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Role of reverse shocks for the production of galactic cosmic raysin SNRs
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Abstract: The production of galactic cosmic rays is investigated using the numerima¢ling of the diffusive shock
acceleration at forward and reverse shocks in supernova remraigshown that the reverse shocks can be the main
source of cosmic ray positrons and heavy nuclei.
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Introduction

s
The diffusive shock acceleration (DSA) process [10, 2, 3, ot or  p\or  Or
7]is considered as the principal mechanism for the produc-
tion of galactic cosmic rays (CR) in supernova remnantsapg OP, ~,P, 0r*u oP.
(SNRs). A large theoretical progress in the investigatibn o - Yar T2 Tar (Vg — D) (w—u) o 3)
this mechanism was achieved during last decades (see e.g.
Malkov & Drury [11] for a review).
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Two shocks are produced by super-sonically moving super=—_ — — =~
nova ejecta after a supernova explosion. A forward shockd? 2 or
propagates in the circumstellar medium while a reverse n8(p — py) )
shock propagates in the gas of ejecta. Some part of therm’aiWP(Rf +0,t)(Ry —u(R+0,t)6(r— Ry(1))
particles is injected at the shock fronts into acceleration f

In this paper we investigate the role of the reverse shocjg”b(;(p - pb)p(Rb —0,)(uw(Ry —0,t) — Ry)d(r — Ry (1))
in the nonlinear DSA in SNRs. Our model is a natural ~ 47pym

development of the existing models [4, 9]. The solution _ ) (4)
of spherically symmetric hydrodynamic equations is comtere Pe = 4 [ p*dpupN/3 is the CR pressurey(r, )
bined with the energetic particle transport and accetemati 'S the advective velocity of CRs, is the adiabatic index

on the forward and reverse shocks of a supernova remnafit.the 9as, and(r, £, p) is the CR diffusion coefficient.

It was assumed that the diffusive streaming of CRs results

Earlier study has already dealt with the CR spectra Pres the generation of magnetohydrodynamic (MHD) waves.

duced in SNRs [6, 17, 14]. The input of the reverse ShOCER particles are scattered by these waves. That is why the
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\;vr?jcﬂgtvtvaaksegéﬁg dae(;gzugrvmger:;%:l?ﬁeIg;a::g:-&yekr)rﬂ; R advective velocityv may differ from the gas velocity
9 . Damping of these waves results in an additional gas

emission from the SNR RX J1713.7-3946 [18]. heating. It is described by the last term in Eq. (3). Two
last terms in Eq. (4) correspond to the injection of thermal

M odd of nonlinear DSA protons with momenta = p;, p = p, and massn at the
fronts of the forward and reverse shocks-at R;(t) and

Hydrodynamical equations for the gas dengity, ), gas " = Rb(t) respectively. The shocked intgrstellqr gas and
velocity u(r, t), gas pressure®(r,¢), and the equation gas of ejecta are separated by a contact discontinuity-at

for isotropic part of the CR proton momentum distributionftc: The dimensionless parametgrsands, determine the

N(r,t,p) in the spherically symmetrical case are given bynjection efficiency. Details of the numerical method can
be found elsewhere [18, 20].

op 10 4 1 The equation for ions is similar to Eq. (4). For ions with
ot r2or W (@) the mass\/ = Am and the mass numbeit is convenient
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to use the momentum per nuclepand the normalization 100 F————m AL 0% S
of the ion spectraV; to the nucleon number density. Then gf’ ﬁ%’"pim -

the number density of ions; is n; = 4rA~" [ p2dpN;. [ el T S

The ion pressuré®; = 4 [ p?dpupN; /3 is also taken into
account in the CR pressure.

We shall neglect the pressure of energetic electrons. The |
evolution of the electron distribution is described by the
equation similar to the equation (4) with additional terms |
describing synchrotron and IC losses. i

The magnetic field plays no dynamical role in the model. .

We shall assume below that the coordinate dependencies| " | | | t, kyr

of the magnetic field and the gas density coincide upstream A T T T T e T T T o
and downstream of the forward shock:
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Figure 1: Dependencies on time of the forward shock ra-

k3 dius R (thick solid li h hock radi
p ¥t ius Ry (thick solid line), the reverse shock radiug,
B(r) = Bg— 1 . . ) - .
(r) o0 || M2V2 +hr>R ®) (thick dashed line), the forward shock velocify; (thin
solid line) and the reverse shock velocify, (thin dashed

line). The ratio of CR energy and energy of supernova ex-
plosionE.,./Esy (dotted line) is also shown.

