consistency of the predicted
antiproton flux with local measurements (Fig. 2 (lower left)).

Figure 2: Reference model. We assume that D = D0�⌘(R/3GV )

0.5e|z|/4e(r�r�)/20

(where R is the rigidity) as in Eq. (5). Upper left: fit to the B/C data setting
D0 = 2.49 ⇥ 10

28cm2s�1, ⌘ = �0.363 and vA = 19.5kms�1. Upper right: the local
proton flux - the PAMELA and CREAM data are used to fit the proton source function.
Lower left: the predicted antiproton spectrum provides a good fit to the PAMELA data.
Lower right: the measured e+

+e� flux sets constraints on the primary, secondary and
pulsar components - the fit to the data gives n = 1.4, M = 1.2 TeV and ⌘W0 ' 10

49 erg
per pulsar, well within the allowed range of values.

He and heavier CR nuclei spectral assumptions are also checked for consistency with
the most recent data. Since the electron flux below E ⇠ 30 GeV, is dominated by
SNe accelerated electrons(primaries) and secondary electrons (and positrons) from
inelastic collisions of CR nuclei with the ISM, we fit the primary and secondary elec-
trons spectral properties to the e+

+ e� spectrum between 7-30 GeV as measured by
Fermi . Pulsars within ⇠ 3kpc can contribute to the e+

+ e� spectrum up to O(0.1) at
E ⇡ 50 GeV and up to O(1) at E ⇡ 500 GeV. Thus assuming pulsars contribute max-
imally, we find from the Fermi data the injection index n for the distribution of pulsars
of Eq. 3 and the averaged total energy injected into the ISM through CR e± per pulsar
⌘W0 (Figure 2(lower right)). Note that, for consistency, we compare as well against the
PAMELA positron fraction and the recently released electrons only spectrum. Having
fixed all the properties of the CR electrons from SNe and pulsars we then calculate
the �-ray diffuse spectra.

4. Results

As reference model providing a good combined fit of the local CRs (see Fig. 2) and
the �-rays at intermediate and high latitudes (Fig. 3), we have implemented model
“KRA4 20” which has: � = 0.5, zd = 4 kpc, rd = 20 kpc. A very good fit to the �-ray
spectrum is achieved at the highest latitudes (| b |> 60

�), the range less affected by
uncertainties in the sources distribution [16]. We note that the “source” components
that we show are the sources detected with at least 14 � and also weaker sources
that have been catalogued by LAT [1]. Yet very dim �-ray sources that would be con-
tributing per energy bin and pixel less photons than the uncertainty on the true diffuse
background are not included. Such a class of sources could be millisecond pulsars
(MSPs) in the galactic ridge and halo that are not modeled for. Such MSPs that are
not in globular clusters can contribute in the lower latitudes and could possibly com-
pensate for our under-prediction of the total gamma-ray flux at ⇠ few GeV.

Figure 3: Reference model, predictions for the �-ray flux, see text and Fig. 2 for more
details. Upper left: 10

� <| b |< 20

� and 0

� <| l | < 360

�, upper right: 20

� <| b |< 60

� and
0

� <| l | < 360

�, lower: 60

� <| b |< 90

� and 0

� <| l | < 360

�.

In Fig. 4 we plot the �-ray spectra at the three latitude regions of study when varying
the diffusion index. The ⇡0 component depend on the proton spectra scaling in turn
with the diffusion timescale. Lower values of the diffusion index � make the protons
propagated spectra harder, resulting in the need for a softer proton injection index
as shown in Table 1. In fact since we fit to the PAMELA and CREAM data, it is the
difference in the injection indices below 300 GeV that causes the differences in the
⇡0 fluxes. Unlike protons, electrons propagation with energies above 5 GeV is mainly
affected by the energy loss time-scale and, since the ISRF and B-field model are kept

fixed, the ICS and the higher part of the bremsstrahlung spectrum are not affected
much. At the very high energy part of the ICS spectrum we see though the expected
hardening of the models with greater �. On the lower energy part of the spectrum
where bremsstrahlung varies significantly among the models the reason for those dif-
ferences is related to the very different Alfven velocities used (in order to fit the CR
data). We notice that the overall fit of the gamma-ray spectra is not affected much
due to opposite effects of changing the value of � on the bremsstrahlung and ⇡0 lower
parts of their spectra.

