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Outline

o "standard" model
® simulations

@ diffusion and drifts

@ toy model

o "realistic" models of the GMF




"Standard’ Model

Ginzburg&Ptuskin 1976, Berezinskii at el. 1990...
R~=20 kpc

. CR density ~ E-27
cosmic-ray halo hi/2
] Z\/ source sp. ~ E2~ 24

f Tl
galactic disk - sources T

escape time ~ E-0-3---06

diffusion model: XD grammage X = pv T
D ~ 3-5 1028 cm?%/s @ GeV/n

@ plain diffusion: D<R%-® 1. source spectrum

2. production of light elements
@ diffusion+reacceleration: Dx<R%3 by spallation

e.g. GALPROP (8trong&Moskalenko 1998) 3. anlsoh*oples vs/energy

X=10 g/cm? @ GeV/n

@ spectral exponent S
@ anisotropies Y ocR:9:-6




extrapolation Issues

2 nisoiropg 1.5x10'eV 10'eV 1.5x10'eV

Hillag 2008 obs. 0.037% <0.4% 15 7%
DocRO:6 5% 16% 180%
DxR!/3 0.6% 1.1% 3.7%

residence time  observations  T(GeV) ~ 107 yr.

extrapolations T(10'eV) ~ 600 yr with D«R°-¢
~ 5x104 yr with D<R"?3

simulations Zirakashvili et al. 1998: 10° yr at 10"7eV
Horandel et al. 2007: 107 yr at 10™eV




\Why GO numwerical™*?

@ around 10"eV: transition region for protons

o simulations in literature obtain too longer times,
and the slope seems odd too

» we would like to see the transition from -1/3 to -1

o "realistic" model of the galactic magnetic field:
arms, gradients...

@ non-constant background field: what happens to
diffusion?

¥ simulation of trajectories



Numerical Simulation

@ arbitrary magnetic field (regular + turbulent)
— regular: constant, azimuthal, galactic...
— turbulent: isotropic and slab turbulence

o diffusion, drifts automatically included

o can calculate diffusion coefficients, times of
escape, anisotropies....

@ minimum energy ~10'°eV for protons
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memory ~ N, = "unlimited” dynamic range

time ~ N, = slower N ~ 100/decade (Parizot 2004)
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Lmax=100pc, Bo=1p6







Deerv/ Dpar




Deerv/ Dpar

%Casse et al. 2001




Drerv/ Dear




without ra. fleld

:'I ' L L ' oo Tt ' oo
ELmaX=IOOpc' 63=]OOHG line from Parizot 2004




Drifts
i

w s ek

gradient drift curvature drift
1 Bo x VB By x VB, (VxB
VJ_:C"I“L{—SiHQOé 0><2V : ICOSQ(X{ 0><2V 2 | ( O)L}}
2" { B 7 B2 By
- pitch angle Rossi 1970

Ist order computation: average over a gyration
does not make sense if the field varies on smaller scales
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Zirakashvili et al. 1998, Horandel et al. 2007 ...

1uG, azimuthal, constant

B=




Toy Model:
Azimuthal Field

@ field lines are closed: Dperp
@ Dpar does not matter
@ drifts might be important

V|, = cE5 cos® a

Zirakashvili et al. 1998, Horandel et al. 2007 ...
B=1uG, azimuthal, constant only curvature drift




Az. [Fleld: time of escape

drift time-scale r oB/B0s time of escape from a
from (Vp) v 6B/B=1.0

m §B/B=2.0 + oglinder WH’h h]/2=0.5kp0

diffusion time-scales
hi2%2/ (2 D.)




Az. [Fleld: time of escape

drift time-scale s8/Bo0s time of escape from a

from (Vp) 6B/B=1.0

6B/B=2.0 + oglinder WH’h h]/2=0.5kp0

6B/B=0.5 R=85kpc

diffusion time-scales
hi2%2/ (2 D.)




Field: time Of escape

drift time-scale 5B/B

5B/B=
from <VD> 6B§B =2
0B/B=0

time of escape from a
S cylinder with hy2=0.5kpc
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AzZimuthal Diffusion

fit with gaussian
> at fixed times

L, O
Vo<~ SD(E)




6B/B=0.5

fit with gaussian
at fixed times

i, O
Vo~ “SD(E)

diffusion is modified




"Reslistic” Galaxy

BSS-A
B(p.8) = Bo(p) cos (6 — Blog L)

C=
10.55kpc

1/tan(p) = -5.67

Pe — P
Bo(p) = 3 22 exp (22— G
) 8 o S T

B(p,0,z) = £B(p,0) exp(—|z|/20)
two z scales:

@ zo=lkpc for |z| <0.5kpc

@ zo=4kpc for |z|>0.5kpc

Stanev 1997, Han&Qiao 1994 ...

@ many scales
@ R&2Z gradients
@ arms gradients



Drifts - BSS Field

just above the plane



Drifts - BSS Field

directions depend
on the pitch angle

just below the plane



time of
escape

injection at Earth,

collection at a cylinder
hi2=4kpc, R=20kpc

OB/B constant

@ low energy slopes
~ 0.6-0.8

@ absolute values already
too large
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time of
escape

injection at Earth,

collection at a cylinder
hi2=4kpc, R=20kpc

between the arms

OB/B is bigger

@ low energy slopes
~ 0.6-0.8

@ absolute values already
too large

E [eV]

2 ¢ ‘ T T ‘ T
- : ¢ 6B/B=0.00
L f a * 6B/B=0.10 - 10*7
i Y A = §B/B=0.50
10°3 - * " Vv a v 6B/B=1.00 |
- * “ v a A 5B/B=2.00 |
- * = v A
L * * * - 10+6
T oA _
S 02 ¢ ¢ o+ 4 o+ ¢ ¢ § F » 5
S v ‘ -
10+1 L ‘ *
i ] 10+4
10° & H +
+
i A
100 M ]
g * Yy A N g
. o F 4 ¥
i ¢ * Yy A
- [ |
D) AP S
¢ v
E 107" - ¥ = ° E
= i LA SR
Q. ¢ B
'
10_2 E : % E
¥ %
10-3 L Lo T L
10+15 10+16 10+17 10+18
E [eV]

20



conclusions

@ Dperp/Dpar is not constant.
a kolmogorov spectrum can produce an escape
time E-0-°-0-6 jn some geometries

@ the curvature of the background field influences
the diffusion process

o for the "realistic” galaxy the flatter slope is not
yet seen (down to 10™eV)




