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Galactic magnetic fields!
as viewed by “astronomers”

• regular MF: disk, halo, decreasing with 
r,z ; !

• regular disk MF follows a spiral arm 
structure !

• poloidal/X-shape regular MF growing 
towards the GC !

• isotropic random MF, likely to be non-
uniform!

• anisotropic random MF (striated)!

based on RM + synchrotron emission!

see also e.g. Pshirkov et al. ApJ2012 

Jansson & Farrar  ApJ2012



Galactic magnetic fields!
as viewed by (“low” energy) cosmic ray physicist 

• no regular fields                                    
(or just azimuthal playing no role)!

• no galactic arms!

• uniform turbulent field in a thick disc

“the wheel of cheese approximation”



Galactic magnetic fields!
as viewed by (“low” energy) cosmic ray physicist 

• no regular fields                                      
(or just azimuthal playing no effective role)!

• no galactic arms!

• uniform turbulent field in a thick disc

CR diffusion is generally treated in terms of a 
spatially uniform diffusion coefficient (leaky 
box/slab models, USINE, GALPROP)                                  !

normalization and rigidity dependence are 
fixed against secondary/primary CR!

D(E) = D0 (E/E0)δ ! ! !                           ⬅!

“the wheel of cheese approximation”



CR Diffusion under more realistic conditions

Dij (x,ρ) = [ D|| (x,ρ) - D⊥(x,ρ) ] bi bj  + D⊥(x,ρ) δij

The presence of regular MF breaks isotropy      D ⇒  !
!
!
!
Even in the quasi-linear theory D|| and D⊥ have opposite 
dependence on the turbulent power.  This is confirmed by ray 
tracing simulations in strong turbulence regime

bi = Bi/B
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De Marco, Blasi & Stanev 2007 
(see also Casse et al. 2002)

Dk(E) / E1/3

D?(E) / E0.5÷0.6

for Kolmogorov turbulence



The DRAGON project	
exploring more realistic CR diffusion conditions

✦ Spatial dependent diffusion (both for iso/ani-sotropic)	

✦ Separable rigidity and space dependent diffusion tensor components	

✦ 3D, arm structure in the source distribution and in the       “ 	

✦ anisotropic diffusion 	

it reproduces GALPROP results under the same conventional conditions	
(more technical details at   http://www.dragonproject.org  )	

See also the PICARD project:    http://astro-staff.uibk.ac.at/~kissmrbu/Picard.html

‣solve the diffusion equation on a 3D (r,z,E) grid (now also 4D!) 

‣ realistic distributions for sources and ISM 

‣different models for fragmentation cross sections 

‣position dependent, anisotropic diffusion 

‣ independent injection spectra for each nuclear species 

‣speed and memory high-performances (full C++) 

‣public: http://www.dragonproject.org

G. Di Bernardo, C. Evoli, D. Gaggero, DG, L. Maccione
Diffusion Reacceleration and Advection of Galactic cosmic rays: an Open New code

http://www.dragonproject.org
http://astro-staff.uibk.ac.at/~kissmrbu/Picard.html


The effects of the spiral arm pattern
2D vs. 3D

face-on view @ 100 GeV on the Galactic plane
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DRAGON 3D mode (from Gaggero, D., et al. PRL, 111 (2013))

§ sources distributed in the spiral arms [as in e.g., Faucher-Giguere
& Kaspi, 2007; see also Blasi & Amato, JCAP I&II (2012)];

§ distances between arms » 1 kpc: IC & Synchrotron radiative losses;
§ energy losses in the inter-arm region change dramatically the e´ ` e`

spectra above „ 20 GeV
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3D Modelling of Galactic Synchrotron
II. Spectral Index Maps from 408 MHz to 23 GHz: Preliminary Results

DRAGON + GAMMASKY

Galactic

Synchrotron Spectral index

-3.1 -2.9�s

Sp‹q9p‹{‹0q—s

—s “ 0.248 logpS23{S408q

in clockwise order ...
§ CRE by Drimmel

and Spergel (2001);
§ GAMMASKY + CRE

w/o arms;
§ GAMMASKY + CRE

w/ arms.

