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The diffuse Galactic   -rays are produced by 

   Decay of     ‘s produced by inelastic interactions of cosmic ray (CR) 
proton and helium with interstellar gas (ISG)

   Bremsstrahlung of CR     in the ISG

   Inverse Compton scattering (ICS) of CR     of interstellar radiation 
field (ISRF)

   Dark matter (?) annihilation/decay
 
The diffuse   -ray emission can be used to probe and constrain the 
properties of CR propagation, CR sources, ISG and ISRF.

It may have implications on indirect DM detection.

We use high latitude (              ) diffuse   -ray spectrum at energies 
between                and               measured by Fermi space telescope.

•

•

•

•

⇡0

�

�

�

|b| > 10�

100 MeV 100 GeV

e±

e±

Thursday, September 29, 11



CR Propagation

The propagation of CRs in the Galaxy at energies below 1017 eV can be
described by:
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ψ(#r , p, t): density of CR particles of momentum p at position #r .

CR Propagation

We use the publicly available DRAGON code to numerically solve the 
propagation equation in the steady state approximation.  

The propagation of CRs in the Galaxy is described by: 
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Primary Sources of CRs
Supernova Remnants: 

Primary Sources

Supernova Remnants
CR primary sources up to energies of ∼100TeV, are mainly supernova
remnants (SNRs).

The source term for each nucleus i is:

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

R0

)−γi

• q0,i : The normalization for each CR species
• fs(r , z) traces the spatial distribution of SNRs.

[Ferriere (2001)]

• R = pc
Ze : Magnetic Rigidity

• γi : Injection spectral index
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Primary Sources

Supernova Remnants
CR primary sources up to energies of ∼100TeV, are mainly supernova
remnants (SNRs).

The source term for each nucleus i is:

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

Pulsars
Electrons and positrons accelerated between a pulsar and the termination
shock of the wind nebula, may also contribute to the high energy e±

spectrum.

Qp(r , z , t,E ) = J0fp(r , z)E
−ne−E/M

• J0 : The normalization depends on
! The birth rate of the pulsars,
! The portion of the pulsar initial rotational energy injected into the

ISM as CR e±.

• fp(r , z) : Spatial distribution of middle aged pulsars in the Galaxy

[Giugere & Kaspi (2006)]

• n: Injection spectral index for the distribution of pulsars

• M: Statistical cutt-off
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• n: Injection spectral index for the distribution of pulsars

• M: Statistical cutt-off

Pulsars:

[Ferriere (2001)] 

[Giugere & Kaspi (2006)]
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Diffusion and Magnetic Fields

Diffusion
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CR Propagation

Diffusive Reacceleration
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Dpp: Diffusion in momentum space
In addition to spatial diffusion, the scattering of CRs on randomly
moving MHD waves leads to stochastic acceleration which is described as
diffusion in momentum space.

Dpp ∝
p2v2A
Dxx

The scattering of CRs on randomly moving magneto-hydro-dynamic 
(MHD) waves leads to diffusion in physical and momentum space.

The large scale Galactic magnetic field is generally assumed to be a 
bi-symmetrical spiral with small pitch angle. 

We assume a purely azimuthal regular magnetic field with the form:

[37, 41] and Eb ∼ 10 TeV. However, the actual observed flux of e± in our position from a pulsar has
a break that is related to the cooling time (from ICS and synchrotron radiation) of the e± during
their propagation in the ISM [34, 37]. To account for these effects, we choose to fit the properties of
a pulsar distribution following the parametrization of [37]:

Qp(r, z, t, E) = J0E
−ne−E/Mfp(r, z). (2.4)

M is a “statistical” cut-off, n the injection index for the distribution of pulsars,2

J0 =
ηW0Nb

Γ(2 − n)M2−nVgal
, (2.5)

(see Eq. 24 of [37]) with Nb the pulsar birth rate in the Galaxy and

Vgal =

∫ zmax

−zmax

∫ rmax

0
dz dr 2πr fp(r, z). (2.6)

fp(r, z) describes the spatial distribution of young and middle aged pulsars. Since pulsars have typical
kick 3D speeds of 200-400 km/s [42, 43] , a 105 yr old (middle aged) pulsar would move away from
its original position by ∼ 30 pc, and thus the spatial distribution of middle aged pulsars is practically
identical to that of their birth distribution in the Galaxy as given in [44]:
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with R1 = 0.55 kpc, z1 = 0.1 kpc, a = 1.64 and b = 4.

