Anisotropic CR Diffusion and
Implications for y-ray Astronomy
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Bell's instability

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

(Bell '04)
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Bell's instability

carries a charge density —ne. If the background plasma carries a
current density j in its local rest frame, then VA B = j1g(jo + j —
ne u) where u is the local plasma fluid velocity. Consequently, in
the upstream rest frame (moving at speed v, relative to the shock),
the momentum equation for the background plasma is

d 1
,ﬂ—l::—VP——B;\(Vﬁﬂ)—jcrﬁﬂ+nﬂeunﬂ, (1)

d Ho E—
where P is the background plasma pressure. The plasma pressure
plays no part in the linear calculation as the fluctuations are trans-
verse in the cases we consider. The other MHD equations are unaf-
fected by the presence of the CR:

N
o A B dt

These equations make it clear that the MHD turbulence is driven by
the — j . A B force exerted in reaction to the j . A B force exerted
on CR through the current they carry.

=V (pu). (2)
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CR acceleration and escape

MNRAS 431, 415-429(2013) doi:10.1093 /mnras/sttl 79
Advance Access publication 2013 February 27

Cosmic-ray acceleration and escape from supernova remnants

A.R. BellL* K. M. Schure, B. Reville and G. Giacinti

Clarendon Laborarory, Universiny of Oxjord, Parks Road, (Oxford OX1 2PU, UK

a background plasma modelled magnetohydrodynamically.
Standard MHD equations describe the background plasma
except that a —jor x B force is added to the momentum

equation:

| 1
e
€ fA0
as described in Lucek & Bell (2000) and Bell (2004). The CR
distribution function f(r.p.t) at position r and momentum
p is defined in the local fluid rest frame and evolves accord-
ing to the Vlasov-Fokker-Planck (VFP) equation

CRs —» @ _ 00,008 f_l-_ﬁ.e-f,.iﬂjﬂ +C(f)  (8)

= —y i
et ", bi or; dp; © O

where C'(f) is an optional collision term included to repre-
sent scattering by magnetic fluctuations on a small scale.
The electric field is zero in the local fluid rest frame.
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CR acceleration and escape
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CR acceleration and escape
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CR acceleration and escape

f]/maxdf e~ Qcr = /j(;Rdf = 10~/ p/ 10
CR charge through a unit surface, upstream

’—\

The CR current density at a radius R is jcr = nour?/R*T

7
/ \ (CRs accelerated to energy eT when the shock radius was r)
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Diff. / R :
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Diff. / R :

M5
2 — 2. 2 TeV
p ar N I = 760770_03”7 o &

G. Giacintietal.  Anisotropic CR Diffusion and Gamma-Ray Astro. SuGAR, Geneva, Jan 21 (2015)



Cosmic Ray electrons at fwd. shock &

radio SNe
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ABSTRACT

1 are discussed. We find that a fit to the individual spectra by a
| mternal free-free absorption and synchrotron self-absorption, gives
1 re free-free absorption. A standard r~? circumstellar medium is
1 . From the flux and ;

1 : shock is determine

getic field in the
¢ strength of

Pihe magnetic and

S ck is ~0.14, Synchrotron losses dominate t cooling of the elec-

due to photospheric photons are less important. For most of the
e spectrum. A model where a constant fraction of the shocked,
elerated, and subsequently lose their energy due to synchrotron
tion of the flux and number of relativistic electrons well The

{cy” 21 consistent with diffusive shock acceleration. The injected

scales with the thermal electron energy density, p¥ 2, rather than

1 % is strongly connected to the deceleration of the shock wave. The
1 electrons, if extrapolated to y~ 1, is ~35 x 107* of the thermal
1 n required is consistent with previous calculations of the circum-
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Cosmic Ray electrons at fwd. shock &

