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Computational Studies of Cosmic Ray Electron Injection
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Abstract. Observations of synchrotron radiation across aand ROSAT (Willingale et al., 1996) spacecraft show that X—
wide range of wavelengths provide clear evidence that cosray emission from the bright rim has a hard, approximately
mic ray electrons are accelerated to relativistic energies irpower—law spectrum. In contrast, emission from the centre
supernova remnants (SNRs). It is widely accepted that thesis softer, with a strong atomic line component. The sharp
observations can be interpreted in terms of diffusive shockedges and strong limb brightening observed at both X-ray
acceleration. However, the search for a viable mechanisnand radio wavelengths indicate that: the acceleration site is
for pre—acceleration to mildly relativistic energies (the in- the strong outer shock bounding the remnant; the accelera-
jection problem) remains an active field of research. Heretion is continuous; and the local diffusion coefficient of elec-
we present computational studies which show acceleratiotrons near the shock front is substantially reduced relative
of electrons from background energies to tens of keV. We usdo that in the general interstellar medium (Achterberg et al.,
an electromagnetic particle—in—cell (PIC) code, with parame-1994). There is thus extensive observational evidence that
ters appropriate for quasi—perpendicular collisionless shockshe strong collisionless shocks bounding shell-type SNRs ac-
in SNRs. Free energy for electron energization is provided bycelerate electrons to relativistic energies.

ions reflected from the shock front, with speeds perpendicu- o e . .
lar to the magnetic field greater than thepupstrezmpelectron Wh|.le. diffusive shock accelc'eratlo'n (Bell, 1978.) provides
thermal speed. Large amplitude electrostatic waves, exciteém efficient means of generating highly energef‘l_c .EIGW?,”S
initially via a two—stream instability at a single wave num- rom an already mildly relativistic threshold, the “injection

ber, saturate when a large fraction of the electron populatior? r.pre—acceITra?on th)Jeonn Ir emtaugsf oper;): b)|/<what 'EeCh'
is trapped by them: a power law wavenumber spectrum even2N!SMS can €lections be accelerated from background ener-
ies to mildly relativistic ones (Levinson, 1996)? In what

tually results. During this process electrons are accelerate . . ;

to speeds greatly exceeding those of the shock-reflected iori@”ows’ we describe a possible answer (D|eckmar_1n ?t al.,

producing the initial instability. Electron energization takes 000?’b; McCIer_ne_nts etal., 2.(.)01) which has attractive "boot-

place through various resonant and non—resonant process ,rap c_haracterlstlcs._ Sp_emﬂce_ll_ly, we suggest that waves
are excited by collective instability of ions reflected from

of which the strongest involves stochastic wave—particle in- dicular shook. and that th q th
teractions. In SNRs the diffusive shock process would ther® PErPENicuiar shock, and that these waves damp on ther-

supply the final step required for the production of fully rel- mal electronz, therebyd%ccteleratlrllg t?em. SL;]Ch.a pfrocess
ativistic cosmic ray electrons. was proposed as a candidate acceleration mechanism for cos-

mic ray electrons by Galeev (1984) and McClements et al.

(1997). Instabilities driven by shock—reflected ions at SNR

) shocks have also been invoked by Papadopoulos (1988) and

1 Introduction Cargill and Papadopoulos (1988) as mechanisms for electron
) i . heating, rather than electron acceleration. On the basis of

The detection of radio synchro_tron emission from shell—typea simple analytical calculation, Papadopoulos predicted that

supernova remnants (SNRs) is a clear indication that elecétrong electron heating would occur at quasi-perpendicular

trons of GeV energy are being accelerated in such ObjeCtSShOCkS with fast magnetoacoustic Mach numbeis > 30—

There is now convincing evidence that synchrotron emission40 through the combined effects of Buneman (two—stream)
from some remngnts extends to X—ray wavelengths (P(_)hl an(And ion acoustic instabilities. In this model the Buneman in-
Esposito, 1998), implying the presence of electrons with en

ergies of order 10eV. A prime example is SN 1006, ob-
servations of which using the ASCA (Koyama et al.,

‘stability, driven by the relative streaming of shock-reflected
ions and upstream electrons, heats the electrons to a tem-
1995) peraturel, much greater than the ion temperatie The
Correspondence tK. G. McClements ion acoustic instability is then driven unstable if there is a su-
(k.g.mcclements@ ukaea.org.uk) personic streaming between the electrons and either reflected
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or non—reflected (“background”) ions. Using a hybrid code, 5o
in which ions were treated as particles and electrons as a_,,|
massless fluid, Cargill and Papadopoulos (1988) found that%30
the electron heating predicted by Papadopoulos (1988) couldP
occur in a self-consistently computed shock structure. How-§
ever, as Cargill and Papadopoulos point out in the last para- °f

graph of their 1988 paper, the fact that hybrid codes adopta 9 5 10 15 20 25
fluid model for the electrons means that they cannot be used Normalized time
to investigate electron acceleration. 5