2.2 Diffusion and Magnetic Fields

Our galaxy is permeated by a large scale, so called regular, magnetic field, and by a randomly varying,
so called turbulent, magnetic field with comparable strength on the disk. The large scale galactic
magnetic field is generally assumed to be a bi-symmetrical spiral with a small pitch angle [45]. Here
we assume that the regular magnetic field is purely azimuthal, #B0 = B0φ̂, and has the form

B0 = Bh exp

(

−
r − r$
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)

exp

(

−
|z|
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)

. (2.8)

Based on the analysis of WMAP synchrotron intensity and polarization data in [46], as well as works
including extragalactic rotation measures [45, 47, 48, 49], we choose Bh = 3 µG and rh = 11 kpc,
with vertical scale zh = 2 kpc. Although, these values are affected by large uncertainties, they have
little impact on our analysis, since the magnetic field enters only in the electron energy losses, which
are anyway dominated by the ICS losses above few GeV.

The diffusion tensor can be in general decomposed in a component parallel to the direction of
the regular magnetic field, D‖, and a component describing diffusion perpendicular to the regular
magnetic field, D⊥. It can be shown [50] that, assuming cylindrical symmetry and that the regular
magnetic field is azimuthally symmetric, parallel diffusion is irrelevant and only D⊥ has an effect. We
consider then for simplicity that the diffusion is described by just one quantity the diffusion coefficient.

The diffusion coefficient is in general expected to depend on the position, because turbulence is
not uniformly distributed in the Galaxy.

In a pure phenomenological approach, we choose D to be described by:

D(r, z, R) = D0β
η(

R

R0
)δ exp (

r − r$
rd

) exp (
|z|

zd
) (2.9)

2Here as a statistical cut-off M and injection index n we consider those that describe the averaged e± flux measured
by many observers in the Galctic disk [37]. Since the IC γ-ray are studied in wide regions of the sky (an thus the
Galaxy) such an assumption is reasonable.

– 4 –

Phenomenologically, the weaker magnetic field, the stronger spatial 
diffusion. 
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Methodology

For the set of values of                  
we derive the other propagation
parameters                 by minimizing 
the       of B/C data.

(�, zd, rd)

(D0, ⌘, vA)
�2

The injection spectral 
index of protons,     , is 
fitted to the PAMELA 
and CREAM data.

Proton flux has a 
broken power-law.

�p
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Methodology

The predicted anti proton flux
is consistent with local data.

We fit the electron spectral
index,    , to the low energy
              spectrum.

The averaged properties of
pulsars are determined by
high energy spectrum. 

�e

e� + e+
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Diffuse Galactic Gamma Rays

The Reference model : 

� = 0.5

zd = 4 kpc rd = 20 kpc

A good combined fit to the 
local CR data and diffuse   -ray. �
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Constraining the Diffusion Properties

Different diffusion spectral indices:  

   The bigger   , the faster diffusion, the greater ICS at very high energies. 
   Different     `s, different Bremsstrahlung emissions at low energies.

Including anti-protons data Kraichnan model is slightly prefered.

•
�•
vA

� = 0.5(Kraichnan), � = 0.4, � = 0.33(Kolmogorov)
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Constraining the Diffusion Properties

Different radial scales:

rd = 5, 10, 20 kpc

The differences are too small.