P T D

The magnetic ﬁelds of the mrcumstellar medla of late type
supergiants are uncertain. Based on polarization obser-
vations of OH masers in supergiants, Cohen et al. (1987)
and Nedoluha & Bowers (1992) estimate that at a radius of
~10'® ¢cm the magnetic field is ~1-2 mG, although the
uncertainty in this number 1s large. It 18 unlikely that the
magnetic field in the wind 1s higher than that corresponding
to equipartition between the magnetic field and the kinetic
energy of the wind. This means that B*/8n < pug/2, giving

oAz : 1/2
M) "o M 1)
r 107° Mg yr
u,, 1/2 , -1
K(lﬂlﬂ‘ﬂs_l) (mlﬁcm) mG . (46)

Likely locations for the electron acceleration are at the posi-
tion of the circumstellar shock or, alternatively, close to the
contact discontinuity between the circumstellar swept-up
gas and the shocked ejecta gas. The latter region 1s
Rayleigh-Taylor unstable, and the associated turbulence
may help in amplifying the magnetic field (Chevalier et al
1992; Jun & Norman 1996).
At 10 days, cnrrespnndmg to a radlus ~1.9 x 10'° cm

we find that the magne mias 100 18 ~34

< 4 ghetic
el@®and a shock compression by a factor of 4, this Eﬁ
thock magnetic field would be B = (24-4.8) x 107 G.
This is a factor ~ 10° less than that inferred from the obser-
vations and therefore strongly argues for magnetic field
amplification behind the shock. Although this conclusion
ests on the very uncertain estimate of the circumstellar

atis Falde AF tha AsrameAditoas cwotass a cimala ohe

G. Giacinti et al.
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the discussion below. In Flgure
the injected nonthermal electron
tion of shock radius. The value ¢
by the optically thin flux and, the
in § 5, can be shown to depe
V3730 o 12 A least-squares
for the first 100 days1s given by

— —1.1 R-‘ o
Meel = Meel 15 Pmin 1D15 cm

where n,, s = (6.1 + 0.7) x 10*
After 100 days there 1s a promin
and one finds that n,, =(4
n =264 + 0.05. A fit based on
days givesn,, ;s = (64 + 0.8) x
Chevalier (1996) has discusses
density of relativistic particles b
fraction of the thermal particle ¢
or a constant fraction of the the:
Puing V> oo R72V? oot~ 2, Here
These scalings have little physica
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Cosmic Ray electrons at fwd. shock &

Astronomy & Astrophysics manuscript no. snl1993; © ESO 2013
February 18, 2013

Radio emission and nonlinear diffusive shock acceleration of

cosmic rays in the supernova SN 1993J
V. Tatischeff

Centre de Spectroméirie Nucléaire et de Spectrométrie de Masse, CNRS/IN2P3 and Univ Pans-Sud, F-91405 Orsay, France*
and Institut de Ciéncies de I"Espai (CSIC-IEEC), Campus UAB, Fac. Ciéncies, 08193 Bellaterra, Barcelona, Spain
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Il - Anisotropic CR diffusion
around their sources

Giacinti, Kachelriess, Semikoz
PRL 108, 261101 (2012)
+ PRD 88, 023010 (2013)




y ray emission around sources

Molecular cloud
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Perpendicular/Parallel diffusion coeffs.

CR > Bturb
:
A\

CRs diffuse faster along a regular magnetic field

reg

le+34 1e+30 [
1e+33 |
w —~ l1e+29 -
o~ 1e+32 F . 2
5 £
v. 8
[ g
S 1e+31 | . g
- O fes28 | -
1e+30 | -
BturEZ/ Bt%tz =01 —— BturEZ/Bt%t2 =01 ——
1429 L Bturb /BtOt o 0.46 10427 , . Bturb /BtOt = 0.46
Te+15 1e+16 Te+17 1e+15 1e+16 1e+17
Energy (eV) Energy (eV)

Increasing turbulence
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y ray emission around souches

In textbooks :

Gamma-ray

extended emission Molecular

cloud

Consider the most simple case :
isotropic turbulence only

(r Yy = V6Dt

7,,2
N ocexp (_4Dt)

G. Giacintietal.  Anisotropic CR Diffusion and Gamma-Ray Astro. SuGAR, Geneva, Jan 21 (2015)




The Galactic turbulent magnetic field
Satisfies : <B(x)> =0, <B(x)>>=B_* and divB =0

r

d3k |
Fourier transform : B;(x) = / 2n)? B; (k)eitkxt9ik)
-

with |B(k)|? oc k=@ ?
Power spectrum :  P(k) < k=% (a = 5/3, 3/2 plausible)
for 27/ Lyee < k < 27/ Ly with L <1 AU, L~ 10 pc -
100 pc

