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Diffusive Shock Acceleration
Krymsky 1977. Bell 1978

Very attractive feature: power-law spectrum of
particles accelerated, y=(c+2)/(c-1), where ¢ is the
shock compression ratio, for strong shocks 6=4 and y=2

Maximum energy for SN:  D~0.1ug R,
~3-10%7 cm?/s< Dy

Diffusion coefficient should be small in
the vicinity of SN shock
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Cosmic ray streaming instability

Lerche 1967, Wentzel, 1969
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CR streaming amplifies MHD waves. CR particles are
scattered by these waves (Bell, 1978). k-i~r,
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Magnetic field amplification is necessary for
acceleration of CR protons up to the knee energy
31075 eV
J (OB?) J

=V —PCR without wave damping
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For modified shock

Pep = fCR,OMZ, §CR ~ 0.5

Y Shows the possibility to amplify MHD waves

VA up to values 6B/B~1. At higher amplitudes
the quasilinear theory is not applicable. The
Bohm diffusion is well justified.




Magnetic field amplification by non-
resonant streaming instability

Bell (2004) used Achterberg’s ]
results (1983) and found the FCR = — —[jd X B]
regime of instability that was C Bk
overlooked 2 1721712 . 0
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Since the CR trajectories are
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IVIFID modeling or non-resonant instabllity
Zirakashvili et al. 2008
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CR acceleration and magnetic amplification

at the plane parallel steady shock
Zirakashvili & Ptuskin 2008
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Cosmic ray transport equation

K ky 1964,
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The scattering tensor in the last equation y; is
determined by the spectrum of the random mag-

Dolginov-Toptygin (1967) small-  netic field By;{k) = 1555 < Bir +1)B;(xo) >

scale approximation kr,>>1 exp(—dkr
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Particles move along almost
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strait trajectories through B e R
. Here g is the antisymmetric tensor. The scat-
The r'C(ndOm m09n€T|C tering tensor males the cosmic ray distribobion
inhomogeneities. Justified ~ schmopic in the fame moving with the el
. ity 11p. The expression (?) may be simplified in
even for zero mean field. the case of an isotropic random magnebic field

Bijlk) = 3Biscclk)(di; — kik; /&) (Dalginov &
Toptygin (1967))
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Here Eq = e 511 % 4B > iz the mean electric Here the spectrum of the isobropic magnetic field

field in the frame of reference moving with the 5 fcrmalized as < 4B »= [ Bk By k)
mean plasma velocdby 1ig.



e

peewee 3 Analytical solution for
CR distribution
i Y

i 1 B Hh; where the function &z} is given by the equation

Fig. 1— The momentum distribotion ab the
shocl Np(p) (solid line) and the cosmic ray flux
J{p) (dashed line) ab the absorbing boundary at

2= —L The shock compression ratio s o =1
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We shall use the value 4, = 4 and J = 1/

Ne=Nesc=2F/pu,® - CR energy flux at abs.
boundary normalized to the kinetic energy flux



Modeling of the non-resonant
mstablllty with DSA
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Fig. 5.— The dependence cf the normalized max-

imum maomentum py, on the normalized shock ve- NON-resonant instability works
locity ). The results were obtained using the res for fast enough shocks

olution 64° {crosses), 128° (open circles) and 2567 2 12

(stars). The analytic approximation and the up- w1 > (V' /ner)
per limit according to Eq. (40} are shown by the 3 Vv, 22 4 e \—1/3
solid and dashed lines respectively. = Lo lindt (lD lerm 5—1) (m)




Summary of
numerical results
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netic field {=zolid line), turbulent velocity {dashed kop;chﬂgj 0.1 100 A15 M6 318 BLT7 107
line), sonic velocity (dotbed line), momentum dis-
tribution (g ) (thin solid line), diffusive elec-
tric current J (thin dashed line), scatbering fre-
quency (jrm) (Ehin dotbted line) and the mean
electric field Eq (thick solid line) on = The calen-
lations were performed for the normealized shock
speed u;_ = 1900 km s~ 1.
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SW propagation in the medium with

