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Early stage acceleration mechanisms for cosmic rays in supernova remnants (SNR) and the

heliospheric termination shock (HTS) are an outstanding problem in astrophysics. Indirect and

direct observations of particles in SNRs [1, 2] show energy spectra suggesting that quasi perpen-

dicular shocks offer a possible location for the acceleration. Several acceleration mechanisms

have been postulated. Fermi acceleration [3], which arises as particles are repeatedly reflected

off turbulent structures on either side of the shock, is in principle capable of accelerating ions

to cosmic ray energies. This mechanism is less efficient at lower energies, so plasma-based

preacceleration mechanisms at the shock front are necessary.

Recent particle-in-cell (PIC) shock simulations [4, 5, 6, 7, 8] show that the inclusion of full

electron kinetics yields non-time-stationary solutions, i.e. reforming shocks, where the reforma-

tion occurs on the ion spatio-temporal scale. This is in contrast to most previous hybrid (kinetic

ions, fluid electrons) simulations. Hence the acceleration experienced by ions incident on the

shock front depends strongly on when they arrive at the shock, as well as their initial energy.

SNR and HTS plasmas contain significant populations of minority heavy ions [9], e.g. α-

particles, with relative number densities up to 50%. The inclusion of heavy ions in PIC simula-

tions [10] showed that the reformation cycle and acceleration mechanisms at quasi perpendic-

ular shocks depend strongly on the relative density of minority ion species. Here we report the

first systematic study of shocks in plasmas with a broad range of densities of heavy ion species.

Our results show how the structure of the shock front and the character of the downstream tur-

bulence change, thus altering the conditions for particle acceleration. We present evidence for

significant enhancement of proton acceleration in the presence of a minority ion species.

Numerical model

This study is performed with the 1.5D (1x,3v) relativistic, electromagnetic PIC code EPOCH,

which closely follows the structure outlined in [11]. Distribution functions are represented by

computational super-particles, whilst fields are calculated on a spatial grid. Particle trajectories

are evolved over time from the fields via the Lorentz force, while fields are solved consistently
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with the particle distributions via Maxwell’s equations. The plasma conditions are similar to

those in [10]. The upstream plasma conditions are those of a low-β plasma, β1 = 0.15, where

temperatures are T ∼ 100eV and the total number density ∼ 108m−3, in a perpendicular mag-

netic field Bz,1 = 10−7T. The injection speed vin j corresponds to Mach 10.5 with respect to the

upstream magnetosonic speed and proton kinetic energy ∼ 6MeV.

Plasma is injected through the upper boundary of the simulation domain with Maxwellian

velocity distributions and super-critical flow in the negative x-direction. The shock is generated

at the lower boundary using the piston method [5] and propagates upstream towards positive

x. A shock following algorithm is used to allow sufficiently long run times. To resolve the full

dynamics of the shock, the spatial domain is many proton cyclotron radii long (L = 15λcp) and

the resolution equals the plasma Debye length (∆ = λD), where scale lengths are relative to

the upstream plasma conditions. The number of grid cells used is L/∆ ∼ 50000. We use 100

super-particles per species per cell. We use reduced mass ratios of protons mp/me = 20 and

α-particles mα/me = 80, and the ratio of electron plasma frequency to cyclotron frequency

ωpe/ωce = 20 to make the problem computationally tractable.

Results

The general shock dynamics are best demonstrated by the evolution of the perpendicular

magnetic field Bz in space and time, Figure 1. Each panel shows results from simulations with

different α-particle densities, where the percentage in each panel refers to the relative α number

density n̂α ≡ nα/(nα + np). The shock front can be recognized by the peak in magnetic field,

often referred to as the shock overshoot and ramp, forming diagonals through each panel. Just

upstream of the ramp we find the foot region (light blue) caused by ions reflected off the ramp

surfing the shock front.

Compared to the single ion species plasma with n̂α = 0%, we find significant modifications to

the shock dynamics at n̂α = 10%, both at the shock front and downstream. The shock reforms

on both ion species timescales, with α-timescale maxima bridging several proton timescale

maxima. Proton scale maxima have similar amplitude to those found in n̂α = 0%, while α max-

ima are ∼ 40% lower. In the downstream region, we see focusing of localized maxima which

reform on the α-timescale. For higher values of n̂α , the downstream maxima retain their gen-

eral characteristics (amplitude, reformation scale), although positions and structures vary. For

n̂α = 20−30%, a new feature appears in the front region: a secondary overshoot (’shocklets’)

slightly downstream of the initial overshoot, reforming on the α-timescale. The leading edge

of the foot region also now exhibits spatio-temporal scales of both ion species, for example the

initial overshoot follows the curvature of the α-particle dynamics. Magnetic field maxima have

40th EPS Conference on Plasma Physics P5.403



similar values to maxima found for n̂α = 0%. Increasing n̂α to 40− 50%, the clear separation

of ion timescales disappears; both shock front reformation and downstream plasma structures

appear less regular.

Figure 1: Evolution of perpendicular magnetic field strength (Bz) (in units of the upstream magnetic field Bz,1) over
time (vertical axis, in units of upstream proton cyclotron period, 2πω−1

cp ) and space (horizontal axis, in units of
upstream proton cyclotron radii, λcp = vin j/ωcp) for six different simulations with increasing relative densities of
α-particles. Colour indicates field strength, with its value given by the bar on the right hand side. The percentages
in each panel represent the relative α-density n̂α .

Since the impact of minority heavy ions becomes evident at low number densities (n̂α =

10%), it is helpful to consider the corresponding parameter for mass density, ρ̂α ≡ ρα/(ρα +

ρp). For n̂α > 30%, α-particles carry more than half of the total mass density. In the extreme

cases where one of the ion species dominates, i.e. n̂α < 10% and n̂α ≥ 30%, the spatio-temporal

scales are similar to those obtained in single ion species models. For n̂α ∈ [10%,30%〉, both ion

species contribute in similar amounts to the shock dynamics. Moving from low to high values of

n̂α , the foot scales undergo a transition, increasing from the shorter proton scales to the longer

α scales. Evidently, the larger foot region scale is an indication of enhanced acceleration in the

shock front region, as ions are reflected further upstream before being transmitted through the

shock.

The enhanced energization of protons in the presence of a significant minority population

of α-particles is evident in the left panel of Figure 2. Here we see energy spectra taken in the

up- and downstream plasmas from a simulation with n̂α = 10%, compared with the spectra of
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Figure 2: Energy spectra of protons (left panel) and α-particles (right panel), up- (full lines) and downstream
(dashed lines) of the shock, for n̂α = 10%. Horizontal axis shows energy in units of mean kinetic energy of each
particle species. The dash-dotted line in the left panel shows the energy spectra of protons for n̂α = 0%.

protons downstream in the absence of α-particles. Both the average and maximum energy of

protons in the downstream population exhibit a significant increase resulting from the inclusion

of heavy ions. From the results presented here, it is not possible to establish which mechanism

cause the extra energy gain. There is preliminary evidence that both shock surfing and Fermi

acceleration are enhanced equally with increasing relative densities of heavy ions.

Conclusions

These new results support the conclusions found in initial studies [10]. We have investigated

how shock and plasma dynamics depend on the relative density of proton and heavy ions, and

how this affects the energization of incident ions.
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