Coherence length : L_~ few 10s pc locally
(e.g. works of P. Frisch)
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Diffusion approximation

N Resonant
« NO » "
scattering
2727
effect of CRs 29

—nm—mth 0 _
~1 AU T_rL/1() rL’1PeV~O.3pC L__~100pc

m
¥

orev  diffusion approximation
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Diffusion approximation

Resonant .
« NO » scattering Act like local

[ ]
effect of CRs regular fields !
—— — ey

— >
~1 AU ~1 /10 rL,1PeV~O.3pC L__~100pc

m

L _.,L >>r (TeV-PeV)
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Anisotropic diffusion in isotropic
turbulence

For At~ 1 kyr,v.__ At~0.01pc<< (6D, At)" ~few 10s pc
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Anisotropic diffusion in isotropic
turbulence B

For At~ 1 kyr,v.__ At~0.01pc<< (6D, At)" ~few 10s pc
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Generated magnetic turbulence

d e S . W

f_|B| 0~ a;wca

S00pc
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Resulits of numerical simulations

E/Z=1PeV, Kolmogorov spectrum, L __ =150pc

a

t = 1kyr

200 pc

n_(X)Y) o 0.2 0.4 0.6 0.8 1

G. Giacintietal.  Anisotropic CR Diffusion and Gamma-Ray Astro. SuGAR, Geneva, Jan 21 (2015)



Resulits of numerical simulations

t = 2kyr

B 2 | |
0 0.2 0.4 0.6 0.8 1
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Resulits of numerical simulations

t = 4kyr

B 2 I |
0 0.2 0.4 0.6 0.8 1
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Resulits of numerical simulations

t = 6kyr

B |
0 0.2 0.4 0.6 0.8 1
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Resulits of numerical simulations

t1/2

... then starts to tend towards the r ~« behaviour

t = 10kyr

B ]
0 0.2 0.4 0.6 0.8 1
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Anisotropic diffusion and y ray astro.

P 1y \ Very forward
P — y«: beamed
| r : 9 10 F [ :

10 | 1

-10 - ! ! | i -10 o | = | |
10 -5 0 5 10 -10 -5 0 5 10
_________ Eaea ___ CEaeaM B ]

0.01 0.1 1 0.01 0.1 1
CR column density Y ray emissivity
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Eigenvalues of the diffusion tensor

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

| N (@) (o

Calculate DY — — t 73
el M

=

(I, = X)Y, Z)

Compute its eigenvalues : 4" < ¢\" < g\

1e+30

1e+29 ¢

1e+28 |

D(1PeV) (cm?/s)

1e+27 '
10

0 0.2 0.4 0.6 0.8 1

Time (kyr)
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Eigenvalues of the diffusion tensor

Inject N particles at x = 0 in one single B field realization 'b'
N (a), (a)

(b) 1 L; "L, .
Calculate D, _—Z = (i, j= XY, 2)

N

=

Compute its eigenvalues : 4" < ¢\" < g\

1e+30

Q)
[at]
E
L
< 1e+29
3
a
a
Eigenvalue 1
Eigenvalue 2
Eigenvalue 3
Total ---------
. - ) 1e+28 '
|| : 0.1 1 10
0 0.2 0.4 0.6 0.8 1 Time (kyr)
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Eigenvalues of the diffusion tensor

Inject N particles at x = 0 in one single B field realization 'b’
N (a), (a)

3L e
Calculate D) = %Z '3 Qtf (i, j= XY, Z)

=

Compute its eigenvalues : 4" < ¢\" < ¢\

Average d® over M field realizations :
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Eigenvalues of the diffusion tensor

Inject | - | o n'b

Calcul _ te+29 f = m— )
@ - — "~ _
E | P —
(&) ~ St
Comp: d /d ~ few 10s
>
0
Avera( a
1e+28 |
A - X s
0.1 1 10 100
Time (kyr)
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Eigenvalues of the diffusion tensor

Inject | | | n'b

Calcul 1e+29 |

Compi!