The physics of charged particle interactions with large am- .
plitude waves has been studied extensively in the context of g ;|
controlled fusion experiments (e.g. Berk, 1996): the physi- ;
cal understanding and techniques developed in these studies

can help to shed light on the SNR electron injection problem. il “MWMWM 1
Improved theoretical understanding of electron acceleration % 5 10 15 20 25
at shocks will enable observations of synchrotron and in- Normalized time
verse Compton emission to be related quantitatively to shock

parameters. However, most work on particle acceleratiorFig-_1-_E|eCtr°” perpendicular kinetic energy (upper) and electro-
has concentrated on ions, primarily because upstream mg>atic field energy (lower) versusor wp. /(e = 10, us1. = Gveo.
mentum and energy fluxes are dominated by ions, so that

the shock structure problem reduces essentially to that of

isotropizing the ion distribution. However, the very fact that

electron dynamics do not appear to be important for shockhird of the electron density: this is consistent with hybrid
structure allows us to separate the two problems: having presimulations of shocks with Anic Mach numbers ranging
scribed the parameters of the ion population using the resultgp to 60. The electron plasma frequenay. /27 and gy-

of hybrid code simulations, we can examine in detail therofrequency./2m are10°Hz and10*Hz respectively. Nor-
physical processes that occur on electron timescales. Thigalized variableg = Q.t/2m andk = kv.o/2. are used

is the approach followed in the fully nonlinear investigation to measure time and wavenumbek. The simulations have
of Dieckmann et al. (2000), involving large scale numeri- one space dimensida), orthogonal taB.

cal simulation using a particle—in—cell (PIC) code backed up In both simulations enerav was rapidly transferred from
by analytical and numerical studies of the underlying plasmab | 9 h th pidly flux b h
physics mechanisms. The primary goal is to find a mecha- eam protons to electrons, with the power flux between the

nism capable of producing mildly relativistic electrons: once EWO S‘iffc'ei 'nr? reaslﬂg ;/_vhen,l vlveis raied frorTZz.)eo lto ki
they have attained rigidities comparable to those of shock— Ueo- F19. 1 SOWS Ine ime evolution of perpendicurar ki-
tic energy and electric field energy fog, = 6v.9. The

heated protons, they can undergo resonant scattering, arﬂftrib tions in perpendicular d atf — 70 in the sim
subsequent acceleration to relativistic energies can then pro-S utions In perpendicuiar speeg att = €s

ceed via the diffusive shock mechanism. Elsewhere in thesgl‘iﬂogs with UbL :t ‘ZU%) af?d ulblM: 6”??. (Fig. 2) catr_l |
proceedings, Schmitz et al. (2001) report on PIC studies o 0 € approximated by single Maxwellians, respectively

SNR shock structure. with v, ~ 8v.g andv, ~ 12v.o: the perpendicular thermal
speeds thus exceed the velocities of the proton beams which
produced them. In the case of, = 6v.g, the final elec-
tron temperature (11.5keV) is easily sufficient to account for
thermal X—ray emission observed from SNRs such as Cas A

p- (Papadopoulos, 1988). Individual electron energies of up to
several tens of keV were observed in this simulation.

2 Simulations

Reflected protons are known to exist in a “foot” region u
stream of perpendicular shocks, with thickness of the or-
der of the upstream ion Larmor radius. The reflected pro- g 3 shows the time evolution of wave amplitude versus
tons form two beams, propagating towards and away fromy. whenu,, = 6v,9. Waves withi ~ 1.8 rise sharply in

the shock, perpendicular B (McClements et al., 1997).  pagnitude af ~ 3, reaching a peak electric field amplitude
We use a particle—in—cell (PIC) code to simulate instabilities ; — g5v/m-1 and generating a harmonic At~ 3.6. The
driven by such beams, with bulk protons and electrons having,,ost unstable waves have ~ wye, and are unaffected by
zero net drift in the simulation frame: time evolution in the ¢ magnetic field: the growth rate does not depend on the
simulation can then be interpreted as spatial variation in theproximity of w to cyclotron harmonics. Aftef ~ 8, when
shock foot. The proton beams are initially Maxwellian with 6 initial wave activity has ceased, a more broadband pertur-

thermal speedu, = 3 x 10 ms_*l (defined such that the  ati0n is generated at ~ 1.3, the meark decreasing with
temperature isn,éu? , wherem,, is proton mass), and drift time.

speedsi, ;. = 5veo, 6veo, Wherevey = 3.75 x 105ms ! is
initial electron thermal speed. The total beam density is one The linear growth of waves in the simulations is described
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Fig. 2. Electron perpendicular speed distributionsdgr /Q. = 10

anduy 1 = 5veo (dashed)us 1 = Gueo (solid). Fig. 3. Electric field amplitude versusand? for w,. /2. = 10 and
up 1 = 6veo.

by the electrostatic dispersion relation

%Qn‘ 2%2,1) [1+¢Z(0)] %2)@ ) 1, a strong Buneman |nst_ab|I|ty occurs at the electron plasma
5 g0z + B i 1 (1) frequency. As the amplitude of this wave increases, harmon-
w L1 f=—00 € ics of it appear. After a certain time, the initial wave and its

harmonics are replaced with a continuum (Fig. 4): waves
appear at every wavenumber permitted by the finite size
of the simulation box X, = 4\g where)\ is the wavelength

of the initial Buneman instability). This can be attributed
to sideband instabilities, initially at dimensionless wavenum-
bersk = kup, /wye = 0.75, 1.25 and subsequently at other
k. Approximating the high wavenumber tail of the distribu-

Here,w,;, wy, are background and beam proton plasma fre-
quencies/ is the plasma dispersion function with argument
¢ = (w — kup, )/kduy, andl, is the modified Bessel func-
tion of the first kind of ordef with argument\ = v2 k2% /Q2.