Giuseppe Di Bernardo (MPA) Cosmological Magnetic Fields, Nordita Conference 2015 23 / 39

Electron density 100 TeV!
no arms

Electron density 100 TeV!
with arms

Di Bernardo, Evoli, Gaggero, DG PRL 2013



Effect of spatial dependent diffusion on the CR gradient

Isotropy is broken by the regular MF. 
CR escape is expected to be 
determined by ⊥  diffusion!

D⊥ is expected to grow with the 
(spatial dependent) turbulent power of 
MF fluctuations!
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in the inner region of the Galaxy, larger 
turbulence!
larger D⊥ ⇒ faster CR escape ⇒     
flatter CR profile

The effect of a spatial dependent D⊥ 



The effect on the gamma-ray longitude profile
Results

Ackermann et al, ApJ 710 
(2010), II quadrant analysis

Ackermann et al, ApJ 726 
(2011), III quadrant analysis

τ = 0.0 (no radial dependence)

τ = 0.7

τ = 1.0

equation with the DRAGON numerical diffusion code [24],
which, differently from other numerical and semianalytical
programs, is designed to account for a spatially dependent
DC. The code is two dimensional (R, z) and assumes a
purely azimuthal (no arms) structure of the regular GMF.
Therefore, we can only model perpendicular diffusion and
the DC is treated as a (position dependent) scalar.
Nevertheless, as only the escape time is relevant to deter-
mine the CR density, we can account for parallel diffusion
along the spiral arms by using an effective DC: DeffðRÞ ¼
max½D?ðRÞ; ðH=RarmÞ2DkðRÞ%. We assume, therefore, the
phenomenological dependence D?ðRÞ / QðRÞ!, where
! * 0 is a free parameter to be fixed against the data
(simulations do not allow us to determine ! with sufficient
accuracy). According to QLT and numerical simulations,
we assume Dk to have an opposite dependence on the
turbulence strength; hence, DkðRÞ / QðRÞ&!. We remark
that parallel diffusion has almost no effect on the "-ray
angular distribution and the local CR anisotropy, as it
becomes relevant only in the most external regions of the
Galaxy, where the source density (hence turbulence injec-
tion) is very small. Its presence, however, naturally pre-
vents the escape time from taking unphysically large
values at large R. For the source radial distribution we
adopt QðRÞ / ðR=R'Þ1:9 expð&5ðR&R'

R'
ÞÞ, based on pulsar

catalogues [25]. Using other, observationally determined,
distributions would not change our main results. Similarly
to [3,19], we assume a vertical profile DeffðR; zÞ ¼
DeffðRÞ expðz=HÞ. We also assume D / ðv=cÞ&0:4 (v is
the particle velocity) to reproduce the low-energy B/C
data as shown in those papers. This does not affect the
results discussed here. We fix H ¼ 4 kpc and for each
value of ! we set the D normalization to match the ob-
served B/C ratio and other light nuclei ratios. We fix the D
rigidity dependence # ¼ 0:6 in the rest of our Letter. To
better highlight the effects of inhomogeneous diffusion we
consider here only PD propagation setups. Adding moder-
ate reacceleration and radially uniform convection does not
change significantly any of our results.

We find a good fit of the B/C ratio for all values of
! 2 ½0; 1%. The best fit D normalization only mildly de-
pends on !. Also the computed antiproton and midlatitude
"-ray spectra match observations within errors. We then
calculate the "-ray emissivity from the CR spatial distri-
butions in our models. As is clear from Fig. 1, the model
! ¼ 0 (uniform diffusion) does not reproduce the observed
emissivity profile. We obtain the simulated "-ray angular
distribution by performing a line-of-sight integration of the
product of the emissivity times the gas density. For con-
sistency we use the same gas distribution [26] and the same
catalogue sources [27] adopted by the Fermi-LAT collabo-
ration. We show in Fig. 2 the longitude profiles of Galactic
"-ray emission and the residuals of the models against data
for ! ¼ 0 and ! ¼ 0:85. The model ! ¼ 0 is clearly too
steep compared to the data: it overshoots the data in the