D(1PeV) (cm?/s)

Averag

1e+28 |

0.1
Time (kyr)
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Dependence on parameters

1e+29 |

D(1PeV) (cm?/s)

1e+28 |

0.1 1 10 100
Time (kyr)

Interestingly, (6Dt*)"* ~L =>t"«cL *? ~yes.

X ax
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Dependence on parameters
2 t (kyr)

(PeV) *x 1/D x E™ (Kolmogorov)
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Dependence on parameters

E/PCV) ~7 (Brms/4 pG)”

t (kyr)

Ls Y 104yr

max/ 150 pC

with 8 ~ 2 and v = 0.25-0.5

E (PeV) *x1/Dx E (1Kolmogorov)

0.01
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CRs and local configuration of the

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

0.1

Kolmogorov

40 - - Isotropic diffusion ———-

Z(pc) 20 f i

co-zua
CRs in a flux tubeg :i

100
50
ok
50 F
-100 |

20 0.01 . .
Sstance tail N.o visible
40 0.001 different from iso. | d|ffe rence
diff. ph\edi ions
0.0001 JI H |L|[|_|I
Nearby field Iines (I) E;O 160 1I50 260 2I50 \3I00 3I50 400 450
coherent over ~L : 240 pex 240 po

Z (pc)
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Gammas offset from the source

+- ;

BT 7 I [ | I L/ I BT 1T 7T 7T T 1
0 50 100 150 200 250 300 350 0 10 20 30 40 50 60 70 80 90 0 2 4 6 8 1012141618 20

Relative surface brightness in gamma-rays on the sky above E. = 300 GeV for a proton source —See key below each
| '| ] b " .. PR | b 1 _.. e . ] b Y . Pl .. . ¥ e . 1) —.I ] ' .
panel. ¢ = 1kyr (left panel), ¢ = 3 kyr (middle panel) and ¢ = Tkyr (right panel) after escape from the source. An F™° spectrum
and a maximum energy Foax | PeV have been assumed for the source. For clarity, the density of target pas is supposed to be
homopgeneous. Same parameters are used as in previous figures for the interstellar magnetic fields. Each panel size corresponds
to an 80 pcx80pc region. The white cross represents the position of the source.
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Gammas offset from the source

80 pc x 80 pc 80 pc x 80 pc 240 pc x 240 pc

0.1 1 10 100 1000 t=0.5,2,10 kyr after escape

0.001 0.01 0.1 1
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« |[dem » for electrons

0.6

01 F

Fraction in bin

0.01

0.001

0.1 kyr
1 kyr
3 kyr
7 kyr

10 kyr

|

28+13

le+14
Energy CR electrons (eV)

1a+15
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Molecular Clouds !
Spectrum in / out filaments

10000 ==

1000

100 F

10 ¢

IN the filament
OUT of th e filament

1e+12 1e+13 1e+14 1le+15

E.},2 x Surface brightness (eV/(sr cm? s))

E. (V)
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CR-driven instabilities

T~ [;-TCREZ-'D/'(EEE)

~6pc ¢ O + 1009\”‘3”‘5 5Tsnre = 10y p1sm/ o E?le/ (Ucre Do)
S ~ 1.4, 3.1, 14 and 67 kyr

< > 3. 10, 100 and 1000 TeV CRs
~2 Lc~60pc
?L{j i EE/D
Ife.g. 1 % neutrals
— damp. ~ 1kyr ‘ E Z 0.1 \/ (L0 / PISM Ucrel: = 40 TeV

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

NB : The CR pressure does not widen the filaments
pismdu/dt = |VPcr| ~ 100 eV-cm ™2 /3 pc
t2.du/dt ~ 0.3 pc
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Observations : First hints at our
findings ?