It can be shown from Eq. (1) (Dieckmann et al., 2000a) that
the mode appearing &t~ 1.8 in Fig. 3 arises from a Bune-

man instability driven by beam protons.uf. /€2, > 1, and , ) = x
the instability drive is sufficiently strong, electrons are effec- 10N by @ power law, withi%, oc 7%, we obtaina =~ 2.3.
At 0.25 < k < 1, where the spectrum departs from a power

tively unmagnetized and, in the frame used in the simula- .

tions, the mode has frequeney~ ku;, =~ w,. and growth law, there are several modes of comparable amplitude. These

rate ’ be havew ~ w,., and therefore the phase speed of the longest
wavelength modeq( = 0.25) iSvy ~ 4 Xwpeo/2m ~ 0.24c.

v~ (i’>\/§wﬁbwm/16)1/‘3 (2 The electror(z, v,.) phase space shortly after the appearance

(Dieckmann et al., 2000a). Beyond the linear phase, there ar(éf the continuous: spe_ctrum 'S shown_m F'g.' 5. The pres-
ence of many waves in the system gives rise to a complex

strong indications that the waves saturate because of elewolﬂteraction between several trapped particle islands, with the
trapping in the wave potential (Dieckmann et al., 2000b). ppedp '

In both simulations wave excitation is correlated with ac- result that trapped electrons are accelerated up to about the

celeration and heating of electrons. Although particles can b(%hase speed of the fastest-propagating mode in the system.

energized via Landau damping, one would expect this pro- simulations were carried out with highdf/ o, so that
%maller wavenumbers and higher phase speeds could be rep-

cess to be of limited effectiveness when, as in the presen . : . ; .

. . resented, it appears likely that acceleration to higher energies
case, the waves are propagating perpendicular to a magnetic o . : -
. s . would be observed (similar box sizes were used in the sim-
field. It is likely therefore that the strong acceleration ob-

: d ; . 7 . ulations withw,,. /2. = 10 and 100). There are also indi-
served in the simulations is due at least in part to nonllnearCations that strona acceleration perpendicular to E@tnd
processes. Karney (1978) identified a critical electric field 9 PeTh

. ) : ; the wave propagation direction can occur whegn /2. is
above which particle motion becomes stochastic and hencereater than 100 (McClements et al., 2001).

rapid acceleration is possible. The peak wave electric fields)

in both of the simulations discussed above were well above

the critical value (Dieckmann et al., 2000a) and so it appear® Conclusions and discussion

likely that strong electron acceleration occurred because of

stochastic wave—patrticle interactions. Using PIC simulations and analytical theory we have found
We have also carried out simulations with. /Q2. = 100, that electrostatic waves, excited by protons reflected from

T. = 9eV andu,, = 0.06¢, wherec is the speed of light high Mach number perpendicular shocks, can effectively heat

(McClements et al., 2001). As in the two other simulations, and accelerate electrons. This process may help to account
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Fig. 4. Snapshot of wave spectrum in simulation with. /2. =
100. The straight line indicates a power law fit to the high
wavenumber tail of the spectrum, with index~ 2.3.
Fig. 5. Electron distribution inz, v, ) space atvyet/2m = 43 in
simulation withwye /2 = 100. The quantityho = 27up 1 /wpe iS
for observations of thermal bremsstrahlung from SNRs, andhe wavelength of the initial Buneman instability.
could also provide a seed population for diffusive shock ac-
celeration to GeV energies. Our results confirm an earlier ) )
suggestion (Papadopoulos, 1988) that streaming between re- unmagnetized astrophysical plasmas, Phys. Plasmas, 7, 5171-
flected protons and upstream electrons gives rise to a strong 5181, 2000. . N .
. e . . aleev, A. A., Acceleration of electrons to ultrarelativistic energies
Buneman instability. The geometry used in the PIC simula-

, s : by shock waves and synchrotron radiation of these electrons, Sov.
tions excludes the possibility of acceleration aldgigfor ex- Phys. JETP 59, 965-971, 1984

ample via the modified two—stream instability (McClements koyama, K., Petre, R., Gotthelf, E. V, Hwang, U., Matsuura, M.,
etal., 1997). Itis likely that the Buneman instability and the  Ozaki, M., Holt, S. S., Evidence for shock acceleration of high-
modified two—stream instability both play important roles in  energy electrons in the supernova remnant SN 1006, Nature 378,
the production of high energy electrons at SNRs. 255-258, 1995.
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