Galactic center region while it undershoots observations by
several $ in the anticenter region. Increasing ! yields a
much smoother behavior of the emissivity as a function of
R (see [15] for the possible reasons why the emissivity in
the II and III quadrants do not agree entirely). A good
match of Fermi-LAT data is achieved for ! ’ ½0:7–0:9%,
with ! ¼ 0:85 providing an optimal fit and improving the
residual distribution.
Effect on the CR anisotropy.—The CR LSA component

in the radial direction is related to the CR gradient by

anisotropy ¼ 3D?
c

!!!!!!!!
rrnCR
nCR

!!!!!!!!; (2)

FIG. 1 (color online). Integrated "-ray emissivity (number of
photons emitted per gas atom per unit time) constrained by
Fermi-LAT (orange region [15], gray region [14]) compared
with our predictions for ! ¼ 0, 0.2, 0.5, 0.7, 0.8, 0.9 (from top
to bottom).

FIG. 2 (color online). Predicted longitudinal profile of the
"-ray diffuse flux along the Galactic plane compared to
Fermi-LAT data [27], and residuals. Data are integrated over
the latitude interval jbj< 5( and in energy between 1104 and
1442 MeV. Solid line ! ¼ 0:85, dashed line ! ¼ 0.
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Red dashed: !
D(R) = constantBlue solid: Q(R)τ 

model τ = 0.85

Residuals against Fermi-LAT data

Evoli, Gaggero, DG, Maccione, PRL 2012

D?(R) / Q⌧ (R)

source injection rate
↑



The effect on the synchrotron longitude profile
Di Bernardo, Evoli, Gaggero, DG 2015

The Synchrotron Emission of the Galaxy
Unconventional propagtion model: the CR gradient problem

preliminary results

giving up on the isotropy assumption
...
here we asume an anisotropic rigidity
dependence for the di�usion coe�cient:

§ DKprq9QSNR prq· ;
§ D||prq “ uniform;
§ black curve: WMAP K-band, 9yr

Giuseppe Di Bernardo (MPA) Cosmological Magnetic Fields, Nordita Conference 2015 25 / 39



The effect on the CR anisotropy
Anisotropy prediction

δ = 0.6 
τ = 0

δ = 0.6 
τ = 0.85

CE, D. Gaggero, D. Grasso & L. Maccione, PRL, 2012
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Evoli, Gaggero, DG, Maccione, PRL 2012

“Molecular ring” – high density of 
CR sources

☉
We live here!

The CR anisotropy is significantly ameliorated by spatial 
dependent diffusion !



The case of a spatially dependent δ 
• Non-linear effects may induce a radial or vertical 

dependence   Erlykin & Wolfendale 2012, Yan & Evoli ApJ 
2014	

•  Tomassetti  ApJ 2012 considered the case of a two-zone 
regime showing that this may explain the hardening in 
the primary CR spectra observed by PAMELA, AMS-02 
…  at ~ 250 GeV/n

cD
Tomassetti, ICRC 2015, using DRAGON 

Δ ≃ 0.5 - 1



The case of a spatially dependent δ 
the presence of a poloidal component of the 
GMF in the GC region should make the role 
of D||  growing respect to D⊥ (standard case)	

Since, for Kolmogorov turbulence 

Dk(E) / E1/3

Jansson & Farrar  ApJ 2012

D?(E) / E0.5÷0.6

this may cause the effective value of  δ  
decreasing with R !

