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Role of reverse shocks for the production of galactic cosmic rays in SNRs
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Abstract: The production of galactic cosmic rays is investigated using the numerical modeling of the diffusive shock
acceleration at forward and reverse shocks in supernova remnants. It is shown that the reverse shocks can be the main

source of cosmic ray positrons and heavy nuclei.
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Introduction

The diffusive shock acceleration (DSA) process [10, 2, 3,
7] is considered as the principal mechanism for the produc-
tion of galactic cosmic rays (CR) in supernova remnants
(SNRs). A large theoretical progress in the investigation of
this mechanism was achieved during last decades (see e.g.
Malkov & Drury [11] for a review).

Two shocks are produced by super-sonically moving super-
nova ejecta after a supernova explosion. A forward shock
propagates in the circumstellar medium while a reverse
shock propagates in the gas of ejecta. Some part of thermal
particles is injected at the shock fronts into acceleration.

In this paper we investigate the role of the reverse shock
in the nonlinear DSA in SNRs. Our model is a natural
development of the existing models [4, 9]. The solution
of spherically symmetric hydrodynamic equations is com-
bined with the energetic particle transport and acceleration
on the forward and reverse shocks of a supernova remnant.

Earlier study has already dealt with the CR spectra pro-
duced in SNRs [6, 17, 14]. The input of the reverse shock
was not taken into account while the acceleration by both
shocks was considered for the modeling of non-thermal
emission from the SNR RX J1713.7-3946 [18].

Model of nonlinear DSA

Hydrodynamical equations for the gas density p(r,t), gas
velocity u(r,t), gas pressure P,(r,t), and the equation
for isotropic part of the CR proton momentum distribution
N(r,t,p) in the spherically symmetrical case are given by
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Here P. = 4 [ p*dpvpN/3 is the CR pressure, w(r,t)
is the advective velocity of CRs, 7, is the adiabatic index
of the gas, and D(r,¢,p) is the CR diffusion coefficient.
It was assumed that the diffusive streaming of CRs results
in the generation of magnetohydrodynamic (MHD) waves.
CR particles are scattered by these waves. That is why the
CR advective velocity w may differ from the gas velocity
u. Damping of these waves results in an additional gas
heating. It is described by the last term in Eq. (3). Two
last terms in Eq. (4) correspond to the injection of thermal
protons with momenta p = py, p = p, and mass m at the
fronts of the forward and reverse shocks at r = R(t) and
r = Ry(t) respectively. The shocked interstellar gas and
gas of ejecta are separated by a contact discontinuity at r =
R.. The dimensionless parameters 7y and 7, determine the
injection efficiency. Details of the numerical method can
be found elsewhere [18, 20].

The equation for ions is similar to Eq. (4). For ions with
the mass M = Am and the mass number A it is convenient
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to use the momentum per nucleon p and the normalization
of the ion spectra IV; to the nucleon number density. Then
the number density of ions n; is n; = 47 A~} f p2dpN;.
The ion pressure P; = 47 [ p?dpupN; /3 is also taken into
account in the CR pressure P..

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.

The magnetic field plays no dynamical role in the model.
We shall assume below that the coordinate dependencies
of the magnetic field and the gas density coincide upstream
and downstream of the forward shock:
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Here py is the gas density, By is the magnetic field strength
and V4 = Bg/+/4mpg is the Alfvén velocity in the circum-
stellar medium. The parameter M 4 determines the value
of the amplified magnetic field strength. For low shock ve-
locities R ¢ < M4V, the magnetic field is not amplified.

B(r) =

A similar equation was used for magnetic field upstream of
the reverse shock at » < Ry,. The regular field of ejecta was
taken to be zero in this region. The magnetic field down-
stream of the reverse shock is as a rule strongly influenced
by the Rayleigh-Taylor instability that occurs in the vicinity
of the contact discontinuity and that results in the genera-
tion of MHD turbulence in this region. So we assume a
homogenous magnetic field in the region R, < r < R..

We shall use the following diffusion coefficient

g
M3V3 r—Ry
<1+ }/%?A> exp (W)7 T>Rf,

g
D=npDp <1+A'1,?;2V§> , Re <7 <Ry,
!

1, Ry <7 < R, exp (?{f‘ly) ,7 < Ry.

(6)
Here the parameter g > 0 depends on the type of nonlin-
ear wave damping that is essential for low velocity shocks
Rf < MAV4 when the magnetic field is not amplified.
The parameter &, describes the increase of the diffusion
coefficient at large distances upstream of the shocks. The
parameter 7 describes the possible deviations of diffusion
coefficient from the Bohm value Dp = vpc/3¢B for high-
velocity shocks. Since the highest energy particles are scat-
tered by small-scale magnetic fields, their diffusion is faster
than the Bohm diffusion [16]. The same is true for smaller
energy particles because they can be resonantly scattered
only by a fraction of the magnetic spectrum. We shall use
the value np = 2 and &y = 0.05 throughout the paper.