Figure 4: Predictions for a few values of the diffusion index �; plots refer to the different
sky regions of our study. dotted lines: � = 0.5, dashed lines: � = 0.4, dashed-dotted
lines: � = 0.33. For all zd = 4 kpc and rd = 20 kpc.

In Fig. 5 we vary the radial scale for the diffusion coefficient rd. Decreasing the value
of rd results in lower values for the diffusion coefficient towards the Galactic center,
which forces the e± and p produced by sources closer to the Galactic center to spend
greater time close to the disk. Since we refit, based on the B/C flux ratio, the diffusion
coefficient D0 (see Table 1), the net change in the fluxes is negligible.

Figure 5: Predictions varying the diffusion radial scale rd; plots refer to the different
sky regions of our study. dotted lines: rd = 5 kpc, dashed lines: rd = 10 kpc, dashed-
dotted lines: rd = 20 kpc. For all � = 0.5 and zd = 4 kpc.

Name � zd rd D0 vA ⌘ �p
1 Br1(GV ) �p

2 Br2(GV ) �p
3

KRA4-5 0.5 4 5 2.76 16.9 0.0 2.05 25 2.34 300 2.18
KRA4-10 0.5 4 10 2.58 19.1 -0.247 2.05 20 2.34 300 2.18
KRA4-20 0.5 4 20 2.49 19.5 -0.363 2.05 15 2.34 300 2.18
RUN4-20 0.4 4 20 3.21 23.15 0.32 2.05 12 2.4 300 2.27
KOL4-20 0.33 4 20 3.85 24.82 0.765 2.07 10 2.48 300 2.34

Table 1: The parameters for the various models of propagation. See text, �p
1 is the

protons injection index below the Br1, �p
2 the injection index between Br1 and Br2, and

�p
3 above Br2. For primary electrons we assumed one break at 5 GV above(below)

which, the injection index is 2.62(1.6).
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Abstract

Recently published �-ray spectral data from the Fermi Collaboration have provided the possibility to study the diffuse �-ray sky at medium and high latitudes (| b |> 10

�) and energies of 1-100 GeV with unprecedented accuracy. This gives us the chance of analyzing the
properties of sources and propagation of cosmic rays (CRs) in the Galaxy. Implementing the publicly available DRAGON code, we have performed a detailed study on assumptions done in the literature for the interstellar HI and H2 gas distributions, as well as tests on a variety
of propagation models. Each model assumes a distinct global profile for the diffusion and the re-acceleration of CRs. Fitting propagation parameters to well measured local CRs such as, the B/C ratio, p, p̄ and e± fluxes, we evaluate the �-ray spectra at medium and high latitudes
in order to place further constraints on these models of propagation.

1. Introduction

Interactions of CRs with the interstellar medium (ISM) are a copius source of gamma
rays. Inelastic collisions of CR protons and helium with interstellar gas (ISG) produce
⇡0s which subsequently decay into 2 photons. Photons produced in this process con-
stitute the main contribution to the diffuse gamma ray flux from the Milky Way in the
intermediate GeV range and trace the ISG target distribution dominated by the HI and
H2 gasses. Bremsstrahlung off CR e± in the ISG and the inverse Compton scattering
(ICS) of CR e± off the interstellar radiation field (ISRF) and the CMB are the two other
mechanisms which dominantly produce diffuse galactic �-rays at least up to energies
⇠ 100 GeV. Apart from diffuse galactic �-rays, the observed fluxes include galactic
and extragalactic point sources [1] as well as isotropic components of extragalactic
and instrumental origin. Thus a detailed study of different models for CR propagation,
CR sources, ISG, ISRF and galactic magnetic fields is crucial for studying the �-ray
spectrum.
The propagation of CRs in the Galaxy at energies below 10

17 eV can be described by:
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where  (~r, p, t) is the density per unit particle momentum, q(~r, p, t) is the source term
including components of primary origin, as well as CRs from spallation and decay pro-
cesses, Dxx(~r) and Dpp(~r) are the diffusion tensors in, respectively, the position and
momentum space, ṗ is the momentum loss rate due to interactions with interstellar
medium (ISM), the Galactic magnetic field or the ISRF, ~V is the convection velocity
(consistently with the literature we put ~V = 0), and ⌧frag and ⌧decay are the timescales
for, respectively, fragmentation loss and radioactive decay.
For our simulations we use the DRAGON code [2] which solves numerically Eq. (1)
in a 3D grid: 2 spatial dimensions for galactocentric radial distance r✏(0, 20)(kpc) and
height from the galactic plane z✏(�20, 20)(kpc), and 1 for the momentum p.