Different scale heights:

zd = 1, 4, 10 kpc

The thicker diffusion zone, the 
less confined CR distribution, 
the greater flux.
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Convection

Galactic winds produce the convective transport of CRs outward the 
Galactic disk as well as adiabatic energy losses.

A strong convective wind in the Galaxy is not favoured by   -ray data in 
the lower latitudes. 

vC = 50.z km/s

�
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Rigidity Break in Injection or Diffusion
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Figure 1: Proton and helium absolute fluxes measured by PAMELA above 1 GeV/n, compared
with a few of the previous measurements (14–22). All previous measurements but one (17)
come from balloon-borne experiments. Previous data up to few hundred GeV/n were collected
by magnetic spectrometer experiments (14–17, 19) while higher energy data come from calori-
metric measurements. PAMELA data cover the energy range 1 GeV -1.2 TeV (1-600 GeV/n
for He). The fluxes are expressed in terms of kinetic energy per nucleon, converted from the
rigidity measured in the tracker and neglecting any contribution from less abundant deuterium
(d/p ! 1%) and 3He (3He/4He ! 10%). Pure proton and 4He samples are therefore assumed.
Error bars are statistical, the shaded area represents the estimated systematic uncertainty.

modulation) and 1.2 TV, the resulting spectral indices are:

γR
30−1000 GV,p = 2.820± 0.003(stat)± 0.005(syst),

γR
30−1000 GV,He = 2.732± 0.005(stat)+0.008

−0.003(syst),

5

[Science.1199172 (arXiv:1103.4055)]

PAMELA has observed a break at
R    230 GV in p and He spectra.⇠

Scenario A: break in injection index 

  SNRs studies [Caprioli]

  diffusive shock acceleration semi-           
analytical calculations 
                  [Amato,Blasi, Volk, Malkov]

  the emergence of a population of 
SNRs with a harder injection index

Scenario B: break in diffusion index

  transition from Kraichnan type 
turbulence at low R to Kolmogorov 
type at high R
 

•

•

•

•

�p

�
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Rigidity Break in Injection or Diffusion

The maximal difference between scenarios A and B, is up to           in 
both ICS and     spectra, but of opposite sign. 

It results in a difference less than              in the total diffuse   spectra 
in all three regions of interest.

�O(10�2)

O(0.1)
⇡0
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Interstellar Gas

Hydrogen: observed in three states
    Atomic (HI) [Nakanishi & Sofue (2003)]
   Molecular (H2) [Nakanishi & Sofue (2006)]
   Ionized (HII)

Helium: follows the hydrogen distribution with a factor 

H2 distribution in Galaxy has large uncertainties. 

•
•
•

He/H ⇠ 0.11
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Different Gas Distributions

For each gas model we fit the 
propagation parameters to CR 
spectra.

The greater gas density, the 
larger number of targets, the 
more     and Bremsstrahlung 
emissions.

  
A combined analysis of CRs 
and diffuse   -rays can be used 
to constrain the large scale gas 
distributions.  

�

⇡0
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Summary I

The study of non spatially uniform diffusion in the Galaxy suggests
     a weak dependence on radial variation of spatial diffusion
     a slight preference for thicker diffusion zones

AMS-02 measurments of the local flux of radioactive isotopes will 
constrain the thickness of the diffusion region. 

It breaks the degeneracy between thicker regions of emissivity 
populated by CRs diffusing out of the Galactic disk and 
contribution of exotic sources such as DM.

   Thanks to the diffuse   -ray spectra and combining them with CR 
data we can discriminate and even constrain ISG profiles.   

X
X

X �
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Summary II

    CR and   -ray data do not constrain strongly the diffusion spectral 
index within the range we have considered.

    To interpret the rigidity break in p and He spectra,  we have 
discussed the possibilities of break in the injection or diffusion indices.  
Diffuse   -ray emission can not be used to discriminate them. 

A better understanding of the contributions of the astrophysical 
components to the diffuse   -rays may be applied to place limits on a 
possible exotic contribution to the diffuse   -ray flux. (work in prep)
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