- Irregular images / Offset from the source :

(Tycho - VERITAS)

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

« 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 gamma-ray observations. »
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Other authors

Malkov et al. ArXiv:1207.4728 :

1D Analytic for a MC aligned with field line

Several authors confirm our findings :

Girichidis et al. arXiv:1406.4861

Kistler et al.
1210.8180
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lll - Model for GCRs above
300 GV and Transmon from

; eg o
Giacinti, Kachelriess, Serﬁﬁoz
PRD 90, 041302 (R) (2014)

+ In prep.
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Composition, anisotropy and the

transition

W.D. Apel et al / Astroparticle Physics 47 (2013 ) 54-66

101? IV vyy ¥ EAS-TOP {Astrop Phys. 10{199G)1) —
.. Wy +,. il Tietlll, GESIET 01 [ApJETE(2008}1 1656) —
i P AT ; # CGAMMA ICRC 2011) =
i - Iﬁ b B keTop (adiv: 202, 300591 | =]
=] é 1 TUNKA-133 (ICRC 2011)
-~ = ok L Yabutsk (Newd Phys 112008065008 =
D i O 0 6-" X KASCAD E-Grande, OGSIET || jAstrop Phys, 36(2012)1 83) 1)
= - Akgno |JPivs G18{19921423)
o = AGASA (ICRC 200]
th HiFtes| [PRL10O2008]101101)
| HiResll {PRL10K2008 101101} ]
T (1 AUGER [arkiv: 1107:4809)
- AUGER AMIGA inill (ICRC 2011)
o W
o 16 T 3r —
lE 1 'D = .,J.:E, j::l}. —
y o % AL . -
L. -&
= . o ==
w L -I'-'El * ------ # i j u| s -]
W i i 9 P S & ]
* % o 7 {1
L g XPLiel g o
e |
2 x|
15 | s b .
T 10 L et e Yo W K, 22 | : &
o i : =
= KASCADE, all-pant., GESJET Il {see Appendx A) il
— B KASCADE, hght {p), QGS.JET Il {see Appendx A _
KASCADE, mediuim [He+C+8), QGSJET Il see Afgpendo &)
::' KASCADE, heavy |Fe), QGSJET H{zee Appendix A —
— — @) KASCADE-Grande, alpan., QESJET Il {Tis work) -
=) KASCADE-Grande, kgt (p), QGSJET Il (Tus work)
| M KASCADE-Grande, medium {He+Cr 5, GGSJET 11 {ihis work) o i _
KASCADE-Grande, heavy (Fejl, QBSJET Il jiis wodk) : |
] ] | L1 1 i} 1 1 L] [ | ! L1 1 i 141

primary energy E/eV
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Composition, anisotropy and the
transition

Limits on / Measurements of the dipole amplitude :

z

(Pierre Auger Coll.)

|_# icoCube:
e ; f : _ 10°

= B EAS-TOP ApJ 2009 ; : : 3

= @  lce Top ApJ 2013 =1

B ¥ Ice Cube ApJ 2012 B

— KASCADE ApJ 200 - : : |
- ’ ! Auger
; 5 |EAS-TOP .
C ! | : i [ ICE-CUBE S.~
Toal 1 | l!||||i | | |||||I | 11 |||||i | | ||||i|1 1 [ |||||i 10'4 '14 }15 ITG :17 I18 I19
14 15 16 17 18 19 1 1 1 1 1 1
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Studying Galactic interstellar turbulence through fluctuations
in synchrotron emission

First LOFAR Galactic foreground detection

M. lacobelli!2, M. Havmkmnq E. Duu---ﬁ R. F PlZZD‘ J. Anderson”®, R. E+:+:I~t4 M. R. Bell’, A. Bonafede®,

K. Chyzy’, R.-J. Dettmar®, T. A. Enﬂlm G. Heald?, C. Hmnn:llmu]U A Hmncfﬁ:l W. Jmuuk? H. Junklewitz’
M Kunivachi? TY T h."'llﬂ.l"ﬂl‘l'l.l"" [ ] Dn1nr‘11nnﬁ W Rairh? A Qraifall thnu" i Qntnnﬁnunl-nnhlﬂn]—

a vanabron of the rafo of random o ordered Deld as a tunchion of Galachc coordinates, supporting different turbalent regimes.