2. Assumptions

Primary Sources: CR primary sources up to energies of ⇠ 100TeV, are supernova
remnants (SNRs). For each nucleus i the source term describing the injection of CRs
in the ISM is given as a function of rigidity, R, by:

qi(r, z, E) = fs(r, z)q0,i(
R(E)

R0
)

��i , (2)

where q0,i is the normalization of the injected CR species, fs(r, z) traces the distribu-
tion of SNRs as modeled in [3] on the basis of pulsar and progenitor star surveys
[4].
Electrons and positrons accelerated between a pulsar and the termination shock of
the wind nebula, may also contribute to the high energy e± spectrum, and then to the
�-ray flux. Each pulsar contribution to the e± fluxes can be described by an injection
spectrum ⇠ E�n with a high energy break Eb estimated at the time the surrounding
pulsar wind nebula (PWD) is disrupted leading to the e± escaping into the ISM. We fit
the properties of a pulsar distribution following the parametrization of [5]:

Qp(r, z, t, E) = J0E
�ne�E/Mfp(r, z) , (3)

where M is a statistical cut-off, n the injection index for the distribution of pulsars and
fp(r, z) describes the spatial distribution of young pulsars in the Galaxy as given in[6].
Magnetic fields and Diffusion: The large scale galactic magnetic field is generally
assumed to be a bi-symmetrical spiral with a small pitch angle [7]. Here we assume
that the regular magnetic field is purely azimuthal, ~B0 = B0

ˆ�, and has the form

B0 = 3 exp (� r � r�
11(kpc)

) exp (� |z|
2(kpc)

)(µG) (4)

based on the analysis of WMAP synchrotron intensity and polarization data in [8]. As
the B-field decreases moving away from the galactic center, the diffusion coefficient
is expected to increase at large r and z. On the basis of [2] for vertical profile, we
choose the spatial part of D to be proportional to some negative power of large scale
galactic magnetic field. Thus, assuming isotropic diffusion, the diffusion coefficient in
CR transport equation can be modeled as:

D(r, z, R) = D0�
⌘
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R
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where R0 = 3GV is the reference rigidity and � is the diffusion spectral index which is
related to different ISM turbulence power-spectrum. The dependence of diffusion on
the particle velocity, � = vp/c, is naturally expected to be linear (⌘ = 1), however the
analysis by [9] shows an increase in diffusion at low energies. To represent such a
behavior, the parameter ⌘ has been introduced by [10].
Interstellar Gas: The interstellar gas is composed of hydrogen, helium and small
contributions from heavier elements, with hydrogen observed in atomic (HI), molecu-
lar (H2) and ionized (HII) states.
The three dimensional distribution of HI gas can be derived from 21-cm spectra infor-
mation and rotation curves. The model which has been widely used in the literature
is developed by [11, 12], while we use as a reference the model developed by [13].
Molecular hydrogen can exist only in dark cool clouds where it is protected against the
ionizing stellar ultraviolet radiation. It can be traced with the � = 2.6 mm (J = 1 ! 0)
emission line of CO, since collisions between the CO and H2 molecules in the clouds
are responsible for the excitation of CO. The CO to H2 conversion factor, XCO which
relates the H2 column density, NH2 , to the velocity-integrated intensity of the CO line,
through NH2 = XCOTbVr, has considerable uncertainties. For this reason we study
different HI and H2 three-dimensional distribution models as shown in Fig. 1, where
we present the radial and vertical profiles of HI and H2 volume density among the
different models. For the H2 distribution we use for our reference model the map pro-
vided by [14], assuming the conversion factor to vary exponentially with galactocentric
radius:

XCO[H2cm
�2K�1km�1s] = 1.4 exp(

R

11(kpc)
), (6)

however [15] is also an older widely used model in the literature.

Figure 1: Large scale density distributions of atomic and molecular hydrogen in the
Galaxy vs r for z = 0( left); vs z for r = r� ( right).

Ionized hydrogen occurs in the vicinity of young O and B stars, with the ultraviolet ra-
diation from these stars ionizing the ISM. HII regions have a similar distribution to the
molecular hydrogen, but mass-wise their contribution is negligible. Thus we choose
not to vary the averaged large-scale distribution of this gas component.
Finally Helium appears to follow the hydrogen distribution with a factor He/H =

0.10 ± 0.08. We adopt a value of He/H = 0.11, which is widely used in the litera-
ture, and neglect heavier nuclear species.