. . density disturbances may also result in
MHD mOde“ng in the shock magnetic amplification (Giacalone &

transition region and Jokipii, 2007)
downstream of the shock
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Magnetic field is not damped and
v Is perpendicular to the shock
T " - front downstream of the shock!
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Schematic picture of the fast shock
with accelerated particles

downstream| upstream _ It is a great challenge
compression
regions - o perform the
modeling of diffusive

B . .
“’. shock_ acceleration in
such inhomogeneous
‘“‘ . ()= and turbulent medium.
‘( ‘ ‘ et spirats  OP€ctra of accelerated
0

particles may differ
from the spectra in the

. d . .
‘ . uniform medium.
diffusive electric current

of accelerated particles

Both further development of the DSA theory and the
comparison with X-ray and gamma-ray observations
are necessary

shock front



Wood & Mufson 1992
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FiG. 5. Map of the remnant of Tycho's supernova showing local magnetic
field organization and the direction of the mean local field averaged over
boxes of various sizes, superposed on total intensity grey scale as shown in
Diickel eral. 1991 ( Paper I'). The length of the vectors indicates the degree
of organization in a box, and is proportional to T_,,. The angle of the
veclor corresponds to the alignment of the mean magnetic field in a box.
Positive values of the total intensity are represented with a peak of

8.1 10~ * Jy beam ~'; the grey scale is in units of 10~ Jy heam ~'. (a)
Box size of 303 30 pixels (0.55 pcx=0.55 pc). (b) Box size of 1515

pixels (0,27 pe= 0027 o).

Dickel et al. 1991
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By exp(Ymaxt), t <1 =75, In ?Bu Analytical estimate of maximum

B(ﬂ — { energies. Max.energy i inl
2BA(1 : $ ¢ $ ot gies. : gy is mainly
D( " nllm&x{ 1]] -1 limited by the finite time of the

Her iI'UqBD random magnetic field growth (see
EES S T (35) also Bell 2004)
ECPm 1: I I ||||||| I..I 1 |||||:
From these two equations we finally obtain the <P, PeV

value of the amplified field
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and the maximum energy of accelerated particles
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Fig. 5. — The dependence of the normalized max-
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Cas A

102 G.E. Allen et al.

Figure 1. Lefi A Chandra ACIS counts image (log scaling) of Cas A where the red, green and blue colors correspomn
to the energy bands 0.5-1.5 (ie. the oxygen, wron, neon and magnesium emission lines), 1.5-2.5 (1.e. the silicon an
sulfur emission lines) and 4.0-6.0 keV (ie. the high-energy continuum), respectively. Middle: An image of the fite
bremsstrahlung electron temperature (linear scaling). The valves range from about 0.8 keV (blue) to 6.2 keV (yellow)
Righr: An image of the fitted silicon Ko emission line flux (log scaling). The faint, continuum-dominated (i.e. blue-colored
filaments around the outer perimeter of Cas A have relatively hard spectra (i.e. high apparent electron emperatures) an
little evidence of line emission.




X-ray imaging of young SNRs with Chandra

SN 1006




Table 2: Maximum energies and amplified magnetic fields in historical SNRs.

T® w® ng® Byl uy® ow® o ul® P pod pocd BS Byt Byt B;{’EHI
Nese 0.01 005 014 001 005 014 001 005 0.14
Tycho 435 4500 03 50 1360 3040 5090 19 76 170 21 110 260 300
SN1006 1000 4300 0.1 50 =60 1920 3220 22 100 240 &4 43 120 140
Kepler 400 5300 035 50 1670 3800 6360 30 115 250 33 160 350 215
Cas A 330 5200 3.0 10,0 2220 4960 8300 63 230 500 1200 510 980 485

'Apge of SNR., vr
*Forward shock velocity, km s—!