We shall use the value of parameter ¢ = 1.5. It corre-
sponds to the nonlinear wave damping in the weak turbu-
lence theory. Note that a stronger Kolmogorov-type non-
linear damping used by Ptuskin & Zirakashvili [13] corre-
sponds to g = 3.
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Figure 1: Dependencies on time of the forward shock ra-
dius Ry (thick solid line), the reverse shock radius R
(thick dashed line), the forward shock velocity Rf (thin
solid line) and the reverse shock velocity Ry (thin dashed
line). The ratio of CR energy and energy of supernova ex-
plosion E.,./Egy (dotted line) is also shown.

Numerical results

Figures (1)-(4) illustrate the numerical results that are ob-
tained for the SNR shock propagating in the medium with
the hydrogen number density ny = 0.1 cm™2, the mag-
netic field strength By = 5 G and the temperature 7 =
10* K. The fraction of helium nuclei xg. = ng./ng =
0.1 was assumed. We use the ejecta mass M.; = 1.4Mg,
the energy of explosion Esy = 1.0 - 10°! erg and the pa-
rameter of ejecta velocity distribution £ = 7. We used the
value of M 4 = 23. The results of this section are obtained
for w = u downstream of the shocks.

The injection efficiency is taken to be independent of time
M = n5 = 0.01, and the injection momenta are py =
2m(Ry—u(R+0,t)), p, = 2m(u(Ry—0,t)—Ry). Protons
with a mass m are injected at the forward shock while ions
with a mass M are injected at the reverse shock. The high
injection efficiency results in the significant shock modifi-
cation already at early stages of SNR expansion while the
thermal sub-shock compression ratio is close to 2.5 dur-
ing the simulation. This is in agreement with the radio-
observations of young extragalactic SNRs [8] and with the
modeling of collisionless shocks [15].

As for the electron injection we assume a rather high in-
jection energy of electrons Ej,; = 100 MeV. This quali-
tatively corresponds to models of suprathermal electron in-
jection. Partially ionized ions accelerated at shocks up to
relativistic energies may produce multi-MeV electrons in
the upstream region in the course of photo-ionization by
Galactic optical and infrared radiation [12]. MeV electrons
and positrons present in the radioactive supernova ejecta
while gamma-rays from ®6Co decay in ejecta produce en-
ergetic electrons via Compton scattering in the circumstel-
lar medium [19]. These energetic particles may be addi-
tionally pre-accelerated via stochastic acceleration in the
turbulent upstream regions of the shocks.
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Figure 2: Spectra of accelerated particles at t+ = 103 yr.
The spectrum of protons at the forward shock (thick solid),
the spectrum of ions at the reverse shock (thick dashed),
the spectrum of electrons at the forward shock (multiplied
on 100, thin solid) and the spectrum of positrons at the re-
verse shock (multiplied on 100, thin dashed) are shown.
The spectrum of ions is the function of momentum per nu-
cleon and is normalized to the nucleon number density.

Below we assume that electrons are injected at the for-
ward shock with efficiency n; = 107°R f2 /c? while
positrons are injected at the reverse shock with efficiency
77;r = 1075, These numbers are expected for the injection
mechanisms mentioned above (see Discussion for details).
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 chosen
maintains the electron to proton ratio K_,, of the order of
K_, ~ 1073 throughout the simulation while the time-
independent positron injection at the reverse shock results
in the positron to ion ratio K y; increase from K ; ~ 10~*
at the very beginning of SNR evolution up to K, ; ~ 1072
at the remnant age of several thousand years just before the
disappearance of the reverse shock.

The dependencies on time of the shock radii Ry and R,
the forward and reverse shock velocities Vy = Rf and
Vi, = Ry, CR energy E../Egn are shown in Fig.1. The
calculations were performed until the moment of time ¢ =
10 yr, when the value of the forward shock velocity drops
down to Rf = 170 km s~ and the forward shock radius is
Ry =41 pc.

Spectra of accelerated protons and electrons at t = 103 yr
are shown in Fig.2. At this moment of time the maximum
energy of protons accelerated in this SNR is close to 100
TeV. The spectra at the reverse shock are harder than the
spectra at the forward shock. This is in spite of the same
level of the shock modification of the forward and the re-
verse shocks and is related with the decreasing in time den-
sity of the ejecta.

The spectra of particles produced during the whole evolu-
tion of the remnant are shown in Fig.3. They are obtained
as the sum of the spectra integrated throughout the simula-
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Figure 3: Spectra of particles produced in the supernova
remnant during 10° yr. The spectrum of protons injected
at the forward shock (thick solid line ), the spectrum of
electrons injected at the forward shock (thin solid line), the
spectrum of ions injected at the reverse shock (thick dashed
line) and the spectrum of positrons injected at the reverse
shock (thin dashed line) are shown. The spectrum of ions is
the function of momentum per nucleon and is normalized
to the nucleon number density.