3. Analysis

We consider a range of values for the height and radial scales of the diffusion coeffi-
cient, zd and rd, as well as for the diffusion index � in Eq. (5). For each set of values of
�, zd and rd, we sample the parameter space (D0, ⌘, vA) by minimizing the �2 for B/C
data (see Fig. 2 (upper left)). We then fix the spectral properties of the CR protons
as shown in Fig. 2 (upper right), while checking also the consistency of the predicted
antiproton flux with local measurements (Fig. 2 (lower left)).

Figure 2: Reference model. We assume that D = D0�⌘(R/3GV )

0.5e|z|/4e(r�r�)/20

(where R is the rigidity) as in Eq. (5). Upper left: fit to the B/C data setting
D0 = 2.49 ⇥ 10

28cm2s�1, ⌘ = �0.363 and vA = 19.5kms�1. Upper right: the local
proton flux - the PAMELA and CREAM data are used to fit the proton source function.
Lower left: the predicted antiproton spectrum provides a good fit to the PAMELA data.
Lower right: the measured e+

+e� flux sets constraints on the primary, secondary and
pulsar components - the fit to the data gives n = 1.4, M = 1.2 TeV and ⌘W0 ' 10

49 erg
per pulsar, well within the allowed range of values.

He and heavier CR nuclei spectral assumptions are also checked for consistency with
the most recent data. Since the electron flux below E ⇠ 30 GeV, is dominated by
SNe accelerated electrons(primaries) and secondary electrons (and positrons) from
inelastic collisions of CR nuclei with the ISM, we fit the primary and secondary elec-
trons spectral properties to the e+

+ e� spectrum between 7-30 GeV as measured by
Fermi . Pulsars within ⇠ 3kpc can contribute to the e+

+ e� spectrum up to O(0.1) at
E ⇡ 50 GeV and up to O(1) at E ⇡ 500 GeV. Thus assuming pulsars contribute max-
imally, we find from the Fermi data the injection index n for the distribution of pulsars
of Eq. 3 and the averaged total energy injected into the ISM through CR e± per pulsar
⌘W0 (Figure 2(lower right)). Note that, for consistency, we compare as well against the
PAMELA positron fraction and the recently released electrons only spectrum. Having
fixed all the properties of the CR electrons from SNe and pulsars we then calculate
the �-ray diffuse spectra.

4. Results

As reference model providing a good combined fit of the local CRs (see Fig. 2) and
the �-rays at intermediate and high latitudes (Fig. 3), we have implemented model
“KRA4 20” which has: � = 0.5, zd = 4 kpc, rd = 20 kpc. A very good fit to the �-ray
spectrum is achieved at the highest latitudes (| b |> 60

�), the range less affected by
uncertainties in the sources distribution [16]. We note that the “source” components
that we show are the sources detected with at least 14 � and also weaker sources
that have been catalogued by LAT [1]. Yet very dim �-ray sources that would be con-
tributing per energy bin and pixel less photons than the uncertainty on the true diffuse
background are not included. Such a class of sources could be millisecond pulsars
(MSPs) in the galactic ridge and halo that are not modeled for. Such MSPs that are
not in globular clusters can contribute in the lower latitudes and could possibly com-
pensate for our under-prediction of the total gamma-ray flux at ⇠ few GeV.

Figure 3: Reference model, predictions for the �-ray flux, see text and Fig. 2 for more
details. Upper left: 10

� <| b |< 20

� and 0

� <| l | < 360

�, upper right: 20

� <| b |< 60

� and
0

� <| l | < 360

�, lower: 60

� <| b |< 90

� and 0

� <| l | < 360

�.

In Fig. 4 we plot the �-ray spectra at the three latitude regions of study when varying
the diffusion index. The ⇡0 component depend on the proton spectra scaling in turn
with the diffusion timescale. Lower values of the diffusion index � make the protons
propagated spectra harder, resulting in the need for a softer proton injection index
as shown in Table 1. In fact since we fit to the PAMELA and CREAM data, it is the
difference in the injection indices below 300 GeV that causes the differences in the
⇡0 fluxes. Unlike protons, electrons propagation with energies above 5 GeV is mainly
affected by the energy loss time-scale and, since the ISRF and B-field model are kept

fixed, the ICS and the higher part of the bremsstrahlung spectrum are not affected
much. At the very high energy part of the ICS spectrum we see though the expected
hardening of the models with greater �. On the lower energy part of the spectrum
where bremsstrahlung varies significantly among the models the reason for those dif-
ferences is related to the very different Alfven velocities used (in order to fit the CR
data). We notice that the overall fit of the gamma-ray spectra is not affected much
due to opposite effects of changing the value of � on the bremsstrahlung and ⇡0 lower
parts of their spectra.