Herepy is the gas density3, is the magnetic field strength
andV, = By/\/4mpo is the Alfven velocity in the circum-
stellar medium. The parametéf, determines the value
of the amplified magnetic field strength. For low shock ve-

locities Ry < M4V, the magnetic field is not amplified. Numerical results

A similar equation was used for magnetic field upstream of

the reverse shock at< R;,. The regular field of ejecta was Figures (1)-(4) illustrate the numerical results that dve o

taken to be zero in this region. The magnetic field downtained for the SNR shock propagating in the medium with

stream of the reverse shock is as a rule strongly influencéioe hydrogen number density;; = 0.1 cm~2, the mag-

by the Rayleigh-Taylor instability that occurs inthe vigin  netic field strengthBy, = 5 G and the temperaturé =

of the contact discontinuity and that results in the generd0* K. The fraction of helium nuclek ., = ng./ng =

tion of MHD turbulence in this region. So we assume &.1 was assumed. We use the ejecta mess = 1.4Mg,

homogenous magnetic field in the regiBp < r < R.. the energy of explosiofsy = 1.0 - 10°! erg and the pa-

We shall use the following diffusion coefficient rameter of ejecta velocity distributidn= 7. We used the
value of M 4 = 23. The results of this section are obtained
for w = u downstream of the shocks.

(1 I M;QVX)-" exp (T_Rf) , 7> Ry, The injection efficiency is tqun t_o be independent of time
Rj CoRy m = n; = 0.01, and the injection momenta ajg =
D= ’I]BDB (1 + J\/I?;Q‘/ﬁ)g7 R. <1< Rf, 2m(Rf—u(R+0,t)),pb = 2m(u(Rb—O,t)—Rb). Protons

Ry with a massn are injected at the forward shock while ions

1, Ry <1 < Re,exp (?{fg:) 7 < Ry. with a mass\M are injected at the reverse shock. The high

(6) injection efficiency results in the significant shock modifi-
Here the parametey > 0 depends on the type of nonlin- cation already at early stages of SNR expansion while the
ear wave damping that is essential for low velocity shock&'ermal sub-shock compression ratio is close to 2.5 dur-
Rf < M4V, when the magnetic field is not amplified. ing the simulation. This is in agreement with the radio-
The parameteg, describes the increase of the diffusionoPservations of young extragalactic SNRs [8] and with the
coefficient at large distances upstream of the shocks. THeodeling of collisionless shocks [15].
parameter,z describes the possible deviations of diffusionAs for the electron injection we assume a rather high in-
coefficient from the Bohm valu®z = vpc/3¢B for high-  jection energy of electrong);,,; = 100 MeV. This quali-
velocity shocks. Since the highest energy particles arte scatively corresponds to models of suprathermal electren in
tered by small-scale magnetic fields, their diffusion isdas jection. Partially ionized ions accelerated at shocks up to
than the Bohm diffusion [16]. The same is true for smallerelativistic energies may produce multi-MeV electrons in
energy particles because they can be resonantly scatteted upstream region in the course of photo-ionization by
only by a fraction of the magnetic spectrum. We shall us&alactic optical and infrared radiation [12]. MeV electson
the valueng = 2 and&, = 0.05 throughout the paper. and positrons present in the radioactive supernova ejecta
We shall use the value of parameter= 1.5. It corre- While gamma-rays froni°Co decay in ejecta produce en-
sponds to the nonlinear wave damping in the weak turb§getic electrons via Compton scattering in the circumstel
lence theory. Note that a stronger Kolmogorov-type norlar medium [19]. These energetic particles may be addi-

linear damping used by Ptuskin & Zirakashvili [13] corre-tionally pre-accelerated via stochastic acceleratiorhin t
sponds tqy = 3. turbulent upstream regions of the shocks.
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Figure 2: Spectra of accelerated particles at 103 yr.  Figure 3: Spectra of particles produced in the supernova
The spectrum of protons at the forward shock (thick solidyemnant duringl0® yr. The spectrum of protons injected
the spectrum of ions at the reverse shock (thick dashedt the forward shock (thick solid line ), the spectrum of
the spectrum of electrons at the forward shock (multiplieélectrons injected at the forward shock (thin solid linkg t
on 100, thin solid) and the spectrum of positrons at the respectrum of ions injected at the reverse shock (thick dashed
verse shock (multiplied on 100, thin dashed) are showtine) and the spectrum of positrons injected at the reverse
The spectrum of ions is the function of momentum per nushock (thin dashed line) are shown. The spectrum of ions is
cleon and is normalized to the nucleon number density. the function of momentum per nucleon and is normalized
to the nucleon number density.

