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peak in secondary/primary ratio
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| 10 g/cm ? at 1 GeV/nucleon



escape length

e \ e model without galactic wind

X [_,,...Y”H
2D

surface éas density in
Galactic disk 2.4 mg/cm?

Berezinskii et al. 1990, Strong & Moskalenko
1998 (GALPROP), Strong et al. 2007

D ~ 3x1028 cm?/s

at 1 GeV/nucleon



physical explanations of peak in sec./prim. ratio:

-distributed reacceleration

cr

Simon et al. 1986; Seo & Ptuskin 1994 problem:
T wogh steep

Dpp~ p2V32/D’ D ~ V@ reaccele- reacgeleration source
- Kolmogorov spectrum of turbulence ration spectrum
E
sources spectrum q ~ R-2-4
(more flat at R< 3 GV)
-wave _damping on _cosmic _rays nontincar
W(k) \ )
VSP, Moskalenko et al. 2006 ( 1dampmg problem:
W(k) ~ k32 large
Iroshnikov - Kraichnan cascade D, ~ VR . anisotropy
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sources spectrum q ~ R-2.2 1/10%%m 1/10'2cm

(more steep at R < 40 GV)



D ~ (p/2)°$
Q. ~ (p/Z)?

B/C ratio in three models
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cosmic-ray anisotropy

Super — Kamiokande I, E ~ 10 TeV,
excess (0.104+-0. 020)%, deficit (-0.094+-0.01_4)&;1
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"microscopic” theory of cosmic-ray diffusion



"microscopic” theory of cosmic-ray diffusion
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problem: structure of mhd turbulence

- anisotropic Alfvenic ISM turbulence where Alfvenic
eddies are stretched along magnetic field, k& 2°'*
can not provide empirical diffusion coefficient

Shebalin et al. 1983, Higdon 1984, Bieber et al. 1994, Montgomery & Matthaeus 1995,
Goldreich & Shridhar 1995, Chandran 2000, Yan & Lazarian et al. 2002, Bereznyak et al 2010

- fast magnetosonic waves may not provide required
diffusion coefficient in galactic disk because of strong
dissipation in warm plasma Barnes & Scargle 1967, ... Spanier & Schlickeiser 2005

= sandwich” model

halo -
2H| 2h} - gasdisk < D, =, p_ h




collective effects in cosmic rays



cosmic-ray streaming instability
Ginzburg 1965, Lerche 1967, Wentzel 1969, Kulsrud & Pearce 1969, ... Bell 1978 ...
motion of cosmic rays through background plasma with bulk

velocity U, > V, generates Alfven waves

growth rate of waves amplitude

CR energy density 5
T
WL%IV/ L 2 [ ¥—wave energy density 5BZ/41r
cr
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strong instability wcr(ucrlc) > 302/41T Bell 2004

almost purely growing non-resonant mode
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resves 2
c cB,

2
. . U
non-linear saturation at L 1

cr

4M = ¢

(not always reached because of finite shock age/size !)



galactic wind driven by cosmic

s« (P

A (s)

U, = 500km/s

diffusion
zone

injected “cloud” of CR particles, D, ~1.5x10%

Np) ~p?, W, =10 erg

(Vzme)

0.56
cmZ/s/

rays Ipavich 1975, Breitschwerdt et al. 1991, 1993

+ cosmic ray streaming instability
with nonlinear saturation

Zirakashvili et al. 1996, 2002, VP et al. 1997, 2000,
Voelk & Zirakashvili 2004
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VP et al. 2007



above the knee
limit on galactic sources



J*E2.75 (m2 S Sr)-1GeV1.75

all-particle spectrum produced by SNRs
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J*E2.75 (m2 S Sr)-1GeV1.75

all-particle spectrum produced by SNRs
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extension of propagation model till 101° eV:

trajectory calculations

Syrovatsky 1971, Berezinsky et al. 1991, Gorchakov et al 1991, VP et al 1993, Lampard et al 1997,

Zirakashvili et al 1998, Horandel et al. 2005
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knee as a result of cosmic ray propagation

effect of Hall diffusion

Horandel et al. 2005
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additional resources for cosmic ray acceleration
to ultra high energies

- Reacceleration by multiple shocks

OB star association: u=3x103 km/s, B=10-5 6, R=30 pc

f~1lpd
t,~R/(F,u) at D,<uR
~ DI(F,u?) at D,>uR

E_ ~1017ZeV

Axford & Ip 1991, Bykov & Toptygin 1990, 2001
Klepach et al. 2000, Parizot et al.2004




acceleration at termination

shock  Jokipii & Morfill 1985, 1991
Zirakashvili et al 2005

R = 300 kpc, u = 400 km/s
E,.x = 1018Z eV

acceleration by traveling
shocks and interaction
regions  Vélk & Zirakashvili 2004

galactic disk
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Conclusion

Diffusion model provides reasonably good description of
cosmic ray propagation in the Galaxy even under simplified
assumptions on cosmic ray transport coefficients and
geometry of propagation region (e.g. included in GALPROP
code).

Critical issues:

- structure of interstellar mhd turbulence

- importance of collective (plasma) effects in cosmic ray
transport

- confinement of ultra-high energy cosmic rays in large-scale
galactic magnetic field; transition to extragalactic component







flat component of secondary nuclei produced by strong

SNR shocks Wandel et al. 1987, Berezhko et al. 2003

production by primaries inside SNRs reacceleration in ISM by strong shocks
grammage gained in SNR

Nz,ﬂat - XSNR ~0.02 N2,ﬂat XISM 0.2
N 5% - ~ JSNR ~ 0.
2,stand ISM N 2,stand XSNR \
grammage gained _ B e e ;IOIrme:ig::g
in interstellar gas | | Ttactoro s
: Berezhko et al. 2003 RUNJOB 2003 -
| et preliminary
_ k \_\Lﬁ. — plain diff.
S E | {/t:/ reacceleration
Q = .
o SSEEElS 1 n,,=0.003...1 cm?
(f‘ T N1 Bohm diffusion
standard -+ ™ A | NG Tong = 10° yr
plain diff. / | T
— reacceleration S
== " =
(e 3
o T ™Mo oo 100 10 108

€. GeV/n