Figure 4: Predictions for a few values of the diffusion index �; plots refer to the different
sky regions of our study. dotted lines: � = 0.5, dashed lines: � = 0.4, dashed-dotted
lines: � = 0.33. For all zd = 4 kpc and rd = 20 kpc.

In Fig. 5 we vary the radial scale for the diffusion coefficient rd. Decreasing the value
of rd results in lower values for the diffusion coefficient towards the Galactic center,
which forces the e± and p produced by sources closer to the Galactic center to spend
greater time close to the disk. Since we refit, based on the B/C flux ratio, the diffusion
coefficient D0 (see Table 1), the net change in the fluxes is negligible.

Figure 5: Predictions varying the diffusion radial scale rd; plots refer to the different
sky regions of our study. dotted lines: rd = 5 kpc, dashed lines: rd = 10 kpc, dashed-
dotted lines: rd = 20 kpc. For all � = 0.5 and zd = 4 kpc.

Name � zd rd D0 vA ⌘ �p
1 Br1(GV ) �p

2 Br2(GV ) �p
3

KRA4-5 0.5 4 5 2.76 16.9 0.0 2.05 25 2.34 300 2.18
KRA4-10 0.5 4 10 2.58 19.1 -0.247 2.05 20 2.34 300 2.18
KRA4-20 0.5 4 20 2.49 19.5 -0.363 2.05 15 2.34 300 2.18
RUN4-20 0.4 4 20 3.21 23.15 0.32 2.05 12 2.4 300 2.27
KOL4-20 0.33 4 20 3.85 24.82 0.765 2.07 10 2.48 300 2.34

Table 1: The parameters for the various models of propagation. See text, �p
1 is the

protons injection index below the Br1, �p
2 the injection index between Br1 and Br2, and

�p
3 above Br2. For primary electrons we assumed one break at 5 GV above(below)

which, the injection index is 2.62(1.6).
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Abstract

Recently published �-ray spectral data from the Fermi Collaboration have provided the possibility to study the diffuse �-ray sky at medium and high latitudes (| b |> 10

�) and energies of 1-100 GeV with unprecedented accuracy. This gives us the chance of analyzing the
properties of sources and propagation of cosmic rays (CRs) in the Galaxy. Implementing the publicly available DRAGON code, we have performed a detailed study on assumptions done in the literature for the interstellar HI and H2 gas distributions, as well as tests on a variety
of propagation models. Each model assumes a distinct global profile for the diffusion and the re-acceleration of CRs. Fitting propagation parameters to well measured local CRs such as, the B/C ratio, p, p̄ and e± fluxes, we evaluate the �-ray spectra at medium and high latitudes
in order to place further constraints on these models of propagation.

1. Introduction

Interactions of CRs with the interstellar medium (ISM) are a copius source of gamma
rays. Inelastic collisions of CR protons and helium with interstellar gas (ISG) produce
⇡0s which subsequently decay into 2 photons. Photons produced in this process con-
stitute the main contribution to the diffuse gamma ray flux from the Milky Way in the
intermediate GeV range and trace the ISG target distribution dominated by the HI and
H2 gasses. Bremsstrahlung off CR e± in the ISG and the inverse Compton scattering
(ICS) of CR e± off the interstellar radiation field (ISRF) and the CMB are the two other
mechanisms which dominantly produce diffuse galactic �-rays at least up to energies
⇠ 100 GeV. Apart from diffuse galactic �-rays, the observed fluxes include galactic
and extragalactic point sources [1] as well as isotropic components of extragalactic
and instrumental origin. Thus a detailed study of different models for CR propagation,
CR sources, ISG, ISRF and galactic magnetic fields is crucial for studying the �-ray
spectrum.
The propagation of CRs in the Galaxy at energies below 10

17 eV can be described by:
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where  (~r, p, t) is the density per unit particle momentum, q(~r, p, t) is the source term
including components of primary origin, as well as CRs from spallation and decay pro-
cesses, Dxx(~r) and Dpp(~r) are the diffusion tensors in, respectively, the position and
momentum space, ṗ is the momentum loss rate due to interactions with interstellar
medium (ISM), the Galactic magnetic field or the ISRF, ~V is the convection velocity
(consistently with the literature we put ~V = 0), and ⌧frag and ⌧decay are the timescales
for, respectively, fragmentation loss and radioactive decay.
For our simulations we use the DRAGON code [2] which solves numerically Eq. (1)
in a 3D grid: 2 spatial dimensions for galactocentric radial distance r✏(0, 20)(kpc) and
height from the galactic plane z✏(�20, 20)(kpc), and 1 for the momentum p.