De Marco, Blasi & Stanev 2007 



The Fermi-LAT inner Galaxy anomaly
The GALPROP based Fermi benchmark 
(FB) model underestimate the diffuse 
emission in the inner Galactic Plane (GP)                       
Fermi coll. ApJ 2012!

a longitude dependent 𝛾-ray (hence CR 
protons) spectral index has also been found Gaggero,Urbano, Valli, Ullio, PRD 2015

Casandajian [Fermi coll.] 2014

FB value

Gaggero et al. 2015 confirmed the excess 
using updated Fermi data/tools and 
proposed a phenomenological model 
(KRA𝛾) implemented with DRAGON with 
δ(R) = A R + B  such that δ(Rsun) = 0.5        

Fermi benchmark

KRA𝛾



Solving long standing problems of conventional models!
MILAGRO anomaly

Gaggero, DG, Marinelli, Urbano, Valli  arXiv:1504.00227   
accepted by ApJL  

While the conventional models under 
predict the flux measured by  
MILAGRO in the inner GP (even 
accounting for the hardening at 250 
GeV/n) 	

The KRA𝛾 model matches MILAGRO 
consistently with Fermi (point 
sources subtracted) without further 
tuning !	

HAWC may soon test this prediction



Solving long standing problems of conventional models!
HESS anomaly

Gaggero, DG, Marinelli, Urbano, Valli  arXiv:1507.07796   
ICRC 2015

HESS (Nature  2006) measured a spectrum 
harder ( 𝚪 ≃ - 2.3 ) than expected on the basis 

of conventional CR models,  associated with the 
molecular complex in the inner 200 pc of 
Galaxy.  This is also the case for the updated 
Fermi benchmark model. 	

The  KRA𝛾 model matches  FERMI + HESS                                

KRA𝛾:   𝛘2 = 1.79                                            

against  𝛘2 = 2.92  for a corresponding   	 	
	  	                conventional model	



Possible implications for high energy neutrinos!
IceCube results

IceCube coll. ICRC2015IceCube found evidence for 37 events PRL 
2014 (54 preliminary) with reconstructed 
direction above 28 TeV corresponding to a                              
5.7σ (7σ) excess respect to the atm. bkg.      
(follow F. Halzen plenary talk tomorrow !)	

angular distribution compatible with isotropy  
but up to 50 % may be Galactic,  Ahlers 2015  
(see Neronov & Semikoz arXiv:1509.03522)	

spectrum seems to be softer than expected 
for most conventional extragalactic 
astrophysical sources (AGNs, GRBs .. ) but 
present uncertainties do not allow firm 
conclusions

http://arxiv.org/abs/arXiv:1509.03522


IceCube coll. ICRC2015

65

ICRC (2015),   E > 10 TeV	
PRD 91, (2015) all event E > 1 TeV	
PRL 114 (2015), HESE E > 35 TeV	
PRL 101101 (2014), HESE E > 60 TeV	
!
PRL 115 (2015) νμ,   E > 100 TeV 
 probes the northern hemisphere 
should be representative of the       
extra-Galactic flux  
!
hints for a higher and steeper 
spectrum in the southern 
hemisphere !

Possible implications for high energy neutrinos!
IceCube results



Possible implications for high energy neutrinos

• On the full-sky the KRA𝛾  model 
predicts a flux double than the 
corresponding conventional model 
(KRA)!

• The sum of best-fit ν flux measured 
by IC in the Norther hemisphere 
(taken to be representative of the 
isotropic extra-Galatic flux) and of 
the KRA𝛾 reproduces the full-sky 
measure by IceCube 

Gaggero, DG, Marinelli, Urbano, Valli  arXiv:1504.00227   
accepted by ApJL  



Possible implications for high energy neutrinos!
The Galactic plane

• The flux estimated from the IC events in the GP region is reproduced,  
this is more critical in the absence of the Galactic component!

• This should soon be testable by ANTARES + IC and Km3NeT
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CONCLUSIONS

• We need better knowledge of GMF to improve CR models but 
we also need better CR data/theory to correctly model GMF 
against radioastronomical and microwave data!

• The increasing richness and accuracy of  𝛾-ray and CR data 
motivate going beyond the homogeneous and isotropic 
treatment of CR transport in the Galaxy!

• Several experimental results already provide hints that 
inhomogeneous and anisotropic CR transport is indeed 
playing a role.  In particular we showed that may be the case 
for the diffuse  𝛾-ray and neutrino emission of the Galaxy. 
Forthcoming results should clarify it quite soon.


