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Abstract. Acceleration processes associated with the helio- Kinetic simulations are a useful tool to investigate, self-
spheric termination shock may provide a source of anomaconsistently, local acceleration processes at the shock.
lous cosmic rays (ACRs). Recent kinetic simulations of Particle-in-cell (PIC) simulations of quasi-perpendicular
supercritical, quasi-perpendicular shocks have yielded timeshocks (see, for exampleBiskamp and Welter 1972
varying shock solutions that cyclically reform on the spatio- Lembege and Dawsqrl987 Lembege and Savoinil992
temporal scales of the incoming protons. Whether a shoclShimada and Hoshin®00Q Schmitz et al. 2002a Hada
solution is stationary or reforming depends upon the plasmaet al, 2003 Lee et al, 20043, have found that, for a cer-
parameters which, for the termination shock, are ill definedtain range of parameters, the shock solutions are not static,
but believed to be within the time-dependent regime. Hererather reforming on the gyro scales of the incoming bulk pro-
we present results from high phase space resolution particlgens. Hybrid simulations, on the other hand, typically gen-
in-cell simulations for a three-component plasma (solar winderate static solutions (see, for examBeygess et al.1989
protons, electrons and pickup protons) appropriate for theKucharek and Scholed995 Lipatov and Zank1999), al-
termination shock. We find reforming shock solutions which though reforming solutions are recovered for a range of val-
generate suprathermal populations for both proton compoues of resistivity Quest 1985 Hellinger et al, 2002. The
nents, with the pickup ions reaching energies of order twentytime dependent electromagnetic fields at reforming shocks
times the solar wind inflow energy. This suprathermal “in- have been found to accelerate a fraction of the bulk pro-
jection” population is required as a seed population for sub-ton population to suprathermal energike€ et al, 20043,
sequent acceleration at the shock which can in turn generatand this is a possible cosmic ray injection mechanism at su-
ACRs. pernova remnants. Parameters relevant to the heliospheric

Key words. Interplanetary physics (Cosmic rays, He- termination shock, alt.hough ill dgfined, are con_sistent wit_h
liopause and solar wind termination) — Space plasma physicg‘oSe e>.<pected to yield reforming SOIUUO”.S N a guask-
(Shock waves) perpendlcglar geomgtry. The use of a quasrperpgndmular
geometry is appropriate if we make the assumption that
Parker’s solar wind model is still valid in the outer helio-
) sphere. FollowingPesses et a{1981) one concludes that the
1 Introduction shock is close to perpendicular (the angle between magnetic
field and shock normat80°) at heliographic latitudes less
than 73. Pioneer 11 measurements show the existence of
two broad distributions of shock propagation angle, centred
on 90 and 270, with half widths of 258 (Smith, 1993.

With the approach of the Voyager spacecraft towards the he
liopause and in particular the termination sho@&uilaga