Conclusions. We present the first LOFAR detection and imaging of the Galactic diffuse synchrotron emission around 160 MHz from the highly
polarized Fan region. The power spectrum of the foreground synchrotron fluctuations is approximately a power law with a slope o = —1.84 up 10
angular mulupoles of <1300, comresponding to an angular scale of ~8 arcmin. We use power spectra fluctuations from LOFAR as well as eardier
GMRT and WSRT observations to constrain the outer scale of turbulence (L,,,) of the Galactic synchrotron foreground, finding a range of plausible
values of 10—20 pc. Then, we use this information to deduce lower limits of the ratio of ordered to random magnetic field strength. These are found
to be 0.3, 0.3, and 0.5 for the LOFAR, WSRT and GMRT fields considered respectively. Both these constraints are in agreement with previous

estimates.
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The knee

Explaining the Spectra of Cosmic Ray Groups above the Knee by Escape

G. Giacinti', M. Kachelrief32, and D. V. Semikoz®
YUniversity of Oxford, Clarendon Laboratory, Oxford, United Kingdom
2 Institutt for fysikk, NTNU, Trondheim, Norway and
 AstroParticle and Cosmology (APC), Paris, France

We investigate the possibility that the cosmic ray (CR) knee is entirely explained by the energy-
dependent CR leakage from the Milky Way. We test this hypothesis calculating the trajectories of
individual CRs with energies between E/Z = 10" eV and 10'" eV propagating them in the regular
and turbulent Galactic magnetic field. We find a knee-like structure of the CR escape time 7. (&)
around E/Z = few x 10'" eV for a coherence length I. ~ Zpec of the turbulent field, while the
decrease of 7esc(F) slows down around E/Z ~ 10" eV in models with a weak turbulent magnetic
field. Assuming that the injection spectra of CR nuclei are power-laws, the resulting CR intensities
in such a turbulence are consistent with the energy spectra of CR nuclei determined by KASCADE
and KASCADE-Grande. We caleulate the resulting CR dipole anisotropy as well as the source rate
in this model.

PRD '14; arXiv:1403.3380
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Recent Galactic magnetic field models

Jansson & Farrar

R. Jansson and G. R. Farrar, Astrophys. J. 757, 14 (2012)
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Regular
o .
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Recent Galactic magnetic field models

Jansson & Farrar

Astrophys. J. 761, L11 (2012)

Halo By =468 +1.39 uGG field strength
component g = 10.97 £ 3.80 kpc exponential scale length
zn = 2.84 £ 1.30 kpc (GGaussian scale height
Striation 8= 1.36 £ 0.36 striated field BZ, , = 9B,
1
g_
1
Figure 3. Left panel: The random field in the disk. Right panel: Tu rbu Ie nt

The disk component of the JF12 coherent field model for compar-
ison; it is clockwise in rings 3-6 and counterclockwise in 1,2,7, and
5.
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The knee
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FIG. 1: Grammage X(FE') traversed by CR protons as a func-
tion of energy E/Z for two different levels of magnetic turbu-
lence in the GMF model of Ref. [10]. with . = 2 pe.

n(z) = npexp(—(z/z1/9)%) with ng = 0.3/cm? at Rz and
Gaz ; , :
2172 = 0.21 kpe

distribution : o
n=10"%g/cm® Minimum, up to z = +/- 10 kpc
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FIG. 3: Left: The (rescaled) intensity I(FE) of CR protons, He and Fe nuclei compared to the experimental data from KAS-
CADE [2], KASCADE-Grande [2] and CREAM [24], using the rescaled turbulent GMF. Right: Intensity [(E) of CR protons,
He, CNO. MgSi and Fe nuclei as a function of energy E per nucleus. obtained using the same GMF.
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Anisotropy
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FIG. 2: Dipole amplitude d(E) as a function of energy E/Z
in the GMF model of Ref. [10] with reduced turbulent field
and [. = 2 pe.
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Auger Limits
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Galactic CRs
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Composition - In(A)
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E2 F(E) [eV/cm?/s/sr]

Extragalactic CRs

Difference between KASCADE-Grande protons

and our prediction, obeying Auger limit
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Conclusions

* 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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