2. Assumptions

Primary Sources: CR primary sources up to energies of ⇠ 100TeV, are supernova
remnants (SNRs). For each nucleus i the source term describing the injection of CRs
in the ISM is given as a function of rigidity, R, by:

qi(r, z, E) = fs(r, z)q0,i(
R(E)

R0
)

��i , (2)

where q0,i is the normalization of the injected CR species, fs(r, z) traces the distribu-
tion of SNRs as modeled in [3] on the basis of pulsar and progenitor star surveys
[4].
Electrons and positrons accelerated between a pulsar and the termination shock of
the wind nebula, may also contribute to the high energy e± spectrum, and then to the
�-ray flux. Each pulsar contribution to the e± fluxes can be described by an injection
spectrum ⇠ E�n with a high energy break Eb estimated at the time the surrounding
pulsar wind nebula (PWD) is disrupted leading to the e± escaping into the ISM. We fit
the properties of a pulsar distribution following the parametrization of [5]:

Qp(r, z, t, E) = J0E
�ne�E/Mfp(r, z) , (3)

where M is a statistical cut-off, n the injection index for the distribution of pulsars and
fp(r, z) describes the spatial distribution of young pulsars in the Galaxy as given in[6].
Magnetic fields and Diffusion: The large scale galactic magnetic field is generally
assumed to be a bi-symmetrical spiral with a small pitch angle [7]. Here we assume
that the regular magnetic field is purely azimuthal, ~B0 = B0

ˆ�, and has the form

B0 = 3 exp (� r � r�
11(kpc)

) exp (� |z|
2(kpc)

)(µG) (4)

based on the analysis of WMAP synchrotron intensity and polarization data in [8]. As
the B-field decreases moving away from the galactic center, the diffusion coefficient
is expected to increase at large r and z. On the basis of [2] for vertical profile, we
choose the spatial part of D to be proportional to some negative power of large scale
galactic magnetic field. Thus, assuming isotropic diffusion, the diffusion coefficient in
CR transport equation can be modeled as:

D(r, z, R) = D0�
⌘
(

R

R0
)

�
exp (

r � r�
rd

) exp (

|z|
zd

) , (5)

where R0 = 3GV is the reference rigidity and � is the diffusion spectral index which is
related to different ISM turbulence power-spectrum. The dependence of diffusion on
the particle velocity, � = vp/c, is naturally expected to be linear (⌘ = 1), however the
analysis by [9] shows an increase in diffusion at low energies. To represent such a
behavior, the parameter ⌘ has been introduced by [10].
Interstellar Gas: The interstellar gas is composed of hydrogen, helium and small
contributions from heavier elements, with hydrogen observed in atomic (HI), molecu-
lar (H2) and ionized (HII) states.
The three dimensional distribution of HI gas can be derived from 21-cm spectra infor-
mation and rotation curves. The model which has been widely used in the literature
is developed by [11, 12], while we use as a reference the model developed by [13].
Molecular hydrogen can exist only in dark cool clouds where it is protected against the
ionizing stellar ultraviolet radiation. It can be traced with the � = 2.6 mm (J = 1 ! 0)
emission line of CO, since collisions between the CO and H2 molecules in the clouds
are responsible for the excitation of CO. The CO to H2 conversion factor, XCO which
relates the H2 column density, NH2 , to the velocity-integrated intensity of the CO line,
through NH2 = XCOTbVr, has considerable uncertainties. For this reason we study
different HI and H2 three-dimensional distribution models as shown in Fig. 1, where
we present the radial and vertical profiles of HI and H2 volume density among the
different models. For the H2 distribution we use for our reference model the map pro-
vided by [14], assuming the conversion factor to vary exponentially with galactocentric
radius:

XCO[H2cm
�2K�1km�1s] = 1.4 exp(

R

11(kpc)
), (6)

however [15] is also an older widely used model in the literature.

Figure 1: Large scale density distributions of atomic and molecular hydrogen in the
Galaxy vs r for z = 0( left); vs z for r = r� ( right).