et al, 2003 Gurnett et al. 2003, together with possible
crossings thereofKfimigis et al, 2003 McDonald et al,
2003, the problem of the acceleration of anomalous cos-
mic rays (ACRs) isk et al, 1974 Pesses et al198]) in Importantly, the heliospheric termination shock is gener-
the outer heliosphere is at the forefront of current researcl}ﬂed in the presence of pickup ions originating from the tran-
(see, for exampleKucharek and Scholel995 Zank etal,  gpaignause interstellar medium. Two questions then arise,
1996 Rice et al,200Q Zank_et al, 2001 Lever et al, 20(_3])- which we address here: first, whether the reforming shock
This pr_owdes an qpportunlty for comparing theoretical re- o4,ions found previously persist with the self consistent in-
sults with observations. clusion of a pickup ion population; and second, to what ex-
Correspondence tdR. E. Lee tent are both solar wind and pickup protons accelerated in the
(leer@astro.warwick.ac.uk) resulting time dependent electromagnetic fields.
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2 Simulation of electron plasma frequency to electron cyclotron frequency
®pe/wee=20 (in common withShimada and Hoshin@00Q
We use a 1.5-D (i, 3v) relativistic electromagnetic PIC Schmitz et al. 2002ab; Lee et al, 20043. Simulations at
code to simulate the structure and evolution of a supercrithigher mass ratios have been conducted by, for example,
ical, collisionless, perpendicular magnetosonic shock. Simu{emb2ge and Savoir2002 at Mz =400, andScholer et al.
lations of reforming shocks in quasi-perpendicular and pure{2003 at Mz=1840; however, to achieve reasonable run-
perpendicular reforming shocks have been performed, fotimes and simulation domains, a ratio @f /wee=[2, V8]
example, byScholer et al(2003, where it is shown that was used, for example, in the latter. In our simulations a
the additional wavemodes supported by oblique geometryower mass ratio is chosen to allow for sufficient resolution
do not strongly affect the overall structure and dynamics ofof the ion phase space to study the ion dynamiSsholer
the reforming shock. In a PIC simulation, the distribution et al.(2003 demonstrate that reformation is a Igiprocess,
functions of all particle species are represented by computaand is not an artifact of unrealistic mass ratios, and that the
tional super-particles, the phase space locations of which ardifferences that occur between simulationsM#=20 and
evolved via the Lorentz force law, whilst the electromagnetic M/, =1840 are in the nature of the instabilities in the foot
fields are defined on a spatial grid and evolved via the fullregion. Previous work suggests (seeg et al.2004a Lee
Maxwell equations (see, for exampkirdsall and Langdon et al. 2004k that the reflected ion dynamics are insensitive
1991). The simulation setup is that describedLiee et al.  to these instabilities, and importantly we resolve the same
(20043, with the addition of pickup protons, the results of length scales for the foot region-{.;) and shock ramp (of
which are presented for the first time here. We find reform-the order ofc/w,.), thus we expect our conclusions to hold
ing shock solutions in this 1.5-D geometry, where scalar andat M z=1840.
all three components of vector quantities are functions of one
spatial coordinate and time. Reforming shock solutions have
also been found in higher dimensioh&(bege and Savoini 3 Results
1992.

To accurately reproduce the effects of pickup protons,The key phenomenology found in our PIC simulations arises
we simulate three species within our code: electrons, sofrom the non-time-stationary nature of the reforming shock.
lar wind protons, and pickup protons. Particles are injectedThis is shown in Figsl and 2; these plot magnetic field
on the left-hand side of the simulation box with a drift strength and’E.dx as functions ofc and time for two sim-
speedvinj. The simulation is conducted in the downstream ulations, on the left, for solar wind protons only and on the
rest frame, so ifv; is the upstream andh the downstream right, with the addition of a pickup proton population at 10%
flow speed derived from the Rankine-Hugoniot relatiang,  of the density of the background. As with all figures in this
can be defined from the Alénic Mach numberpM4 by: paper, they are presented in a frame where the downstream
vinj=M sv4—v2. For solar wind protons and electrons, each plasma is at rest, using data collected from a time segment of
individual particle has its initial speed modified by an addi- the simulation when the shock has formed and is propagat-
tional Maxwellian random velocity, chosen from a thermal ing independently of the boundary conditions. Units are nor-
distribution characterised bywam for each species. Pickup malised to upstream parameters for the solar wind protons,
protons are born with similar values of perpendicular veloc-thus; is the upstream solar wind proton cyclotron radius,
ity and arbitrary gyrophase, centred on the drift speed. Thew.; is the upstream solar wind proton cyclotron frequency,
pickup protons are modelled by a population with velocities andEinj,SW:miviznj/Z is the solar wind proton injection en-
in the form of a spherical shell, centred ag, radiusvy. On ergy. The shock can be seen to move upstream, from the
the particle injection boundary, the magnetic fieRl () is right to the left of the simulation box, over time, with peaks
constant and the electric field( ;) is calculated self con- in magnetic field (the shock ramp) recurring, and the poten-
sistently. We use the piston method to generate the shockijal well expanding and collapsing, on the time scale of the
and shock-following algorithms, to obtain a sufficiently long local proton cyclotron period. Over the course of each cycle,
run time, as described @chmitz et al(20023. a stationary shock ramp forms at the turnaround point of pro-

