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Abstract: The structure of SNR shocks and the injection of suprathigparéicles into a Fermi-type acceleration
at such shocks constitute important problems of high-gnastrophysics. We report on recent results of kinetic
particle-in-cell studies of nonrelativistic plasma csillins with absent or parallel large-scale magnetic fielt, th
use parameter values expected for young SNRs. We show thatabtron dynamics play an important role in
the development of the system. While nonrelativistic shachksth unmagnetized and magnetized plasmas can
be mediated by Weibel-type instabilities, the efficiencysbbck formation processes is higher when a large-
scale magnetic field is present. The electron distributamsnstream of the forward and reverse shocks are
generally isotropic, whereas that is not always the caséhfoions. We do not see any significant evidence of
pre-acceleration, neither in the electron population ndhée ion distribution. First results of plasma collisions
with perpendicular magnetic field configurations will alse ffiresented. These simulations are based on a new
setup that is unusually clean and permits the magnetic fisdgth and configuration to be different in the two
colliding plasma slabs. We will also report on new realistiedies of the non-linear evolution and saturation of
cosmic-ray streaming instabilities leading to the magnfitild amplification upstream of the shock.
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1 Introduction 2 Nonrelativistic Parallel Shocks

Shell-type supernova remnants (SNR) are ideal laboratdsontrary to earlier expectations that low-frequency elec-
ries for the study of particle acceleration at nonrelativis tromagnetic ion-beam instabilities are the sources of the
tic collisionless shocks. The unsolved problem of injecnecessary dissipation at nonrelativistic shocks, redemt s
tion is the most critical ingredient in the theory of paticl ulations by [1] suggested that Weibel-type instabilities i
acceleration at shocks, because it determines the level §f€ad can trigger shock formation in an unmagnetized en-

cosmic-ray feedback and hence the nonlinearity of the sy&/ronment even for collisions with non-relativistic veloc
Jqty. A pre-existing magnetic field may therefore be not

tem. Understanding of the latter is required for an appropri : g
. . necessary for the formation of non-relativistic shocks. We
ate treatment of cosmic-ray acceleration on larger SCale??awe performed 2D3V PIC simulations of non-relativistic

on which the quasi-thermal plasma may be described a_iﬁﬂasma collisions with absent or parallel large-scale mag-
flu!d fand on which obser\{atlonal data can be obt'alned Withhetic field. The question we addressed in this study is
existing y-ray observatories and future installations suchyhether or not the shock structure and the particle spec-
as Cherenkov Telescope Array (CTA). tra reach a steady state, and to what degree a parallel mag-
In this work we report on our studies of the micro- netic field renders shock formation more efficient. A sec-
physics of nonrelativistic shocks with the method of ki-ondary goal was to investigate the efficacy of particle pre-
netic particle-in-cell (PIC) simulations. Such simulatio  acceleration, which appears needed for their injectiom int
are the appropriate tool to study particle injection intoa diffusive shock-acceleration process.
shock acceleration because this process is a kinetic prob- To address these questions we follow the evolution of
lem that cannot be addressed with MHD or other fluid techthe system longer than was done in [1]. Also, we are in-
niques. This also includes hybrid simulations that assuméerested in asymmetric flows, i.e., the collision of plasma
a massless electron fluid, thus neglecting electron-séale /aPs of different density, leading to two different shocks
fects that lead to scattering and heating. The results of o ind @ contact discontinuity (CD) which is self-consistentl

recent studies gdarallel nonrelativistic shocks are summa- fodeled. The presentation in this section is based on our
results recently published in [2].

rized in section 2. In section 3 a newly developed setup for Figures 1 and]2 present the final structure of the collid-
perpendicularshock simulation studies is presented. Firsting plasma of our two main numerical experiments for un-

results of plasma collisions with perpendicular mag”e“‘:magnetized plasma conditions (run U1) and for a weakly
field configurations and the results of realistic studies ofjagnetized plasma (run M1), in which the plasma flow is

the non-linear evolution and saturation of magnetic-fieldaligned with the homogeneous magnetic field. Both simu-
amplification processes induced by cosmic-ray streamingations assume two electron-ion plasma streams of differ-
instabilities in the shock precursor will be reported at theent densities to collide with each other at relative speed
conference. Vrel = 0.38c. The density ratio between thdense(left,
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Figurel: Structure of the collision region at the end Figure2: Structure of the collision region at the end of the
of the simulation U1 with unmagnetized plasma at timemagnetized simulation M1 at tinte= 4111&)71 (see fig-

t= 4111w‘il. Shown are the profiles of (a) the averageure'1). The mean magnetic field contribution is subtracted
particle-number density normalized to the far-upstreanin the magnetic energy-density profile in panel (b).