"Hvdrogen number density of the cireumstellar medinom, em™

3

'Magnetic field strength in the circumstellar medium, uG

“Normalized shock velocity, km &7
'Calculated maximum BNETEY Prmi, TV

1

'Calculated downstream magnetic random field strength, pG

'Downstream magnetic field determined from the thiclmess of X-ray filaments, uG

NOTE.—The numbers from the columns b, ¢ are taken from Vink (2006), the numbers in the last column h are according to

Vilk et al. (2005)

Og=
Nesc

r]esc

4

=0.14: CR modified shock 0=6, 0,=2.5

Max. energy for Cas A was significantly larger
in past: 1.2 Z PeV for u,=10000 km/s

=0.01: non-modified shock P-g=0.1pu,?



Rayleigh-Taylor instability of contact discontinuity
may also produce amplified radial fields (e.g. Gull 1973)

T

.

| log,,(p) .

Fic. 4—Convective instabilities in driven waves with n = 7 and 5 = 2 and values of y.; as marked. The color scale represents gas density, scaled to the
density of the C5M immediately ahead of the forward shock. The thin shell of dense. shocked ejecta is deformed into narrow fingers, characteristic of the R-T
instability. [ See the electronic edition of the Jowrnal for a color version of this figure.]

Ellison 2001



Magnetic amplification at the shock moving in the

Inoue et al. 2009

Time = 4.00 Myr
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Figure 2. Besulting density structure of Stage 1 ats = 4.0 Myr. The black lines

nonuniform medium

Time = 1425 yr
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Table 1
Model Parameters

Modal P kg Shock Type Shock Spead

1 3.0 10°F K em™? Perpendicular shock 1256 kms™!

2 3.0 10fF K em™ Parallel shack 1280 kms™!

3 1.0 10F K cm ™ Parallel shock 726 kms~!

4 3.0 107 Kem™ Parallel shock 307 kms™!

for a thermal proton is estimated as

which is much smaller than the spatial resolution of our
numerical simulations and justifies (magneto-jhydrodynamics

p/ks )”2
Lh=15%10" [ ———
£ (3 * 108 K cm™
n -1y B 5!
" (10 cm—3) suc,) ™

approximation.

i6)
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the structure of the number density and magnatic field strength.
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Figure 3. Resulis of Model 1. The top and bottom panels respectively represznt

Density perturbtions
produce vortex
motions downstream
the shock
(Kontorovich 1959,
McKenzie &
Westphal 1968,
Bykov 1982). These
motions amplify
magnetic fields
(Giacalone & Jokipii
2007).

Mean
amplification
factor ~ 20 for
perp. shock
even without
CRs



Magnetic amplification in the

preCU SOl . shock modification by cosmic ray pressure.

A
dense u P
regions
o -
® ¢o-

If some part of energy goes
Into the vortex motions, the
magnetic field amplification
upstream of the shock is

possible (Bereznyak et al.
2°000)

Axford 1977, 1981
Eichler 1984

Drury instability.
Discovered by Dorfi (1984)
numerically.

Perturbations of the gas
density and velocity are
amplified. Weak shocks are
formed. Heating of the
upstream plasma.



Summary

3.
4.

Non-resonant streaming instability produced by the electric
current of run-away CR particles results in the significant
magnetic amplification at fast SNR shocks.

The perpendicular to the shock front component of the amplified
magnetic field is larger than the parallel components downstream
of the shock. This naturally explains the preferable radial
orientation of magnetic fields in young SNRs.

The values of amplified fields are similar to those, observed in
historical SNRs, if n...>0.05.

The maximum energies: 100-300 Z TeV, la/b/c and IIP

1-2 Z PeV for lIb supernovae.

5.

6.

Further development of the DSA theory at the corrugated shock
(spectra) and the comparison with X-ray and gamma-ray
observations are necessary.

Another models of the magnetic amplification are possible.
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