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Nonthermal Universe

Earth’s bow shock Magnetor

Solar flare Gamma ray binary
Interplanetary shock Superbubble
Colliding wind binary Cluster of galaxies
Nova Starburst galaxies
Supernova remnant Active galactic nuclel
Micro quasar Gamma ray burst
Pulsar and Pulsar wind nebula And so on.

These objects have nonthermal particles
What is the acceleration mechanism?
What is the origin of CRs ?



Galactic cosmic ray

It Is believed that the source
of the Galactic CR is SNR.

Observed spectrum
N(E) ec E27 (E<101>°eV)

(GeV cm2sr's™)

Taking into account
the propagation effect

-2.1-2.4
Qsour oc E

The source of UHECRsS has
not been understood.
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Galactic diffusion of cosmic ray

Leaky box model
Steady state

dNCR(E) _ NCR(E) _
dt T tesc(E) + Qsour(B) —> Ner = tese(F) Quour(E)

tesc(E) = I—size2 / Ddiff(E) J Ddiff(E) o< E ® J Qsour(E) oc ES

o) B/C obs. : §=0.3 - 0.6
Ncr(E) o< E CRoObS. ' S +8=2.7

= s=21-24



Particle Accelerations

Diffusive shock acceleration (1st order Fermi)
Turbulent acceleration (2nd order Fermi)
Shear acceleration

Surfing acceleration

Shock drift acceleration

Acceleration in the magnetic reconnection
Kinetic Alfven acceleration

Direct acceleration by the electric field And so on.



Diffusive shock acceleration(DSA)

Due to the simple theory,
the DSA has been most studied in detail.

However,

Non-relativistic shock or Relativistic shock
e-/e+ plasma or e-/ion plasma

or e-/et/ion plasma

Strongly magnetized plasma or Weakly magnetized plasma

Test particle DSA or Nonlinear DSA

Fully ionized plasma or Partially ionized plasma

There are many types of shocks.



Diffusive Shock Acceleration(DSA)

(a) Shoc!{ Front

Upstream —_
! g~ Downstream

D waves g;;r% Scholer

CRs are scattered by MHD waves.
CRs excite the MHD waves.

Axford 1977, Krymsky 1977, Blandford&Ostriker 1978, Bell 1978



Non-relativistic shock acceleration
VX Shock rest frame I\'I“(E)

A

N(E) o< ES
_Ujfu, +2

“uglu,-1

S

up down

X
> >

CR spectrum depends on
plasma only the velocity jump.

M >> 1, N(E) oc E2
CR

MCRS diffuse to the upstream.
X

>




Nonlinear DSA Model

VX Shock rest frame N(E)
A

The upstream plasma is pushed by the CR pressure.
The total compression ratio becomes large.

The CR spectrum becomes harder than E=.
This is inconsistent with Galactic CR observations.

e.g., Drury & Volk (1981), Malkov & Drury (2001)



Recent Nonlinear DSA Model

VX Shock rest frame

N(E)

Waves excited by CRs go to the upstream.

The velocity of scattering centers is V,;=V,.

V, is comparable to V, because of the strong magnetic field

The jump of the scattering velocity becomes small.

As the result, the CR spectrum becomes steep.

e. g., Ptuskin & Zirakashvili (2008)



Maximum Energy of Accelerated Particles

t i 3DBohm
acc U.2
To accelerate to the high energy, * Drury (1983)
we needs a finite time. _ CcE
Bohm ™ 365

tace = lage — Age limited E

max

CRs should be confined in the acceleration region.

Ly = Dlug, =L, — Escape (Size) limited E_,

energy losses (cooling) should be unimportant.

t.cc =toor — cooling limited E,



Age-limited maximum energy in SNRs
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y-ray spectrum of young SNRs

Aharonian et al. (2007)
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y-ray spectrum starts to decrease at 10TeV.
If the yray is due to the pion decay, E ., ~ 10*eV < E, .. = 10> eV
Even though t,,. ~ 1600yr ~ tseqoy + Emax < Exnee ?

Radio and X-ray observations show that
high energy e are also accelerated.



y-ray spectra of Middle-aged SNRs

SNRW44 -~ Break
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Escape of Cosmic Rays

High energy CRs diffuse faster than
low energy CRs

Rd(E) — [ 4D(E) t ]1/2 oc [F0.55

o

E
JcmZS'1

10GeV

o(E) = x |

6>0
(Galactic mean value 6=0.3-0.6)

fesc (Ei1) o= Qg (E) / Ry(E)° X exp[(r/Ry)?]
oc QS(E) E1-50

Rd,(Ehigh)

foso(E) Is softer than Q(E). Aharonian & A toyan(1996), Gabici et al (2009)



Escape-limited model

SF

Low energy CR
high energy CR

" L
Lgirr = D(P) / Ugy, Escape boundary

eScC

Escape condition : Lgx = Lgg,e

Higher energy CR escapes at earlier epoch.



