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OutlineOutline

I – Where are the PeVatrons ?
First decades after a SN explodes in a dense wind promising 

 

II – AnisotropicAnisotropic (G)CR diffusion around their sources
Gamma-ray astronomy as a new probe of ISMFs, 

and of CR-driven instabilities around Galactic sources

 

III – Model for GCRs above 300 GV, and Transition from 
Gal. to Extragal. CRs

Model fitting all observables / all recent CR measurements



I – Where are the PeVatrons ?I – Where are the PeVatrons ?

BellBell, Schure, Reville, GG,, Schure, Reville, GG,

MNRAS 431, 415 (2013)MNRAS 431, 415 (2013)
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Bell's instabilityBell's instability

Large CR current densities : Large CR current densities : 
Bell's non-resonant hybrid instabilityBell's non-resonant hybrid instability

(Bell '04)(Bell '04)
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Bell's instabilityBell's instability

(Bell '04)(Bell '04)



   

G. Giacinti et al.      Anisotropic CR Diffusion and Gamma­Ray Astro.     SuGAR, Geneva, Jan 21 (2015)

CR acceleration and escapeCR acceleration and escape

CRsCRs  

BkgBkg
plasmaplasma
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CR acceleration and escapeCR acceleration and escape

pistonpiston
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CR acceleration and escapeCR acceleration and escape
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CR acceleration and escapeCR acceleration and escape

CR charge through a unit surface, upstream

r

R

( )

Diff. / R :

    ρρ  = cst → = cst → 
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CR acceleration and escapeCR acceleration and escape

r

R
Diff. / R :

    ρρ   αα  r  r -2-2 →  → 

CR charge through a unit surface, upstream
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Cosmic Ray electrons at fwd. shock & Cosmic Ray electrons at fwd. shock & 
radio SNeradio SNe
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Cosmic Ray electrons at fwd. shock & Cosmic Ray electrons at fwd. shock & 
radio SNeradio SNe



II – II – Anisotropic CR diffusion  CR diffusion 
around their sourcesaround their sources

Giacinti, Kachelriess, SemikozGiacinti, Kachelriess, Semikoz

PRL 108, 261101 (2012)PRL 108, 261101 (2012)

+ PRD 88, 023010 (2013)+ PRD 88, 023010 (2013)
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Inverse ComptonInverse Compton

γγ  ray emission around sources ray emission around sources

Molecular cloudMolecular cloud

SynchrotronSynchrotron

SNR orSNR or

Pulsar,...Pulsar,...
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Perpendicular/Parallel diffusion coeffs.Perpendicular/Parallel diffusion coeffs.

Increasing turbulence

CRs diffuse faster along a regular magnetic field

B

CR

B
reg

B
turb
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S

S

B
reg

Gamma-rayGamma-ray

extended emissionextended emission

D
parall

D
perp

n

G.P.

Consider the most simple case :

isotropic turbulence only

In textbooks :

γγ  ray emission around sources ray emission around sources

MolecularMolecular

cloudcloud
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The Galactic turbulent magnetic fieldThe Galactic turbulent magnetic field
Satisfies : <B(x)> = 0, <B(x)2> = B

rms

2, and div B = 0
  

Fourier transform : 
 

                                 with

Power spectrum :                           (α = 5/3, 3/2 plausible)

 for                                           with  L
min

< 1 AU, L
max

~ 10 pc -

                                                                                 100 pc
 

 

Coherence length :                      L
c
 ~  few 10s pc locally

(e.g. works of P. Frisch)
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mfpmfp

diffusion approximationdiffusion approximation

Diffusion approximationDiffusion approximation

L
max

~100pcr
L,1PeV

~0.3pc~ r
L
/10

Resonant Resonant 
scatteringscattering

of CRsof CRs ???
« No » 
effect

~1 AU

10 PeV

200pc
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Diffusion approximationDiffusion approximation

L
max

~100pcr
L,1PeV

~0.3pc~ r
L
/10

Resonant Resonant 
scatteringscattering

of CRsof CRs

« No » 
effect

~1 AU

LL
maxmax

 , L , L
cc
 >> r >> r

LL
 (TeV - PeV) (TeV - PeV)

Act like local Act like local 
regular fields !regular fields !
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AnisotropicAnisotropic diffusion in  diffusion in isotropicisotropic  
turbulenceturbulence