density of the dense plasma (red lines: dense plasma, black

lines: tenuous plasma; solid lines: ions, dotted linesc-ele o )

trons), and (b) the average magnetic (solid line) and ele¢@gnetic field is present. This can be seen through com-
tric (dotted line) energy density in simulation units, and Parison of the average particle density profiles and phase-
the longitudinal phase-space distributions separatelgifo space distributions in Figures 1 and 2. It is evident from

: T nell 1f that in the unmagnetized conditions the dilute-
particle species: electrons of the dense (c) and tenuous ( n beam is not decoupled from the dense plasma and, de-

plasma and ions of the dense (e) and tenuous (f) COMPQyite heing hot, continues to carry a substantial bulk-flow
nent. In pqnel (a), the horlzontal dashed lines mark the hXénergy across the CD. Consequently, the forward-shock
drodynamic compression level offor the forward shock  compression ratio carries a substantial contribution from
(lower line) and 301 for the reverse shock (upper line).  the dense ions, which play a role of the shock-reflected par-
ticles, needed to maintain the shock. On the other hand, in
the magnetized case, the ion compression at the forward
moving to the right in+-x-direction) and théenuougright,  shock is almost entirely provided by the tenuous plasma,
moving to the left) plasma slab is 10 and the simulationcf. panel 2a. Although the contribution of the dense ions to
is conducted in the center-of-momentum frame of the twathe number density of particles returning upstream is com-
plasmas. Both runs use an ion-electron mass rafioe. = parable to that of the tenuous ions (panels 2e-f), the lat-
50. The simulation setup is designed to be applicable téer represent a more directed and faster flow deep in the
young SNRs, in which dense supernova ejecta propagatin@rward-shock precursor and also completely dominate the
with nonrelativistic velocity collide with a dilute weakly Precursor dynamics further upstream. Thus, the forward
magnetized interstellar medium. shock begins to resemble a self-propagating structure that
Both in the unmagnetized and the magnetized casds exclusively maintained by shock-reflected particles, in
a double-shock structure builds on time scales of aboufiependent of the processes operating at and behind the CD.
a thousand ion plasma times,;*. The formation of these  ThiS is not yet the case in the dense plasma region. How-

shocks is mediated by Weibel-type instabilities that areEVer the compression ratio at the reverse shock reaches

known from relativistic shocks. These instabilities lead t "~ 4, in agreement with the hydrodynamical jump condi-

current filamentation and the generation of transverse mad©ns: and the dynamics of the deep reverse-shock precur-
netic fields. We show that while non-relativistic shocks in Here, as forward shock we denote the shock propagating into
both unmagnetized and magnetized plasmas can be mee“'the Idw-density (right, ambient) plasma; vice versa the reverse

ated by Weibel-type instabilities, the efficiency of shock-  shock travels through the dense (left) plasma, that represents
formation processes is higher when a large-scale parallel the ejecta.
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Figure3: Kinetic-energy spectra of particles downstream
of the forward shock at/Asj =~ 3120 (Figure 1) and time
t= 4111@)‘;1 for the unmagnetized run U1, in the CD rest
frame. In simulation unit&y;, = 0.25(y— 1) for electrons
and Eyin = 125(y — 1) for ions. Normalized spectra are
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the two cases studied here.

In the unmagnetized case, small-scale electrostatic and
filamentation-like instabilities operate in parallel arehh
the electrons. Eventually, strong fluctuations arise in the
density of electrons and ions that lead to the formation of
the double-shock structure. Thus, electron dynamics play
an important role in the development of the system. lon-
ion or ion-electron streaming generally drives the turbu-
lence, which is mainly magnetic. The exact type of an in-
stability, however, depends on the location in the shock
precursor and is generally different for forward and re-
verse shocks. In the magnetized case, filamentation in the
dense plasma region is initially more pronounced. It pro-
vides a mechanism to efficiently decouple the colliding ion
beams. Later this instability evolves into an oblique mode
and nonlinear density fluctuations. Some of the stream-
ing instabilities that lead to the formation of the reverse
shock compression during late-stage evolution are similar
to non-resonant modes that have been discussed in the con-
text of cosmic-ray induced magnetic-field amplification,
e.g. [3, 4,5, 6, 7, 8]. In both the magnetized and un-
magnetized systems, magnetic-field generation processes
lead to stronger magnetic fields downstream of the for-

shown for tenuous electrons (black solid line), tenuougvard shocks, rather than reverse shocks. We would thus

ions (red solid line), and the dense ions (red dashed line).
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Figure4: Kinetic-energy spectra of tenuous electrons
(black line) and tenuous ions (red line) in the forward-

shock downstream region &fAsj ~ 3000 (Figure 2) and
timet = 4111w|gi1 for the magnetized run M1.

sor (2750< x/Asj < 2820) is solely governed by the shock-

reflected dense ions. As can be observed in Figure 1, the

expect synchrotron emission to originate from the magne-
tized structure of the forward shock transition, which is in
agreement with SNR observations.

We have also studied the effect of the assumed ion-to-
electron mass ratio on our results. We find that although
the main characteristics of the long-time evolution of the
systems do not critically depend on the mass ratio within
the range studied, the detailed mechanisms of reaching a
steady state might be modified or even different if the as-
sumed mass ratio is too low. The timescales for particle-
energy equilibration and the efficiency of particle pre-
accelaration processes might be overestimated in simula-
tions that use a reduced ion-to-electron mass ratio.

Particle spectra in kinetic energyExn = (y —

1)m ¢ (m = me,m;), downstream of the forward shock in
the CD rest frame are presented in Figlres 3 and 4, for the
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reverse-shock transition in the unmagnetized simulation 10 g

has not yet reached the compression ratio of a hydrody-
namic shock.

The amplitude of magnetic turbulence generated in the
collision region is in the magnetized plasma an order of
magnitude larger than in unmagnetized conditions. The
typical magnetization of the ambient medium, into which
young SNR shocks propagate, givendy= M52, is in the
range 106 < g < 10~3. Our magnetized run withr ~ 2 x

Ek\'n

Figure5: Tenuous-electron kinetic-energy spectra in the
forward-shock downstream region-at50Ag; from the CD

103 thus probes an upper limit of the sigma parameterdt timest = 2406 (black line), 2974 (blue line), 3542

o . ; : 1 -
and any realistic formation scenario of parallel shocks(gre’?” line), and 411dy;” (red line) for run M1. The dot-
in SNRs should show characteristics intermediate betweeted line shows a relativistic Maxwellian for comparison.
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Figure6: Stability comparison of a setup with constant perpendicaiagnetic field,, which has a jumping motional

electric fieldEy (left pane), and the new setup with a transition zomgglit pane), both after 10000 time steps. The
middle of the simulation box is at= 10000 and the edges of the two plasmas started - in this deératias simulation

- atx = 8000 andx = 12000. The void between the two plasmas, still about 15Qftglis wide in this test simulation, is

largely free of electromagnetic fields with our new setug,foll of strong transient fields if the standard method iscuse

unmagnetized and magnetized case, respectively. The elensrent is carried by particles that drift slowly enough to
tron distributions are generally isotropic and quasi4tidr  avoid Buneman-type instabilities, each plasma slab is sta-
The electrons carry nearly as much kinetic energy as dble in the simulation for a time period given by the Larmor
the ions. The latter have not yet reached an equilibriuntimescale, and instabilities only arise from the collision
and their distributions are very anisotropic. In the unmag- Figure[6 compares the stability of a setup with a con-
netized case, Figure 3, both the dense and tenuous ioséant perpendicular out-of-plane magnetic fijdhrough-
contribute to the ion energy spectrum and the spectral coneut the simulation box, which has a jumping motional elec-
ponents formed by the decelerated tenuous and dense idfic field Ey, and the new setup with the transition zone
beams can be identified. In both the magnetized and urilescribed above. One can clearly see, that the new setup
magnetized case, the high-energy tails are built by heatei$ very stable over many time steps, whereas the standard
beam particles and ions returning upstream. These super$ietup is not stable. In fact, in the standard scenario a tran-
cial tails are thus not indicative of ion pre-acceleration. ~ sientin the electric field is emitted at the strong field gradi
Likewise, we do not see any significant evidence of preent in the center of the simulation box, where the approach-
acceleration in the electron population. The time evotutio ing plasma slabs have not yet arrived. Thus, the plasma
of the electron spectra in run M1, Figlre 5, displays a slowvould be artificially accelerated before the slabs collide.
increase in average energy. However, after renormalizatio Besides providing a clean initial conditions, our new
of the spectra to dimensionless enexrgy E /Ein. av, With setup permits the mode_llng of two shocks in parallel, be-
the average particle ener@in ay, the shape of the spec- cause each of the coIUdmg plasma's.develops_ a shock. We
tra evolves very weakly. It is thus mainly a continuous in-can also account for different densities and different mag-
crease irEgin av that is responsible for the spectral evolu-Netizations of the plasma slabs, something that is impossi-

tion, not the development of a supra-thermal tail. ble with the reflecting-wall method. _
First results of plasma collisions with perpendicular

magnetic field configurations will be presented at the con-
3 Nonrelativistic Perpendicular Shocks ference.
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