Here results are presented from simulations of a perpentons in the foot region. Then a new foot region extends into
dicular shock propagating into a collisionless plasma, at arthe upstream region as protons reflect from this new shock
Alfv énic Mach numberX4) of 8. The upstream ratio of front. A new ramp (magnetic field peak) then starts to form
plasma thermal pressure to magnetic field pressure for that the upstream edge of this foot region, and another cycle
solar wind thermal protons is taken As=0.2, and for the  begins. The last of the original foot region protons gyrate
electrong8,=0.5. The pickup proton effective temperature is into the downstream plasma as the new shock starts to reflect
characterised by; due to their initial shell distribution (after a new foot region population. The shock thus propagates up-
Kucharek and Scholet995 Zank et al, 1996 Ellison et al, stream (left) in a stepwise fashion. Comparison of a shock
1999. To enable ion and electron time scales to be capturedgimulation containing no pickup ions (panel A in Figsaand
within the same simulation, with reasonable computational2, and see alsolL.emhbege and Savoinil992 Shimada and
overheads, it is necessary to reduce the simulation mass radoshing 200Q Schmitz et al.2002a Lee et al, 20043 to
tio for ions and electrons t&f g=m; /m.=20, and the ratio a shock simulation containing 10 % pickup protons (panel B
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Fig. 1. Evolution of perpendicular magnetic field strength, over
time (vertical axis), and space (horizontal axis), for a simulation in
the absence of pickup ions (panel A) and a simulation containing

10% pickup ions (panel B).
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Fig. 3. Spatial cross section of the simulation in the shock region
att=34.5x2ﬂa);1. The top panel (panel 1) shows perpendicular

magnetic field strengttB,, normalised to the upstream valus, ;.
Panel 2 showg= [ Exdx normalised to the solar wind proton in-

jection energy€inj sw. Panels 3 and 5 show the energies of the

Fig. 2. Evolution of¢=[ Edx, over time (vertical axis), and space
(horizontal axis). In the absence of pickup protons (A), and wit
10% pickup protons (B).

h

in Figs.1 and?2), shows that the reformation spatio-temporal
scales are similar.
Figure3 shows a snapshot of the spatial distributions-of

pickup protons and the solar wind protons, respectively, again nor-
malised tofinj sw. Panels 4 and 6 show the pickup and solar wind
protonx-velocities, normalised to the injection velocity;.

tons move upstream to form a relatively energetic popula-
tion, as shown in panel 4, gaining energies dispersed from
1-6x&inj,sw (as seen inLee et al, 20043 as they cross the

velocity and kinetic energy for both proton species, togetherShock front and move into the downstream region.

with [Edx, and perpendicular magnetic field, at the begin-
ning of a reformation cycler&34.5x 2w ). The tempo-
ral evolution of both proton species in phase space over
reformation cycle is shown in Figl, together with the cor-
responding scalaf Exdx and perpendicular magnetic field
in Fig. 5. From this figure we see that the addition of 10%
pickup protons does, however, lead to an extended foot re

gion, observable by the slow decline into the shock’s poten-

tial structure starting-6i.; upstream, and in the downstream
acts to suppress magnetic field fluctuations over a distance
~5)\.; downstream of the shock front.

In Fig. 3 protons from both species flow in from the left-
hand, injection boundary. Solar wind protons continue until
they reach the shock front (currently situated-@ba..;). At
this stage of the reformation cycle, the shock front is almos
stationary (see Fid.), so that a fraction of the solar wind pro-

tons specularly reflect, in the downstream rest frame, fromb

the ramp in the magnetic field and its accompanying poten
tial, with v,— —uv, (panel 5). The reflected solar wind pro-

o

Pickup protons also flow in until they reach the shock
front, at which stage they, too, are reflected (panel 3). The

presence of pickup protons leads to an extended foot re-

gion with two components: the reforming foot region asso-
ciated with the solar wind protons close to the shock, plus
a weak foot region extending up tebi.; upstream. The
relative spatial scales of these foot region populations may
be understood in terms of specular reflection at the shock
ramp. If the protons simply reflect specularly, that is, re-
jerse their component of velocity normal to the shock front
(v,) as they encounter the ramp, then the length-scale for
each population i ipot=|v,|/we. This is governed by