~ L
max ~ L

max

For ∆t ~ 1 kyr, v
10km/s

∆t ~ 0.01 pc << (6D
1PeV

∆t)1/2 ~ few 10s pc
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AnisotropicAnisotropic diffusion in  diffusion in isotropicisotropic  
turbulenceturbulence

~ L
c ~ L

c

For ∆t ~ 1 kyr, v
10km/s

∆t ~ 0.01 pc << (6D
1PeV

∆t)1/2 ~ few 10s pc

BB
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Generated magnetic turbulenceGenerated magnetic turbulence

100 pc100 pc

|B| : 0 – 8 |B| : 0 – 8 µµ GG
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Results of numerical simulationsResults of numerical simulations

t = 1kyr

200 pc

n
CR

(X,Y)

E/Z=1PeV, Kolmogorov spectrum, L 
max

=150pc
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Results of numerical simulationsResults of numerical simulations

t = 2kyr
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Results of numerical simulationsResults of numerical simulations

t = 4kyr
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Results of numerical simulationsResults of numerical simulations

t = 6kyr
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Results of numerical simulationsResults of numerical simulations

t = 10kyr

... then starts to tend towards the r     t1/2  behaviour

~ L
max
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Anisotropic diffusion and Anisotropic diffusion and γγ  ray astro. ray astro.

CR column density          γ ray emissivity

p
p

π0 γ Very forward 
beamedγ
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Eigenvalues of the diffusion tensorEigenvalues of the diffusion tensor

Inject N particles at x = 0 in one singleone single B field realization 'b'

 
Calculate                                                      (i, j = X,Y, Z)

 

Compute its eigenvalues : 
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Eigenvalues of the diffusion tensorEigenvalues of the diffusion tensor

Inject N particles at x = 0 in one singleone single B field realization 'b'

 
Calculate                                                      (i, j = X,Y, Z)

 

Compute its eigenvalues : 

Average d
i

(b) over M field realizations :
 

                                                                       (i = 1, 2, 3)
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Eigenvalues of the diffusion tensorEigenvalues of the diffusion tensor

Inject N particles at x = 0 in one singleone single B field realization 'b'

 
Calculate                                                      (i ,j = X,Y, Z)

 

Compute its eigenvalues : 

Average over M field realizations :
 

                                                                       (i = 1, 2, 3)

d
3
/d

1
~ few 10s
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Eigenvalues of the diffusion tensorEigenvalues of the diffusion tensor

Inject N particles at x = 0 in one singleone single B field realization 'b'

 
Calculate                                                      (i ,j = X,Y, Z)

 

Compute its eigenvalues : 

Average over M field realizations :
 

                                                                       (i = 1, 2, 3)

d
3
/d

1
~ few 10s

For Bohm spectrum (α = 1) : 
d

3
/d

1 
~ 3 - 4
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Dependence on parametersDependence on parameters

t* >> 4D/c2

Interestingly, (6Dt*)1/2 ~ L
max

 => t*   L
max

2 ?  ~ yes.
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Dependence on parametersDependence on parameters

t*    1/D    E-1/3  (Kolmogorov)E (PeV)

1

0.1

0.01

t (kyr)
0.5 2 7
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Dependence on parametersDependence on parameters

t*    1/D    E-1/3  (Kolmogorov)E (PeV)

1

0.1

0.01

t (kyr)
0.5 2 7
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CRs and local configuration of the CRs and local configuration of the 
magnetic fieldmagnetic field

            - t <~ t* /10 :- t <~ t* /10 :                                    - t ~ t* :- t ~ t* :                    - t >~ 10 t* :- t >~ 10 t* :

No visible No visible 
differencedifference

Nearby field lines Nearby field lines 
coherent over ~Lcoherent over ~L

cc
 : :

CRs in a flux tubeCRs in a flux tube

high distance tail 
different from iso. 
diff. predictions
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Gammas offset from the sourceGammas offset from the source
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Gammas offset from the sourceGammas offset from the source

>300
GeV

>30
TeV

t = 0.5, 2, 10 kyr after escape 
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« Idem » for electrons« Idem » for electrons

>300
GeV

>30
TeV
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Molecular Clouds !Molecular Clouds !
Spectrum in / out filamentsSpectrum in / out filaments

>300
GeV

>30
TeV
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CR­driven instabilitiesCR­driven instabilities

SS

jj
CRCR

~2L~2L
cc
~60pc~60pc

~6pc~6pc 100eV/cm100eV/cm33

~~

Comparison of low to high E gamma-ray images Comparison of low to high E gamma-ray images 
should yield information on CR-driven inst.should yield information on CR-driven inst.