Escape-limited maximum energy

Free expansion phase (t < 200yr ): age limited
E

<t ELa(tseqov) = Exnee (B should be amplified)

ma
Sedov phase (t <10°yr ) : escape limited

E... 1S decided by L s = Lo,

E
Lgisr = D/ ugy
Lesc = KRsh
Emax oc KBRshush oc KB(t)t_l/S
t ( Rsh oc t2/5)
>

E decreases with time

max



Spectrum of runaway CR

CR number N(E=mc?)ectP ;B2 0
Maximum momentum E__ o< t® ,a>0

Nesc Total CR spectrum in the SNR fgyg ©© th ES

RN Runaway CR spectrum f_..(E)
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Y. Ohira, K. Murase, R. Yamazaki, 2010, A&A, 513, Al17



Observed spectrum and spectrun
at shocks

Leaky box model

AN (E) Ne (E) Steady state
CR = - CR + Qsour(E) —_— NCR = tesc(E) Qsour(E)
dt tesc(E)

tesc(E) = I—size2 / Ddiff(E) , Ddiff(E) oc E ’ CM

“Sesc
QSOUF(E) oc E

B
Neg(E) oc EC++0

CRobs.:s+%+5:2_7 5=0.3-0.6

Y. Ohira, K. Murase, R. Yamazaki, 2010, A&A, 513, Al17



Runaway CR distribution around an SNR

L fCR(t1r’E) = D(E) A fCR(t’r’E) + Qsour(t’r’E)

ot
CRs escape from SNR surface R_..(E) :
Nesc(E)
QSOUF(t’r’E) = ﬁ-rr% 6( I - ReSC(E) ) 6( t - teSC(E) )
CR

The solution to the diffusion equation is

- = rl - E
fer(tir,E) =jd3r’ fooint(ts | T -1 |, E) O(Ir] - Rese(E) )

4r[r|2
] exp{-h—fﬁﬂz}-exp{-h—fﬁ‘ﬂz} N (E)

4m32R R

eScC

Ohira, Murase, Yamazaki, MNRAS in press (arXiv: 1007.4869)



CR spectrum F(E)InL1<r<L?2

Lo

F(E) = fext (Eage, T,p)4?TT2dT
Ly
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LE _ Resc Ll - Res:: L2 + Resc Ll + Res::
+erf( R )—erf( R )Jrerf( R. )—erf( R )}(

erf(x) = Tr21/2 eV *dy

R4(E) =[4D(E)(t -t (E)) ]¥?
o

cmést

DE:128[ J
(8)=10%X{ Togev

Given Nesc(E)’ tesc(E) and Resc(E)s
one can obtain F(E)




Gamma-ray spectra
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Gamma-ray spectra

E? dFKE [MeV phicm®/s]
2 dFKIE [MeV phiem /s
3 3 3

Our model show that all the runaway CR spectrum of Fermi
SNRs are the same spectrum, even though the observed

spectra are different.
S=22, S,,.=s+B/a=2.38

To explain the Galactic CR spectrum, Q,,,, o E%124

Hence, our results support that
SNRs are indeed the source of Galactic CRs.

Ohira, Y., Murase, K., & Yamazaki, R., MNRAS in press, (arXiv:1007.4869)



Break at around 10 GeV

Farmi |—.—|

2‘.31

E? dFKE [MeV phicm/s]
2 2

E2 dFKIE [MeV phibm
o o
[=] [=]

Energy [MaV]

Considering the stellar wind before the SN,

L, ~10pc  Weaver et al.(1977)

When R, = L,, all the CRs escape,

thatis,E, ,=1% , d—

Sescc =8 +B/a — s



Summary

Recent observations suggest the magnetic field amplification and
that the maximum energy is limited by the escape process.

The runaway CR spectrum is different from that in the accelerator.

_ _ _ B
fSNRo‘:t‘3 E, Emaxocta — > fescoc Sh {Sesc:S-l_G

Spectra of Fermi SNRs are broken power law and steep.

The spectra can be interpreted as
the interaction of runaway CRs with molecular clouds.

All the runaway CR spectra of Fermi SNRs are the same as
the spectrum expected from the Galactic CR observation.
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Model Parameters

E? dFKE [MeV phiem s

. W51C

Farmi s

E? dFHE [MeV phiem®is)

m-?wz 10° En;tr:‘ o 1|:'15 1;:s

SNR ¥ 3 K S ) X Ly Lo tage Pbr,1 Pbr,2 Phbr ext
(pe) (pe) (kyr) (GeV/e) (GeV/e) (GeV/e)

Ws51C 6.5 1.2 0.04 22 020 0.1 147 237 31.5 13.1 314 21.9

W28 6.5 1.2 0.04 22 019 09 185 269 63.0 2.96 < 1.43 < 1.43

W44 6.0 1.2 004 22 040 1.0 124 16.2 23.1 39.8 < 1.43 < 1.43

IC443 6.5 1.2 0.04 2.2 062 001 11.5 14.7 23.1 62.9 2.93 151