Uy =Vinj +thm SiN(w;t+¢): for thermal protons this implies

v, ~vinj becausahm sw<vinj; whereas for the pickup pro-

{LONS Vthm, PI~Vinj, SO that G<v, <2vinj. Thus, after specular

reflection, the pickup protons create an extended foot region
y moving further back into the upstream region, with a cor-
responding larger excursion in
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. o . Fig. 5. Four pairs of panels, corresponding to the spatio-temporal
Fig. 4. Phase space(/vinj VS. x/A;) for solar wind protons coordinates of the panels in Figj.showing perpendicular magnetic

glhowekr] pzla(n;el (i)fneath pralr) i?ndfplclzup; pr?tons ﬁﬁgerirﬁaxlf‘) 'nffield strength (upper panel of each pair), @rd/ £, dx (lower pan-
€s oc_leg 0 y ou pa S Of panels a_lequa € Intervais o els) in the shock region. As in Fig, the maximum upstream po-
0.4x2nw_;~, starting at timer=33.3x2rw_;~ (lowest two pan-

> - ' - sitions of reflected protons for each species are indicated, with the
els). The maximum upstream position for the reflected ions in eacq’urthest upstream arrow relating to the pickup ion species.
species are indicated for each snapshot.

The evolution of the phase space of both proton species From the magnetic field profiles it can be seen that the field
over the course of a reformation cycle is shown in Bighis  is B;/B; 1~3, on average, in the downstream region. Taking
is accompanied by Figs which shows the magnetic field the average time between minima in the shock’s foot region
and [ E dx at the same times. Visible ifiE dx in Fig. 5 value of [ E,dx, the reformation time isv1.5><27m);1 inthe
is the weak potential feature, associated with the pickup prosimulations with both 0% and 10% pickup protons, as can be
tons, that extends-6x.; upstream of the potential feature seen in Fig2. In terms of the average field just downstream
associated with the solar wind protons. This extended potenof the overshoot, the reformation time is thef.5 local ion
tial changes little over a reformation cycle, particularly when gyroperiods.
compared to the changes visible in the potential associated The differences in temporal evolution for the two species
with reflecting solar wind protons. The maximum upstreamcan be seen when the counts of reflected protons are com-
positions for reflected pickup protons and solar wind protonspared. We count the number of protons upstream of the min-
are indicated by arrows on Fig.and on the[ E.dx panels  ima in [ E,dx with, in the case of solar wind protons, ve-
in Fig. 5, to highlight this point. The presence of an extendedlocities directed away from the shock front and in the case
foot region is also visible to a lesser degree in the magneti®f the pickup protons, those protons with velocities outside
field profiles; these also clearly show the nontimestationaryof the injected shell in velocity space. The time variation of
nature of the shock ramp. When it is possible to do so (panelghese reflected populations is shown in Figln contrast to
A, C and D) we observe a shock ramp thickness of the ordethe solar wind protons, the pickup proton reflected ion count
of a few electron inertial lengths (in common witembege  (and consequently foot region structure) is stable over a ref-
and Savoini 1992 Scholer et a].2003. This value of the  ormation cycle, with slight changes coinciding with times of
shock thickness can also be seen in Bighich shows mag-  changing position for the minima ifiEdx as the reforming
netic field strength and E,dx profiles for a simulation in  shock advances. The solar wind proton reflection count, on
the absence of pickup protons, at four times over the coursg¢he other hand, varies by a factor-eR.5 over the course of
of a reformation cycle comparable to those shown in Big. a reformation cycle.