Ionized hydrogen occurs in the vicinity of young O and B stars, with the ultraviolet ra-
diation from these stars ionizing the ISM. HII regions have a similar distribution to the
molecular hydrogen, but mass-wise their contribution is negligible. Thus we choose
not to vary the averaged large-scale distribution of this gas component.
Finally Helium appears to follow the hydrogen distribution with a factor He/H =

0.10 ± 0.08. We adopt a value of He/H = 0.11, which is widely used in the litera-
ture, and neglect heavier nuclear species.

3. Analysis

We consider a range of values for the height and radial scales of the diffusion coeffi-
cient, zd and rd, as well as for the diffusion index � in Eq. (5). For each set of values of
�, zd and rd, we sample the parameter space (D0, ⌘, vA) by minimizing the �2 for B/C
data (see Fig. 2 (upper left)). We then fix the spectral properties of the CR protons
as shown in Fig. 2 (upper right), while checking also the consistency of the predicted
antiproton flux with local measurements (Fig. 2 (lower left)).

Figure 2: Reference model. We assume that D = D0�⌘(R/3GV )

0.5e|z|/4e(r�r�)/20

(where R is the rigidity) as in Eq. (5). Upper left: fit to the B/C data setting
D0 = 2.49 ⇥ 10

28cm2s�1, ⌘ = �0.363 and vA = 19.5kms�1. Upper right: the local
proton flux - the PAMELA and CREAM data are used to fit the proton source function.
Lower left: the predicted antiproton spectrum provides a good fit to the PAMELA data.
Lower right: the measured e+

+e� flux sets constraints on the primary, secondary and
pulsar components - the fit to the data gives n = 1.4, M = 1.2 TeV and ⌘W0 ' 10

49 erg
per pulsar, well within the allowed range of values.

He and heavier CR nuclei spectral assumptions are also checked for consistency with
the most recent data. Since the electron flux below E ⇠ 30 GeV, is dominated by
SNe accelerated electrons(primaries) and secondary electrons (and positrons) from
inelastic collisions of CR nuclei with the ISM, we fit the primary and secondary elec-
trons spectral properties to the e+

+ e� spectrum between 7-30 GeV as measured by
Fermi . Pulsars within ⇠ 3kpc can contribute to the e+

+ e� spectrum up to O(0.1) at
E ⇡ 50 GeV and up to O(1) at E ⇡ 500 GeV. Thus assuming pulsars contribute max-
imally, we find from the Fermi data the injection index n for the distribution of pulsars
of Eq. 3 and the averaged total energy injected into the ISM through CR e± per pulsar
⌘W0 (Figure 2(lower right)). Note that, for consistency, we compare as well against the
PAMELA positron fraction and the recently released electrons only spectrum. Having
fixed all the properties of the CR electrons from SNe and pulsars we then calculate
the �-ray diffuse spectra.

4. Results

As reference model providing a good combined fit of the local CRs (see Fig. 2) and
the �-rays at intermediate and high latitudes (Fig. 3), we have implemented model
“KRA4 20” which has: � = 0.5, zd = 4 kpc, rd = 20 kpc. A very good fit to the �-ray
spectrum is achieved at the highest latitudes (| b |> 60

�), the range less affected by
uncertainties in the sources distribution [16]. We note that the “source” components
that we show are the sources detected with at least 14 � and also weaker sources
that have been catalogued by LAT [1]. Yet very dim �-ray sources that would be con-
tributing per energy bin and pixel less photons than the uncertainty on the true diffuse
background are not included. Such a class of sources could be millisecond pulsars
(MSPs) in the galactic ridge and halo that are not modeled for. Such MSPs that are
not in globular clusters can contribute in the lower latitudes and could possibly com-
pensate for our under-prediction of the total gamma-ray flux at ⇠ few GeV.

Figure 3: Reference model, predictions for the �-ray flux, see text and Fig. 2 for more
details. Upper left: 10

� <| b |< 20

� and 0

� <| l | < 360

�, upper right: 20

� <| b |< 60

� and
0

� <| l | < 360

�, lower: 60

� <| b |< 90

� and 0

� <| l | < 360

�.