1

4rF(p)p*c/Esy  A.drift My = 23

0.1
0.01F
0.001

104

0.01 1

100 104

Figure 4: The same as in Fig.3 for the model including the
Alfvén drift downstream of the shocks.

tion domain and of the time-integrated diffusive flux at the
simulation boundary at r = 2R;. Att = 10° yr, the max-
imum energy of currently accelerated particles drops down
to 100 GeV because of the nonlinear damping. Higher en-
ergy particles have already left the remnant. Note that the
stronger Kolmogorov-type damping with ¢ = 3 will re-
sult even in lower energies of the order of 1 GeV. How-
ever we found that the spectra are the same in this case.
The faster diffusion assumed upstream of the shocks (see
Eq.(6)) results in the lower maximum energy of protons
(cf. [6, 17, 14]).

Note that the synchrotron losses of run-away electrons and
positrons were taken into account in our modeling. That is
why the cut-off energy of the leptonic spectra is determined
by the magnetic field strength By = 5uG in the circumstel-
lar medium and by the remnant age t = 10° yr.
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Discussion

Although only about 5% of supernova energy is transferred
to the particles accelerated at the reverse shock, they can-
not be neglected. First of all the ejecta has an absolutely
different composition in comparison with the composition
of the interstellar medium where the forward shock propa-
gates. Since the solar abundance corresponds to 1% in the
mass of heavy elements while the ejecta can contain up to
50% of heavy elements it is clear that the reverse shock will
dominate in the production of heavy CR nuclei.

In addition 70% of supernova energy is transferred to accel-
erated by the forward shock particles according to our re-
sults. It is significantly higher than the estimate of 10-20%
for Galactic CRs. One of possibilities to resolve this con-
tradiction is the assumption that CRs are accelerated only
at a small part of the forward shock surface. This can be
due to the dependence of the proton and ion injection on
the shock obliqueness [5]. This effect is observed in SN
1006 and in the interplanetary medium.

This effect do not influence strongly the ion injection at the
reverse shock. It is expected that the random magnetic field
is the main component of the field in the expanded ejecta.
If so, the relative input of the reverse shock in to the over-all
CR spectrum will increase.

Another possibility is related to the Alfvén drift down-
stream of the forward shock [17]. It results in the steeper
spectrum of CRs accelerated at the forward shock. On
the other hand the Alfvén drift downstream of the reverse
shock can produce even an opposite effect because the CR
gradient is positive in this region. As a result the input of
the reverse shock will be significant at TeV energies.

The over-all spectrum according to this model is shown in
Fig.4. Because of the Alfvén drift the positron spectrum at
the reverse shock is significantly harder than the electron
spectrum at the forward shock.

We adjust the electron (positron) injection in order to pro-
duce a sufficient number of electrons and positrons (see
Figs 3,4). This number is enough for the explanation
of Galactic CR electrons and positrons. The expected
positron injection efficiency from the radioactive decay of
44Ti is estimated as 1, ~ Mr;/(44M.;) ~ 1075 [19]
for 4Ti mass of the order of ~ 107*M, as observed in
SNRs. So we used a right number in our simulation. As
for the electron injection at the forward shock the rela-
tive number of energetic electrons from photo-ionization
of accelerated single charged He ions is of the order of
Ny o~ THey lnfl(pmagc/mc)R'fQ/c2 ~ 10_3R§/C2.
Here v ~ Ip./€epn ~ 10 is the gamma-factor of single-
charged He ion photo-ionized by galactic ultraviolet pho-
tons with energy €,, ~ 10 eV and Iy, = 52 eV is the
ionization potential of helium. Doing so we overestimate
the electron injection in young SNRs where the accelera-
tion is fast enough and + is closer to v ~ 100 when the
ionization is provided by eV optical photons. However
we use this crude estimate that is justified in old SNRs for

electron injection in our simulations. This injection mech-
anism [12] produces one order of magnitude higher num-
ber of energetic electrons in comparison with the number
ny ~ 10*7R;ic of Compton scattered electrons energized
by gamma-photons from ®6Co radioactive decay in super-
nova ejecta [19]. Here Ry . is the forward shock radius
expressed in parsecs.

Conclusion

Our main conclusions are the following:

1) The reverse shocks in SNRs can give a non-negligible
output for the production of CR ions and positrons in com-
parison with the output of the forward shock.

2) Models of suprathermal electron injection [19, 12] re-
produce a required amount of Galactic CR electrons and
positrons if the leptons are pre-accelerated up to Ejy,; ~
100 MeV in the upstream regions of supernova shocks.

3) Spectra of particles accelerated at the reverse shock can
be harder than the spectra at the forward shock. This is in
agreement with the recent Pamela measurements [1] of CR
electron to positron ratio and harder observable spectra of
CR nuclei.
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