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Abstract. We have performed 3 one-dimensional full par- wind, are ultimately accelerated at the termination shock
ticle electromagnetic simulations of a quasi-perpendicularmy first order Fermi acceleration, also known as diffusive
shock with the same Alen Mach numben/4~5, shock  shock acceleration, up to several 100 MeV nucteofPesses
normal-magnetic field angl® z,=87° and ion and electron et al., 1981) and constitute the so-called anomalous cos-
beta (particle to magnetic field pressure) of 0.1. In the firstmic rays (ACRs). If pickup ions are sufficiently energetic
run we used an ion to electron mass ratio close to the physicab begin with, diffusive acceleration at a collisionless ter-
one (n;/m.=1024). As expected from previous high mass mination shock can accelerate them to the energies of the
ratio simulations the Modified Two-Stream instability devel- ACRs. The acceleration process has to be fast, i.e., in or-
ops in the foot of the shock, and the shock periodically re-der for ACRs to be singly ionized the acceleration time
forms itself. We have then self-consistently included in thefor 10 MeV nucleon? is limited to ~4.6 yr (Jokipii, 1992).
simulation 10% pickup protons distributed on a shell in ve- Jokipii (1992) pointed out that such a short acceleration time
locity space as a third component. In a run with an unreal-can only be achieved by diffusive acceleration at the quasi-
istically low mass ratios of 200 the shock still reforms itself; perpendicular termination shock assuming weak (in the hard-
reformation is due to accumulation of specularly reflectedsphere sense) scattering perpendicular to the magnetic field.
particles at the upstream edge of the foot. In a third run in-However, the requirement for the scattering to be weak re-
cluding pickup protons we used a mass ratio of 1024. Thequires that pickup ions are already energetic in order to be
shock reforms periodically as in the low mass ratio run with Fermi accelerated, since otherwise particles downstream of
a somewhat smaller time constant. The specular reflection ofhe shock are not capable of diffusing upstream (Jokipii,
pickup protons results in an increase of the shock potentiall987), (Webb et al., 1995). Zank et al. (2001) derived as
some distance ahead of the shock foot and ramp. The mina condition for particles to be Fermi accelerated that the in-
imum scale of the cross shock potential during reformationjection velocityw is larger than 81 /r)(14+1%)%? wheretU;

is about 7 electron inertial length,. We do not find any is the upstream solar wind speedthe shock compression
pickup proton acceleration in the ramp or downstream of theratio, andn=2,,/r,, the ratio of the particle’s parallel mean
shock beyond the energy which specularly reflected ions gairiree pathi to the gyroradiug,. Since for weak scattering

by the motional electric field of the solar wind during their 51, the energy at which particles are injected into a Fermi
upstream gyration. process is larger than the energy of the pickup ions, and this

Keywords. Space plasma physics (Numerical simulation is the so-called injection problem.

Studies; Shock waves; Waves and |nstab|||t|es) Lee et al. (1996) and Zank et al. (1996) have inVEStigated
the possibility that pickup ions are accelerated at a quasi-
perpendicular shock by so-called shock surfing, where part of
the pickup ions incident on the shock are trapped between the
electrostatic potential of the shock and the upstream Lorentz

It is generally accepted that interstellar neutral atoms, Whichforce' The efficiency of this mechamsm strongly'depends
n the scale of the cross-shock potential: the surfing mech-

are ionized in the heliosphere and picked up by the SOIaIZnism, also called multiply reflected ion (MRI) mechanism,

Correspondence to: M. Scholer is only efficient when the cross-shock potential scale is of
(mbs@mpe.mpg.de) the order of the electron inertial length. Zank et al. (2001)