In Fig. 4 we plot the �-ray spectra at the three latitude regions of study when varying
the diffusion index. The ⇡0 component depend on the proton spectra scaling in turn
with the diffusion timescale. Lower values of the diffusion index � make the protons
propagated spectra harder, resulting in the need for a softer proton injection index
as shown in Table 1. In fact since we fit to the PAMELA and CREAM data, it is the
difference in the injection indices below 300 GeV that causes the differences in the
⇡0 fluxes. Unlike protons, electrons propagation with energies above 5 GeV is mainly
affected by the energy loss time-scale and, since the ISRF and B-field model are kept

fixed, the ICS and the higher part of the bremsstrahlung spectrum are not affected
much. At the very high energy part of the ICS spectrum we see though the expected
hardening of the models with greater �. On the lower energy part of the spectrum
where bremsstrahlung varies significantly among the models the reason for those dif-
ferences is related to the very different Alfven velocities used (in order to fit the CR
data). We notice that the overall fit of the gamma-ray spectra is not affected much
due to opposite effects of changing the value of � on the bremsstrahlung and ⇡0 lower
parts of their spectra.

Figure 4: Predictions for a few values of the diffusion index �; plots refer to the different
sky regions of our study. dotted lines: � = 0.5, dashed lines: � = 0.4, dashed-dotted
lines: � = 0.33. For all zd = 4 kpc and rd = 20 kpc.

In Fig. 5 we vary the radial scale for the diffusion coefficient rd. Decreasing the value
of rd results in lower values for the diffusion coefficient towards the Galactic center,
which forces the e± and p produced by sources closer to the Galactic center to spend
greater time close to the disk. Since we refit, based on the B/C flux ratio, the diffusion
coefficient D0 (see Table 1), the net change in the fluxes is negligible.

Figure 5: Predictions varying the diffusion radial scale rd; plots refer to the different
sky regions of our study. dotted lines: rd = 5 kpc, dashed lines: rd = 10 kpc, dashed-
dotted lines: rd = 20 kpc. For all � = 0.5 and zd = 4 kpc.

Name � zd rd D0 vA ⌘ �p
1 Br1(GV ) �p

2 Br2(GV ) �p
3

KRA4-5 0.5 4 5 2.76 16.9 0.0 2.05 25 2.34 300 2.18
KRA4-10 0.5 4 10 2.58 19.1 -0.247 2.05 20 2.34 300 2.18
KRA4-20 0.5 4 20 2.49 19.5 -0.363 2.05 15 2.34 300 2.18
RUN4-20 0.4 4 20 3.21 23.15 0.32 2.05 12 2.4 300 2.27
KOL4-20 0.33 4 20 3.85 24.82 0.765 2.07 10 2.48 300 2.34

Table 1: The parameters for the various models of propagation. See text, �p
1 is the

protons injection index below the Br1, �p
2 the injection index between Br1 and Br2, and

�p
3 above Br2. For primary electrons we assumed one break at 5 GV above(below)

which, the injection index is 2.62(1.6).
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The DM puzzle

Plenty of indirect 
(gravitational) evidence 
for non-baryonic cold 
(as opposed to hot) 
DM being the building 
block of all structures 
in the Universe.

Concordance model at cosmological scales

! ΛCDM: about 20% of total energy
density is in the form of non-baryonic
matter

! This dark matter is scale-free (non-
interacting, “cold”, . . . )

! Standard Model neutrinos do not
contribute significantly to the Universe
mass balance at matter-dominated
epoch (CMB, LSS, . . . )
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Uncertainties on the    flux from DM annihilation
For a given DM model, the main uncertainties are those on the 
propagation parameters and the DM density profile

p̄

Very large scatter mainly due to the uncertainty on the propagation setup !
The dominant uncertainty source is that on the diffusive halo height 

Einasto DM profile

NFW or Burkert

Thick  

Thin  



Constraints on DM models

Wino model 
 (motivated by SUSY and 

PAMELA e+ anomaly)

 Light WIMPs 
with sizable quark coupling  

(motivated by direct 
detection recent results) 

Heavy “leptophilic” WIMPs 
 (motivated by PAMELA, Fermi, HESS)

+ radiative corrections 

��! µ+µ���! b̄bW̃ 0W̃ 0 !W+W�

PAMELA
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Gamma-rays: 
a tentative line from DM?

C. Weniger, 2012

Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.

– 4 –

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

- Smart selection 
of target region 
(high S/N ratio)
- Hint for a line in 
the spectrum ~ 
towards the GC



Conclusions

Exciting period for Cosmic Ray physics

Lots of new data available now, more soon

Present data already challenge standard description

Need of a step forward to undestand plasma effecs in 
CR physics

Interesting constraints on DM candidates. Even a 
tentative detection....