Comparing Figs5 and6 shows [ E dx and magnetic field To understand the energy gain processes, it is useful to
structure associated with the bulk solar wind protons, that areonsider the evolution of F-vdz, and its components, cal-
qualitatively similar to that arising in the presence of pickup culated along proton trajectories. Specifically, in Fgve
protons. examine a solar wind proton that reache8&i, sw, and a
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strength (upper panel of each pair), ape [ Exdx (lower panels)
in the shock region for a simulation in the absence of pickup ions. & ol
The panels are separated by equal time intervals.4% mm;l, -

starting at timg=33.3x 271@;1 (lowest two panels).

]

X/

pickup proton that journeys8i.; upstream after reflection,
before returning and reaching high energy on crossing the
shock front. To relate these changes to the shock dynam-
ics, the proton trajectories are superimposed upon the spatid=ig. 8. Top panel (panel 1) shows the energy of a pickup proton, cal-
temporally evolving/ Edx in the bottom panel of Fig8. culated from/F-vdt and its components:¢-red, y—blue,z—green,
The corresponding locaf E,dx experienced by these two total-black), panel 2 the energy of a solar wind proton. Panel 3
protons is plotted in the middle panel of F&.Detailed anal- ~ Shows/ Exdx at the position of both protons (solar winblack,
ysis of the energetics of the solar wind protohed et al, ~ PickuP-purple), panel 4 the-positions, calculated from=/ vydr,
20043 suggests that the electromagnetic fields relevant toi)r;]dsgglrz > It :t?égc;s'gohz overlayed onto the shock potential on
acceleration to suprathermal energies are on ion scales. As P BEx.id)
discussed i.ee et al(2004ab), for example, the fluid equa-

tions treated appropriately lead to

tron spatio-temporal scales, and here we simply note that,

1 a(B§/2+ 33/2) as shown in Lee et al. (2Q04b),_t_he ion dynamics will, from
E.;~— — v yBy; (1) the above argument, be insensitive to structures on electron
enpo ox kinetic scales.
defining the bulk potential in terms of integrakigx, then The proton trajectories in Fi@ display both similarities

removes features, such as electron phase space holes, and differences during their shock interactions. Both par-
maintains ion scale features, such as the foot region poticles encounter the shock when the magnetic field is at its
tential structure. The rate of change of eneeyv inte- strongest (Figl), and the potential at its narrowest (panel
grated over the trajectories of energetic ions with the elec5). They are reflected off the shock front, moving upstream
tric field from Eq. @) is then found to track that calculated into the foot region gaining energy (panels 1 and 2) in the
using the full electric field from the PIC simulation. Previ- local time dependent electric field. Their gyration and the
ous PIC simulations for a range of valueswof/m,. (see, for  propagation of the shock then brings them back towards the
example Lembege and Savoinil992 Scholer et al.2003 shock front, where their energies are too high for a second
show a variety of kinetic instabilities in the foot region, and reflection, and they enter the downstream region (panel 5).
in our results, features, possibly related to the Buneman in- The x-components off F-vd: for both protons are simi-
stability, are visible in the foot region of the solar wind ion lar (red, panels 1 and 2 of Fi@). Initially, as the protons
phase space in Fig8.and4. These features occur on elec- move towards the shock, there isanergy loss of roughly
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0 crosses the shock front. Consequently, solar wind protons
1 are seen at energies up to and beyoi®din; sw and pickup

i protons at up to~20&n sw. The self-consistent inclusion

of pickup ions leads to additional downstream magnetic field
structures, that can lead to further acceleration of the pickup
e protons, as indicated by the scattering aroun@3); in the

! 2 3 L8 s ’ e ° 10 pickup proton energies in Fig.