1 Introduction
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284 S. Matsukiyo et al.: Quasi-perpendicular shocks

have proposed that the MRI mechanism works as a pickugield strength is closer to 0.06 nT (Burlaga et al., 2003). Ac-
ion injection mechanism into a first order Fermi accelera-cording to the Wang et al. (2000) model for the evolution of
tion mechanism at the termination shock. The MRI mecha-the solar wind the density changes in the outer heliosphere
nism discriminates against heavier pickup ions: the reflectiorsynchronously with the magnetic field. Assuming thus a
fraction of pickup ions decreases with increasing mass. Thiseduced density of .8x10~3 results ing;~0.11. We as-
is at variance with the conclusion drawn from ACR obser- sume thatg;=0.1 is a representative value upstream of the
vations in the outer heliosphere: the injection efficiency for heliospheric termination shock. We want to explore in the
ACRs seems to be higher for higher mass pickup ions (Cumfollowing the consequences of pickup protons for a quasi-
mings and Stone, 1996). To circumvent this problem Zankperpendicular shock. We assume in the present paper a mag-
et al. (2001) have argued, that since according to quasi-lineanetic field — shock normal angle 6iz,=87". The exactly
resonant scattering theory the parallel mean free path is aperpendicular shock is a singular case since in a 1-D sim-
increasing function of rigidityR=pc/M, n decreases with ulation waves with a component of the wave vectors paral-
pickup ion massV (p is particle momentumg is charge, lel to the magnetic field are excluded. For instance a 1-D
c is speed of light). Since in the weak scattering limit the shock simulation of an exactly perpendicular shock does not
injection velocity for diffusive acceleration has to be larger exhibit the Modified Two-Stream instability (MTSI) in the
than 3U1/r) (14?2 it follows that the injection velocity — shock foot region (Scholer et al., 2004).
is for heaver ions at a lower value, where fluxes of MRI ac- Recently Lee at al. (2005) have for the first time included
celerated pickup ions are higher. This overcompensates fopickup protons self-consistenlly in a full particle perpen-
the lower acceleration efficiency of the MRl mechanism with dicular shock simulation with parameters appropriate for
increasing mass. the termination shock. Two important parameters enter a
The crucial question is whether the scale of the cross-PIC (Particle-In-Cell) simulation: the mass ratio; /m.
shock potential at a quasi-perpendicular collisionless termi-and the ratio of electron plasma frequency to gyrofrequency
nation shock of the order of the electron inertial scale, a prew,./ Q... Lee at al. (2005) used the large value of 20 for
requisite for the MRI mechanism. Scholer et al. (2003) havew,,/ Q.., but had to compromise because of computational
performed full particle simulations of quasi-perpendicular reasons by using the rather low mass ratiomef m.=20.
shocks with the physical mass ratio and have found that lowL_ee at al. (2005) found that a perpendicular shock with 10%
ion beta,g;, shocks periodically reform. The length scale pickup protons added also reforms. Due to the dynamics of
of the potential during reformation cycle can, at best, get aghe shock the reflected pickup protons are accelerated up to
small as about 4 electron inertial lengths=c/wp. (wpe iS 20 times the solar wind proton energy. Since we found in pre-
the electron plasma frequency). They have therefore convious PIC simulations that the use of the physical mass ratio
cluded that the MRI process is not a viable mechanism foris important for the dynamics of loy#; quasi-perpendicular
pre-acceleration of pickup ions at the termination shock, al-shocks we will present in the following results for high mass
thoughLipatov and Zank (1999) found such an accelerationratio simulations. However, in order to achieve reasonable
process in their finite electron mass hybrid shock simulationsun times and simulation domains a ratiof, / Q..=2 had
where pickup protons were included. We will comment on to be used.
the Lipatov and Zank (1999) result at the end of the paper. An
additional problem for the MRI mechanism is the existence
of higher dimensional effects on the structure of the shock2 Simulation
surface, like the shock ripples seen in the hybrid simulations
by Lowe and Burgess (2003). The shock is produced by the so-called injection method: a
In the full particle simulations by Scholer et al. (2003) high-speed plasma consisting of solar wind electrons, solar
pickup protons were not included as a third component. Furwind protons, and pickup protons is injected from the left
thermore, they based their arguments on runs with rather lovhand boundary of a one-dimensional simulation system and
ion beta (magnetic field to particle pressure). However, thetravels toward positive. The plasma carries a uniform mag-
process of shock self-reformation and the associated shocketic field which has &, and aB, component. At the right
transition scale depends critically ¢a. The Voyager data hand boundary the particles are specularly reflected. A shock
show a strong deviation of the temperature in the inner aghen propagates in thex-direction, i.e., the simulation sys-
well in the outer heliosphere from an adiabatic temperaturegem is the downstream rest frame, and the shock normal is the
profile (Richardson and Smith, 2003). This is attributed in x-axis. Furthermore, the simulations are done in the so-called
the inner heliosphere to stream interaction and shocks andormal incidence frame where the upstream bulk velocity is
in the outer heliosphere to turbulent heating by interstellarparallel to the shock normal. Initially there are 100 parti-
pickup ions. At~80 AU the temperature is about by a factor cles for each proton species as well as for the electrons in a
60 above the adiabatic value. Taking a value &h110% K, computational cell. As in earlier work (Liewer et al., 1993),
and assuming a magnetic field strength of 0.1 nT and a denKucharek and Scholer, 1995) the pickup protons velocity
sity of 1.6x10-3cm~2 we obtaing;~0.083. The magnetic distribution is assumed to be a spherical shell comoving with
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Fig. 1. Magnetic fieldB, component stacked in time for the ion to 300 X/ \
electron mass ratio 1024 run. Time runs from bottom to top. e

Fig. 2. From top to bottom: magnetic fiel#, component, ion
the solar wind, which neglects adiabatic deceleration and vedensityn;, and ionv;, phase space versus shock normal direction
locity space diffusion. Since the shock moves in the simu-x for the ion to electron mass ratio 1024 run.
lation system with speegif; (in units of the Alf\en speed)
from the right toward the left the shock Mach number is tO =60
Mas=M,+M; whereM, is the injection velocity of the solar ci )
wind protons. In order to initialize and subsequently inject
from the left hand boundary pickup protons for a termination z
shock simulationM; has to be known: the pickup protons B
have to be injected on a sphere in velocity space centered a
M, with radiusM 4. In the simulations the injection veloc- g
ity M, is assumed to be 3.5. This produces a shock which |- n -
moves withM;~2.3 in the simulation frame to the left hand -
side, so that the shock Mach numbends ~5.8 shock. - .

The size of a cell is one Debye length. In the fol- 0
lowing, time will be given in units of the inverse of the pro-
ton cyclotron frequency,.;, distances in units of the elec-
tron inertial lengthi., the velocity in units of the upstream
Alfven speed s, magnetic field and the density in units of ¢ , L 8
their upstream valueBy and ng, respectively. The poten- 300 450
tial e® is given in units ofcBgp/1.. As outlined in the In- X/ke
troduction, we will investigate a low beta case and assume
Bi=B.=0.1. Because of computational reasons the paramerig 3. From top to bottom: magnetic fiel#. component, ion

terr= (wpe/ch) is set to 4. We will return to the problem  densityn;, and ionv;, phase space versus shock normal direction
of smallz in the Discussion section. x for the ion to electron mass ratio 1024 run.

2.1 High mass ration{; /m,.=1024), no pickup protons

ever, in contrast to earlier lower igh simulations presented
We will first discuss a high mass ratin; /m.=1024 simu-  in Scholer et al. (2003), there exists already an extended foot
lation run without the addition of pickup protons. Figure 1 immediately after the new ramp has build up. Figures 2 and
shows the magnetic field componehtstacked in time; time 3 show from top to bottom the magnetic fighd component,
runs from bottom to top, and beginning and end is indicatedthe ion density:; and the iorw;, —x phase space plot at two
at the y-axis. As can be seen the magnetic field profile is noparticular times of the simulation®.;=5.73 andr2.;=6.0,
steady, but the foot and ramp is highly structured. The ramprespectively). In Fig. 2 the shock ramp is-a890\., there
reforms itself on a time scale of abOngl, although ithas is an extended foot region with specularly reflected ions in
to be noted that in the high mass ratio case we can follow thevhich the incoming solar wind protons are decelerated and
shock development only over three reformation cycles. How-the magnetic field is increased. The ion phase space plot in

www.ann-geophys.net/25/283/2007/ Ann. Geophys., 25, 283-291, 2007
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Fig. 4. Upper panel: Magnetic fiel®, component stacked in time e
for the ion to electron mass ratio 200 run. Lowe panel: Same for a
single reflection cycle. Fig. 5. Upper panel: Magnetic fiel#, component stacked in time

for the ion to electron mass ratio 1024 run with pickup protons in-
cluded. Lower panel: Same for the cross shock potestial

the bottom panel of Fig. 2 shows structure in the phase space
distribution of the incoming ions. These ions interact with

the incoming electrons: due to the high density of reflectedat al. (2005) found in a mass ratie; /m.=20 run that self-
ions the incoming electrons are decelerated relative to th@eformation indeed occurs. They have argued that the shock
incoming ions in order to achieve zero current in the shockdynamics during reformation is important for the accelera-
normal direction. Due to the relative velocity between solartion of the specularly reflected pickup protons in the foot re-
wind ions and solar wind electrons the solar wind ion beamgion. Figure 4 shows the magnetic field stacked in time over
mode can interact with the whistler mode, as shown in morean extended time period (longer run times can be achieved
detail by Matsukiyo and Scholer (2003), which results in thein this low mass ratio case). One can see repeated reforma-
MTSI. Phase mixing of the reflected ions and the incomingtion cycles with a period %1,59;1, The development of
ions due to the MTSI turbulence leads to solar wind ion ther-the magnetic field during one of these cycles can be seen in
malization in the foot region. Eventually a new shock ramp more detail from the lower panel of Fig. 4. Reformation is
emerges at the upstream edge of the foot, as can be seen frafiie to accumulation of specularly reflected solar wind pro-
Fig. 3 at a somewhat later time. Similar simulations havetons at the upstream edge of the solar wind proton foot as
been discussed in detail in Scholer et al. (2003). discussed by emb2ge and Savoini (1992) and Hada et al.

(2003). In this lower mass ratio run the MTSI is absent. Fig-
2.2 Low mass ratio n; /m.=200), pickup protons in- ure 4 also shows that an extended second foot exists in front

cluded of the solar wind proton foot due to the reflected pickup pro-

tons. Self-reformation is independent of the mass ratio and
We have included self-consistently 10% pickup protons onthe presence of (up to 10%) pickup ions, although the de-
a shell in velocity space. As described above the particletails of processes in the shock foot region during reformation
number of solar wind protons and pickup protons per cell isstrongly depend on these. Since Lee at al. (2005) also found
identical; the relative contribution of pickup protons is scaled reformation in simulations witlw ./ Q2..=20 it seems that
down by assuming the appropriate mass and charge. First weeformation is also independent of the ratio of speed of light
present results from a low mass ratie; { m,=200) run. Lee  to Alfvén speed (becauss,./ Qee=(c/va)(m,/m;)*?).

Ann. Geophys., 25, 283-291, 2007 www.ann-geophys.net/25/283/2007/
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2.3 High mass rationf; /m.=1024), pickup protons in- tQ . =49
cluded cl

8
We now increase the ion to electron mass ratio to 1024 and
include 10% pickup protons. Initially there is a total number
of 2.4x10P particles in the system, but particles are contin- 1 B, i
uously added so that by the end of the run the total hum- - =
ber of particles has doubled. In the upper panel of Fig. 5
is shown the stacked magnetic field profile; the lower panel ! ! ! !
exhibits time-stacked profiles of the cross shock potential |
®= [ E.dx. Reformation clearly occurs also in this case 4 @ L
with a somewhat smaller cyclic time period«aft.?Qc‘i1 and 4]
is even more pronounced than in the case without pickup10 - B
ions. The lower panel shows that the potential increases a r
considerable distance in front of the reflected solar wind pro- 0 | T
ton generated foot. This is due to reflected pickup ions and tQ . =55
pickup ions which are first transmitted and then re-enter the | I ! I

upstream region due to their large gyroradius. During their 8
gyration in the upstream field these pickup ions contribute to 7 B B
an ion bulk velocityv, in the direction perpendicular to the . z =
field and to the shock normal. As pointed out by Lee at al. | |
(2005) the electric field in the shock normal, x-direction can
be approximated by 0 : : : :
1 9(B?/2 ]

E,~ — ( /)—vsz (1) o}

enp, 0x - -
The pickup ion bulk velocity in the y-direction results in an o4

increase of the potential far ahead of the specularly reflected 10 ]
solar wind proton foot. In the foot the magnetic field rapidly |
increases (see top panel of Fig. 5) leading to a further in- 2'00 600
crease of the cross shock potential Figure 6 shows the X/ he

magnetic field profile and the cross shock potential during

. . . _1 . .
two instances in time. At$2;"=4.9 there is a large footin  fig 6 Magnetic fieldB. component and cross shock potential

the magnetic field followed by a steep ramp. At this time versus shock normal directionfor two different times during the
more than 80% of the total potential change occurs acrosgeformation cycle.

the foot. The potential decreases slightly before the ramp

and has only a small increase in the ramp.tﬁglz5.5 a

new ramp has formed at the upstream edge of the former foot

and a very small foot in the magnetic field exists. At this time

~1/3 of the potential occurs in the extended region upstreanin the distribution function of reflected pickup ions is either
due to reflected and gyrating pickup protord,/3 of the po-  seen upstream or far downstream (not shown here).

tential occurs in the small new foot region and/3 in the

ramp. This is_contre}ry to the synchronous behaviobaind In Fig. 8 we present the energy of the pickup ions nor-
B whe'n no pmkup lons are pres_ent. The scale of the rampmalized to the solar wind energy, in the downstream rest
potential during this time period is6—72.. frame as a function of distaneeat Q.;t=7.1. Also shown in

Figure 7 shows reduced distribution functions of pickup the top panel for reference is the profile of the magnetic field
protons fy,; (vx), fpi(vy), and f,;(v;) in the region down-  B. component. In the lower panel we have plotted the nor-
stream of the shock at tim&?.m;.l close to the end of the malized energy of each individual pickup ion in the system.
run. The distribution is averaged over a distance of2200 As can be seen, the maximum pickup ion energy is below
the total number of particles used for this averaged distribu<,; /¢;,~17, i.e., at this time there are no ions with higher
tion is about X 10°. Pickup protons gain maximum veloc- energy in the system. In the Appendix we give a simple ana-
ities of about 1%4. The downstream distribution function lytic derivation of the maximum energy obtained by a pickup
does not exhibit a high energy tail, in contrast to what hasion during the gyration in the foot. The analytically obtained
been seen in the low mass ratio, higf./ Q.. ratio simula-  value ofe¢,; /¢;,=14.1 is close to the value obtained in the
tions by Lee at al. (2005). Also no further high energy tail simulation.

www.ann-geophys.net/25/283/2007/ Ann. Geophys., 25, 283—-291, 2007
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Fig. 7. Reduced pickup proton distribution functions downstream

of the shock averaged over 2Q0 From top to bottom is shown
Fpix)s fpi(vy), and fp; (vz).
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T
0 400
x/ke

Fig. 8. Magnetic fieldB; component (top panel) and normalized
pickup ion energy ,; /¢;, (bottom panel) versus shock normal co-
ordinatex.

We have presented in this paper 3 full particle simulations

of a quasi-perpendicular shock with the same AffMach
numberM 4 and shock normal — magnetic field angbg;,

but different ion to electron mass ratios, and with or without

contribution of pickup protons. The parameters are such that

they might be characteristic for the heliospheric termination

shock and leads to important changes of the shock struc-
ture as compared to low mass ratio simulations.

. In a low mass ration§; /m,=200) simulation reforma-

tion still occurs on about the same time scaléZ(zc‘il,

but the magnetic field in the foot is smooth and the
MTSI is absent. Reformation is due to accumulation
of specularly reflected ions at the upstream edge of the
foot. A feedback effect leads to a magnetic field in-
crease, further deceleration of incoming ions and den-
sity increase, and eventually to a new shock ramp. This
mechanism has been described by a semi-analytical
model for exactly perpendicular shocks by Hada et al.
(2003) .

. In the high mass ratio simulation without pickup ions

and with 10% pickup protons included the MTSI oc-
curs. Reformation is still due to accumulation of spec-
ularly reflected ions at the upstream edge of the foot as
described above.

4. Alarge part of the cross shock potential drop occurs al-

shock. The results of the present study can be summarized

as follows.

1. Without the addition of pickup protons in a high ion
to electron mass ratio simulation the Modified Two-
Stream instability (MTSI) occurs in the foot of the

Ann. Geophys., 25, 283—-291, 2007

5.

ready in the upstream region, where reflected and/or es-
caping pickup protons gyrate in the upstream magnetic
field.

The cross shock potential in the ramp has scales vary-
ing between~6 and~40), during a reformation cycle.

www.ann-geophys.net/25/283/2007/
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Small scale lengths occur when there is a clear sepahigh energy tail in the downstream pickup proton distribu-
ration between foot and a steepened up ramp. How4ion, which they attributed to acceleration downstream of the
ever, during such times only one third of the total po- shock. Since we have rather short run times we would prob-
tential change occurs across the ramp. Approximatelyably not observe such a stochastic acceleration mechanism.
one third of the potential drop occurs over the extendedFurthermore, the downstream region is still rather small, so
upstream region with gyrating reflected pickup protonsthat our particle statistics is poor. But any process deal-
and one third occurs in the foot associated with the re-ing with the dynamics downstream of a quasi-perpendicular
flected solar wind protons. shock is anyway beyond what can be inferred from 1-D
shock simulations. The downstream large scale dynamics in
6. Reduced distribution functions of pickup ions do notin- a 2- or 3-dimensional system is dominated by waves propa-
dicate that there exists any acceleration process beyondating parallel to the magnetic field, i.e., almost perpendic-
the energy gain of reflected pickup protons during up-ular to the x-axis. Such waves are not allowed for in 1-D
stream gyration by the solar wind convection electric simulations. The same holds in the ramp region: instabil-
field. ities with k vectors less oblique to the magnetic field may
have larger growth rates and can modify the reformation pro-
Some of the results of this paper are at variance with previcess. In particular the modified two-stream instability be-
ous work. Lipatov and Zank (1999) found in finite electron tween solar wind electrons and reflected ions witlvec-
mass hybrid simulations by including pickup protons self- tor components parallel to the magnetic field can occur in
consistently that these ions were accelerated to higher eneg multi-dimensional spatial system (Gary et al., 1987) and
gies by the shock surfing process. However, as shown in thglays an important role in the foot region (Matsukiyo and
review by Lemiege et al. (2004), large differences can oc- Scholer, 2006).
cur in the pickup proton spectra obtained from such simula-  How can then the injection problem at quasi-perpendicular
tions depending on whether the electrons are treated adiabaghocks be attacked? As recently pointed out by Giacalone
ically or by implicitly solving the electron energy equation. (2005) there might not really exist an injection problem. In
In the latter case considerable artificial electron heating oc-.p hybrid simulations of quasi-perpendicular shocks Gi-
curs through the shock ramp due to resistivity. This leads togcalone (2005) found that part of the thermal protons are re-
a sharp increase of the electron pressure and, in turn, of thfected and move upstream along magnetic field lines that are
potential, through the shock ramp. In their PIC simulations myitiply connected to other locations on the shock surface.
of perpendicular shocks with pickup protons included Lee atThe |atter is due to long-wave lengths fluctuations superim-
al. (2005) did not find any acceleration of the pickup protonsposed on the upstream magnetic field. Such a reflection and
due to shock surfing. However, these authors found accelefzcceleration mechanism is also possible, or even more likely,
ation of pickup protons up to 20 times the solar wind protonfor the pickup protons. The proposal by Scholer (2004) that
energy, which they attributed to the shock dynamics duringfyctuations with a length scale of the order of 0.1 AU lead to
self-reformation. This is not seen in the present Simulationa |oca||y quasi_para||e| ShOCk, which preferentia”y reflects
either. and accelerates pickup ions, is on the same line. It is likely
There are a number of reasons for the lack of pickup ionthat in the case of ion acceleration large-scale higher dimen-
acceleration found here as compared to the Lee at al. (200%ional effects are more significant than the small scale dy-
result. The lack of acceleration may either be due to (1) thenamics of the shock. It would nevertheless be very important
high, realistic mass ratio used here, (2) the small, unrealisto verify whether a micro-scale ion acceleration process like
tic value ofwp./ Q.. used here, or (3) the combination of the one reported by Lee at al. (2004) exists. Computer re-
both. At a small value o,/ 2. electrostatic effects are sources to do this with mass ratios sufficiently higt200) to
suppressed and strong electric fields possibly occurring ortlearly separate ion and electron spatial and temporal scales
electron scales are reduced or absent. This is definitively and withw ./ Q. ratios sufficiently high410) so that the
drawback of the present high mass ratio simulations. On thgpeed of light and the Al&n speed are sufficiently far apart
other hand, ion dynamics is expected to be independent ore now in reach.
electric fields occurring on electron scales. Thus we con-
clude that small scale electric fields present in high/ Q..
simulations have no effect on ion dynamics. However, in low Appendix A
mass ratio, highw,./ 2., simulations it might well be that
the low mass protons can still be accelerated in small scal aximum energy
electric field structures. Such an acceleration process would
disappear in large,./ Q.. simulations if the physical mass In the following we give an estimate of the maximum en-
ratio were used. ergy of a pickup ion in the foot of a perpendicular shock
Other limitations of the present simulations are the lim- after specular reflection at the ramp. In the downstream
ited system size and run time. Lee at al. (2005) found arest frame (simulation frame) the incoming solar wind has