Below we assume that electrons are injected at the for- 1
ward shock with efficiency;, = 10_3Rf2/c2 while
positrons are injected at the reverse shock with efficiency  ; [
ny = 107%. These numbers are expected for the injection
mechanisms mentioned above (see Discussion for detailsé.
Since the electrons are considered as the test particles our
results may be easily rescaled for any other injection ef-
ficiency. The injection rate at the forward shock chosefi.001 {7
maintains the electron to proton ratt6_, of the order of

K_, ~ 107? throughout the simulation while the time- ;-4
independent positron injection at the reverse shock i®sult
in the positron to ion ratids< . ; increase fromkK ; ~ 10~4

at the very beginning of SNR evolution up f6,; ~ 10~2

at the remnant age of several thousand years just before the - , i
disappearance of the reverse shock. Figure 4: The same as in Fig.3 for the model including the

. . N Alfv én drift downstream of the shocks.
The dependencies on time of the shock raeji and R;,
the forward and reverse shock velociti®s = R; and
Vi = Ry, CR energyE.,/Esy are shown in Fig.1. The tion domain and of the time-integrated diffusive flux at the
calculations were performed until the moment of time ~ Simulation boundary at = 2Ry. At¢ = 105. yr, the max-
10° yr, when the value of the forward shock velocity dropdMum energy of currently accelerated particles drops down

down tORf — 170 km s~! and the forward shock radius is t0 100 GeV because of the nonlinear damping. Higher en-
Ry = 41 pc. ergy particles have already left the remnant. Note that the

stronger Kolmogorov-type damping with = 3 will re-

47TF(p)p4C/ESN Adrlft AJA =23
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Spectra of accelerated protons and electrorts=at10® yr ) .

S . . ; sult even in lower energies of the order of 1 GeV. How-
are shown in Fig.2. At this moment of time the maximum o

o . ver we found that the spectra are the same in this case.
energy of protons accelerated in this SNR is close to 1 e faster diffusion assumed upstream of the shocks (see
TeV. The spectra at the reverse shock are harder than the . ;
S g . d.(6)) results in the lower maximum energy of protons
pectra at the forward shock. This is in spite of the sam&f [6. 17, 14])

level of the shock modification of the forward and the re="" 7 ="’ '

verse shocks and is related with the decreasing in time deifote that the synchrotron losses of run-away electrons and
sity of the ejecta. positrons were taken into account in our modeling. That is

why the cut-off energy of the leptonic spectra is determined

The spectra of particles produged .durmg the whole e\{ol y the magnetic field strengtB, = 5G in the circumstel-
tion of the remnant are shown in Fig.3. They are obtaine . 5
ar medium and by the remnant age- 10° yr.

as the sum of the spectra integrated throughout the simu
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Discussion electron injection in our simulations. This injection mech
anism [12] produces one order of magnitude higher num-

Although only about% of supernova energy is transferredber of energetic electrons in comparison with the number

to the particles accelerated at the reverse shock, they car- ~ 10~"R} 7 . of Compton scattered electrons energized

not be neglected. First of all the ejecta has an absolutelyy gamma-photons frortf Co radioactive decay in super-

different composition in comparison with the compositiomova ejecta [19]. Heré; .. is the forward shock radius

of the interstellar medium where the forward shock propaexpressed in parsecs.

gates. Since the solar abundance corresponi%tm the

mass of heavy elements while the ejecta can contain up {0 )

50% of heavy elements itis clear that the reverse shock wifronclusion

dominate in the production of heavy CR nuclei.

In addition70% of supernova energy is transferred to accel
erated by the forward shock particles according to our rél) The reverse shocks in SNRs can give a non-negligible
sults. It is significantly higher than the estimate of 10420 output for the production of CR ions and positrons in com-

for Galactic CRs. One of possibilities to resolve this conparison with the output of the forward shock.

tradiction is the assumption that CRs are accelerated or®y Models of suprathermal electron injection [19, 12] re-

at a small part of the forward shock surface. This can bgroduce a required amount of Galactic CR electrons and
due to the dependence of the proton and ion injection guositrons if the leptons are pre-accelerated ugtp; ~

the shock obliqueness [5]. This effect is observed in SNO0 MeV in the upstream regions of supernova shocks.