NB : The CR pressure does not widen the filamentsNB : The CR pressure does not widen the filaments

If e.g. 1 % neutralsIf e.g. 1 % neutrals
 → damp. ~ 1kyr → damp. ~ 1kyr
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Observations : First hints at our Observations : First hints at our 
findings ?findings ?

- Anisotropic diffusion around SNR W28 ? :- Anisotropic diffusion around SNR W28 ? :
Nava & Gabici   MNRAS   '12Nava & Gabici   MNRAS   '12

(Tycho - VERITAS)

- Irregular images / Offset from the source :- Irregular images / Offset from the source :

« For higher levels of anisotropy of the diffusion, larger values of the diffusion coefficient are 
found to provide a good fit to data. Thus, detailed models for the propagation of cosmic rays 
are needed in order to interpret in a correct way the gamma­ray observations. »



   

G. Giacinti et al.      Anisotropic CR Diffusion and Gamma­Ray Astro.     SuGAR, Geneva, Jan 21 (2015)

Girichidis et al.   arXiv:1406.4861

Kistler et al.

1210.8180

Malkov et al.   ArXiv:1207.4728 :

1D Analytic for a MC aligned with field line

Several authors confirm our findings :

Other authorsOther authors



III – Model for GCRs above III – Model for GCRs above 
300 GV, and T300 GV, and Transition from ransition from 

Gal. to Extragal. CRsGal. to Extragal. CRs

Giacinti, Kachelriess, SemikozGiacinti, Kachelriess, Semikoz

PRD 90, 041302 (R) (2014)PRD 90, 041302 (R) (2014)

+ In prep.+ In prep.
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Halo

Earth

Diffusion approximation

CR diffusion in the Milky WayCR diffusion in the Milky Way
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Composition, anisotropy and the Composition, anisotropy and the 
transitiontransition
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Composition, anisotropy and the Composition, anisotropy and the 
transitiontransition

Limits on / Measurements of the dipole amplitude :

(Pierre Auger Coll.)

- Some Fe possible up to the ankle- Some Fe possible up to the ankle

- p / CNO : Extragal.- p / CNO : Extragal.

e.g. Giacinti et al., JCAP 07, 31 (2012)
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PRD '14; arXiv:1403.3380

The kneeThe knee
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Recent Galactic magnetic field modelsRecent Galactic magnetic field models
Jansson & Farrar 

R. Jansson and G. R. Farrar, Astrophys. J. 757, 14 (2012)

Regular
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Recent Galactic magnetic field modelsRecent Galactic magnetic field models
Jansson & Farrar 

Astrophys. J. 761, L11 (2012)

Turbulent
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1403.3380

Gaz 
distribution :

Minimum, up to z = +/- 10 kpc

The kneeThe knee
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The kneeThe knee
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Composition ­ FluxesComposition ­ Fluxes
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SiMg

Composition ­ FluxesComposition ­ Fluxes

inj.   = −2.4αinj.   = −2.4α

−−2.72.7 −−2.22­1/32.22­1/3

Inj. Nucl. Inj. Nucl. αα = −2.17 or 2.22 = −2.17 or 2.22
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AnisotropyAnisotropy
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Auger LimitsAuger Limits

arXiv:1409.5083
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All configs
Incl. Nearby
Source

SatisfyingSatisfying 
Auger LimitsAuger Limits

Auger LimitsAuger Limits
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1:1 at 2×1017 eV

0:1 at 2×1018 eV

Galactic CRsGalactic CRs
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Composition ­ ln(A)Composition ­ ln(A)

60% p, 25% He, and 15% N 60% p, 25% He, and 15% N 
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protons ­ Auger (EPOS model)protons ­ Auger (EPOS model) 

Difference between KASCADE­Grande protons  Difference between KASCADE­Grande protons  
and our prediction, obeying Auger limitand our prediction, obeying Auger limit

­ 2.2­ 2.2  

~2×10~2×101818 eV eV

Extragalactic CRsExtragalactic CRs
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ConclusionsConclusions

● SNe in dense winds : >  Z x PeV energies.
 

● Anisotropic diffusion of CRs around their sources
 

● Escape model can fit all new CR data / observables
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