www.ann-geophys.net/25/283/2007/ Ann. Geophys., 25, 283—-291, 2007
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a speedv,,, and the shock moves with speeg (in the x- This solution has the same form as the velocity (A4) of a
direction). Since we assume the shock to be standing in theeflected pickup ion when we seb=u,q andé = .. The
inertial frame the solar wind velocity igso=vs,, + vy, and  velocity and the position of the reflected pickup ion at time
pickup ions are assumed to be on a sphere in velocity spaceafter reflection is then given by

with radiusug and being centered at,,. The velocity of

pickup ions with zero velocity in the z-direction is then given Urx () = Vsw = (2Usw + Vs) COSQcit

by —(Vsw + Vsn) COSL2e; — @)
Ury(t) = (2ugw + vsn) SINQ¢it + (Vs + Vsp) SIN(Re; + @)
Uy = ugCOSY + vy 20 + Vi
vy = —uoSing. (AL) X () = vt — —————SiNQ;t
cl
or Vs F U i@ + ¢) + sing. (A9)

ci

Uy = Vs (1 + COS®) + vy, COSP
Uy = —Ugy SiNG — vy SiNG (A2)

We normalize the energgt,=v,2X+v,2y to the solar wind en-

ergyem:vfw. Only pickup ions withr /2<¢<3m /2 can get
Let us assume that a pickup ion reaches the ramp with thépecularly reflected; for all other values gfthe ions are
above velocity. After specular reflection the velocity is given transmitted downstream. Downstream transmitted ions may

by (note that the shock moves with velocity,) again gyrate back upstream. In the following we will not con-
sider such ions. Of all ions wit$ betweenrz /2 and 3r/2 the

Urx = —Usy (1 + COSP) — vsp COSP — Vsiy ions with¢=m/2 have the largest initial energy and stay the

Ury = —Usy SING — vy, SiNG (A3) longest time in the foot during their gyration. This acceler-
ation timeracc can be found by setting, (r)=—v;,¢: at this

This can also be written in the following form time the particle reencounters again the ramp. Singeis

a decreasing function with in the regiong>m/2 a parti-

Vrx = Ur0 COSr + Vs cle with p=7/2 is most efficiently accelerated. Substituting

Ury = —UUr0 SiNgy, (Ad)  Q.r=m+a in the equation fox, one obtains for smait
whereu,q andg, are given by _ 21+ vsp /Vs5w) — 7 (A10)
sin¢ 3+ Vsn/Vsw
uro = (Vs + U”')sin@ In the pickup ion run with the high mass ratig, /v;,,~0.65
and thusx~—0.44. Hence we can roughly estimate the max-

-5 Wsw + 51) SING . (A5)  imum energy obtained by a reflected pickup ion by assum-
Vsw + Vsh + (Vsw + Vsh) COSP ing Qit=m—0.44 andg=n/2. This results ir, /e;,~14.1

The reason for the transformation of Eq. (A3) into the form which is somewhat smaller than the simulation result shown

(A4) becomes obvious when we consider the solution of thein Fig. 8.

equation of motion of an ion with mass; in the foot with

magnetic fieldBg in the z-direction and a motional electric

tang,
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