1006 and in the interplanetary medium. 3) Spectra of particles accelerated at the reverse shock can
This effect do not influence strongly the ion injection at théve harder than the spectra at the forward shock. This is in

reverse shock. It is expected that the random magnetic fiedgjreement with the recent Pamela measurements [1] of CR
is the main component of the field in the expanded ejectalectron to positron ratio and harder observable spectra of
If so, the relative input of the reverse shock in to the olker-aCR nuclei.

CR spectrum will increase.

Another possibility is related to the Alén drift down-

stream of the forward shock [17]. It results in the steepelr?eferences

spectrum of CRs accelerated at the forward shock. Or‘t .

the other hand the Alfn drift downstream of the reverse 1] Adriani, O. et al.,, 2009, Nature 458, 607

shock can produce even an opposite effect because the C[l%] Axford, W.I., .Leer, E., Skadron, G., 1977, Proc. 15th
gradient is positive in this region. As a result the input of ICRC, Plovdiv, 90, 937

the reverse shock will be significant at TeV energies. [i] Ee”’ AhE 127(;3’ MthAS’ \1/8K2 lf font LT
The over-all spectrum according to this model is shown in[ ] 13;32, Asot’ropért..’PhySs.lg: 21'5 » 1RSenotontov, L1
Fig.4. Because of the Al&n drift the positron spectrum at 5] Berezhko, E.G., & \blk, H.J. 2004, A&A 419, L27

the reverse shock is significantly harder than the eIectrorrG] Berezhko, E.G. & \blk, H.J. 2007, ApJ, 661, L175
spectrum at the forward shock. [7] Blandford, R.D., & Ostriker, J.P. 1978, ApJ, 221, L29
We adjust the electron (positron) injection in order to pro-[8] Chevalier, R. & Fransson, C., 2006, ApJ 651, 381
duce a sufficient number of electrons and positrons (se¢9] Kang, H., Jones, T.W., 2006, Astropart. Phys. 25, 246
Figs 3,4). This number is enough for the explanation10] Krymsky, G.F. 1977, Sov. Phys.-Doklady, 22, 327
of Galactic CR electrons and positrons. The expectgd1] Malkov, M.A., & Drury, L.O'C, 2001, Reports on
positron injection efficiency from the radioactive decay of Progress in Physics, 64, 429

i is estimated as) ~ Mr;/(44M.;) ~ 1076 [19]  [12] Morlino, G., 2010, arXive:1011.5180

for 44Ti mass of the order of- 10~*M, as observed in [13] Ptuskin,V.S., Zirakashvili,V.N.,2005,A&A 429, 755
SNRs. So we used a right number in our simulation. Ap14] Ptuskin, V.S., Zirakashvili,V.N., & Seo, E.S., 2010,
for the electron injection at the forward shock the rela- ApJ, 713, 31

tive number of energetic electrons from photo-ionization15] Zirakashvili, V.N. 2007, A&A 466, 1

of accelerated single charged He ions is of the order ¢i6] Zirakashvili, V.N., Ptuskin, V.S., 2008, ApJ 678, 939
ny o~ 2y I (Prnas /me) Ry [ ~ 103R3/c®.  [17] Zirakashvili, V.N., Ptuskin, V.S., 2008 Proc. of In-
Herey ~ Iye/epn ~ 10 is the gamma-factor of single- tern. Gamma-Ray Symposium, Heidelberg, Germany,
charged He ion photo-ionized by galactic ultraviolet pho- 7-11 July 2008, 336

tons with energy,, ~ 10 eV and/y. = 52 eV is the [18] Zirakashvili, V.N., Aharonian, F.A., 2010, ApJ, 708,
ionization potential of helium. Doing so we overestimate 965

the electron injection in young SNRs where the accelergl9] Zirakashvili, V.N., Aharonian, F.A., 2010, arX-
tion is fast enough ang is closer toy ~ 100 when the ive:1011.4775

ionization is provided by eV optical photons. However[20] Zirakashvili, V.N., Ptuskin, V.S., 2011 (in prepara-
we use this crude estimate that is justified in old SNRs for  tion)

Our main conclusions are the following:



