Kinetic simulations of magnetic-field growth

by streaming cosmic rays

Introduction

Cosmic rays (CRs) of Galactic origin may be
accelerated to “knee” energies in shell-type
supernova remnants through diffusive shock
acceleration (DSA).

Once injected into the DSA process, CRs gain
energy by repeatedly crossing the shock before
escaping the system.

Confinement to the shock vicinity, essential for
efficient acceleration, requires upstream scattering
of cosmic rays.

A turbulent, amplified upstream magnetic field
significantly improves the CR confinement and
maximum energy.

Observed filaments of X-ray synchrotron emission
in SNR shocks indicate strong magnetic fields.

Magnetic field
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The amplitude of the magnetic field parallel and
perpendicular to the cosmic-ray drift direction

as a function of time. Initial growth (from time 5
to time 10) follows the prediction of Bell (2004).
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The RMS amplitude of the electric field as a
function of time measured in the simulation
frame (black), the instantaneous bulk rest
frame of the upstream plasma ions (blue), and
the instantaneous local rest frame of the
plasma ions (red; spatial resolution:
1.67 ¢/ o). From time 10 to 15, the dominant
contribution is from the advection of magnetic
fields in the turbulent plasma. There is no frame
in which the electric field vanishes altogether,
and consequently no purely elastic scattering
will take place.

Bulk motion
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The bulk, or drift, velocity of the plasma
and the cosmic rays. The plasma
electrons initially drift relative to the
stationary ions to provide a return
current, balancing that carried by the
cosmic-ray precursor. The convergence
of the drift velocities saturates the
magnetic-field amplification.
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The cosmic-ray shock precursor streaming through
the upstream medium may amplify the magnetic
field through plasma instabilities.

We use 2.5-dimensional particle-in-cell simulations
to model the linear and nonlinear growth and
saturation of the magnetic field upstream of a quasi-
parallel non-relativistic shock. Length and time
scales correspond to the wavelength %, and
growth rate y,,,, of the most unstable parallel-wave
non-resonant mode, as predicted by Bell (2004).

Cosmic-ray ions (density of one per every fifty
upstream plasma ions) are isotropic with Lorentz
factor ycg = 50 in a frame drifting to the left at

Vshook = 0.4 C to provide the current. A homogeneous
magnetic field such that Alfvén speed v, = 0.01 cis
oriented antiparallel to the CR drift.

lon temperature

Top: The mean kinetic energy per ion, in
units of the ion rest-mass energy and
corrected for turbulent advection, as a
function of time. The rapid rise in
temperature coincides with the onset of
strong turbulent motion. Bottom: spatial
dependence off thermal energy density
(arbitrary units) at times (left to right) 3.8,
7.6,and 11.4.
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The distribution of the components of cosmic-
ray momentum parallel and perpendicular to
the drift direction, in the CR population
instantaneous rest frame. The thin line
corresponds to the initial distribution measured
in a frame drifting at vy, = 0.4 c; the broad
distribution, at time 15.7, is measured in a
frame drifting at nearly Vg, / 2.

Turbulent motion

Prior to the onset of bulk acceleration,
smaller parcels of plasma begin moving
stochastically and colliding. Here the
component of velocity perpendicular to the
drift axis but within the plane of the
simulation is plotted as a function of time.

Key observations

The non-resonant streaming instability
(Bell 2004) is seen initially, bringing the
turbulent magnetic field up to an
amplitude comparable to the
homogeneous field.

Turbulent density and velocity
fluctuations arise in the upstream
plasma, leading to motional electric
fields and heating, while further
magnetic-field amplification begins to
taper off.

Back-reaction of turbulent, amplified
magnetic field on cosmic-ray population
facilitates bulk transfer of momentum to
the upstream medium and reduction of
relative drift until no further magnetic-
field amplification occurs.

Conclusions

Non-resonant streaming instabilities
may lead to significant amplification of
the upstream magnetic field and the
development of turbulence.

The spatial fluctuations in density,
temperature, and local drift velocity, as
well as magnetic and electric fields, will
likely influence the propagation of the
shock when it overtakes the turbulent
upstream medium, as well as affecting
the downstream properties once the
shock has passed.

Self-consistent models of cosmic-ray
acceleration at supernova remnant
shocks will need to account for all
effects of any upstream magnetic-field
amplification that occurs through
streaming instabilities.
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The evolution of the perpendicular magnetic field (upper
panel) and ion density (lower panel). Cosmic rays drift
from right to left, antiparallel to a homogeneous magnetic
field. Time (in units of the inverse growth rate 1 /v,..,)
proceeds from top to bottom. Early, the parallel-mode
structure appears similar to prediction in Bell (2004); the
structures grow and merge, turbulent motion ensues, and
the entire system begins drifting to the left.