ESW I’:inJ,SW . . . . .
To illustrate changes in energisation mechanisms that oc-

Fig. 9. Solar wind proton energy distribution functions, kinetic en- Cl,"r d,ue to the, presence of pickup 'onst the normalized dis-
ergy normalised tcEip; sw vs. normalised frequency on a kg tribution functions of the proton energieg,(£), for each
scale. Results are shown both in the absence of pickup proton§Pecies are plotted on semi-log axes verses energy, normal-
(black) and with 10% pickup protons (blue). For comparison, theized to the solar wind proton injection energy, in Fi§s.
upstream distribution functions are also shown, in the absence o&nd 10. The distribution functions shown here were col-
pickup protons in red and with 10% in magenta. lected over ten upstream proton gyroperiods from a region
starting att~12)x.; downstream of the shock front, and ex-
tending forx>~5A.;. These distances are sufficiently far
downstream to be in a region of strongly fluctuating fields
and over spatio-temporal scales sufficiently large as to aver-
age over the small-scale variations present within the down-
stream populations. For comparison the distribution func-

°r 7 tions in the upstream region are also shown. These space and
105 : 0 I 20 2 P time averaged distributions capture the extended tafl(&%)
o1 Ensw which cannot be seen in the snapshots of phase space (Figs. 3
and 4).

Fig. 10. Pickup proton energy distribution functions, kinetic energy
normalised toEinj sw vs. normalised frequency on a lggscale.
Colours are as in Fig.

Figure 9 shows the solar wind proton distribution func-
tions. Comparing the distribution functions of the simula-
tions containing no pickup protons to one containing 10%
pickup protons shows only minor differences. The peak
. . . in the downstream distribution functions is at zero, as the
equal magn'tUde%&”j’SW)' Alter refiection this is fol!owed plots refer to the downstream rest frame. The distribution
by anx-energy gain, "?"SO of roughly gqual magmtudg, aSfunctions decay exponentially, with changes in exponent at
the protons move out into the foot region. The magnitudes 261 sw, the energy gained by protons that specularly re-

are similar because the protons experience similar potentia;!rect form the stationary shock front (sdee et al, 20043

s’Fructures. Hoyvever, therg is a slight disparity because th%nd at~5Ein;.sw, close to the maximum energy observed for
pickup proton interacts with the shock front and transfersprotons as they leave the shock front and enter the down-

sogq(;eg)en;;gy_{rom rl]ts—comtﬂ(_)nent o |t@_-cort;1po?efnt (atth stream region. Energisation can also be seen to be weaker in
1~303x2rw,;"), whereas this process is absent from the, presence of pickup protons.

solar wind proton trajectory which remains within the foot . ) o
Examining the pickup proton downstream distribution

ion ¢=30. 2w i I5).
region (=30.310 328x2rw,;” in panel 5) function (Fig.10, blue), we see a peak at arounfin2sw,

Examini_ng they-components Of. energy (bllue, pane!s L the maximum energy of the inflowing pickup protons. The
and 2 of Fig.8), the origin of the disparity in final energies distribution function varies slowly on this log axis up to

becomes clear. The pickup proton moves into the shock at : . :
. : . . ~17&ni.sw, this value is the maximum energy observed
a higher velocity, and is therefore reflected at that higher ve(-L Inj. SW 9y

. : . or pickup protons leaving the shock front and entering the
locity back into the upstream region (compare panels 3 an b PP 9 9

. ) . ownstream (Fig3, panel 3). At higher energies the distri-
5 of F'g'.3)' Conseque.ntly, the distance travelled b_y pickup bution decays exponentially, which is suggestive of acceler-
protons in the foot region, upstream of the shock, is greater . . ;

. ~.._ation in the downstream region.

than that for the solar wind protons. It follows that the drift
in the y-position is greater (panel 4), so that the gain in the
y-component of energy, throudh, motional drift, is greater.
Examining [ E,dx at the particle positions (panel 3), we see 4 Conclusions
that the overall potential structures around the timeg-of
energy gain are similar for both particles. Energisation oc-We have performed PIC simulations for a quasi-
curs during a phase when the local potential is approximatelyperpendicular shock in a parameter range where the
constant: again, as the pickup proton travels further in thisshock solutions are reforming and which is appropriate
state, and as the-energy gain is roughly linear, it gains for the heliospheric termination shock. We include a shell
more energy. As the particle passes through the foot regionlistribution of 10% pickup protons, centred in velocity space
for a second time, the energisation finishes and the particl®n vy, with a radiusv; ~25x vthm, sw.
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