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Interplanetary shocks are believed to play an important role in the acceleration of charged
particles in the heliosphere. While the acceleration to high energies proceeds via the
diffusive mechanism at the scales exceeding by far the shock width, the initial stage
(injection) should occur at the shock itself. Numerical tracing of ions is done in a model
quasi-perpendicular shock front with a typical interplanetary shock parameters (Mach
number, upstream ion temperature). The analysis of the distribution of the transmitted
solar wind is used to adjust the cross-shock potential which is not directly measured. It
is found that, for typical upstream ion temperatures, acceleration of the ions from the tail
of the solar wind distribution is unlikely. Pickup ions with a shell distribution are found to
be effectively energized and may be injected into further diffusive acceleration regime.
Pre-accelerated ions are efficiently upscaled in energies. A part of these ions is returned
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to the upstream region where they can further be diffusively accelerated.
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1. INTRODUCTION

Collisionless shocks are believed to be most efficient particle
accelerators in the plasma universe. These shocks are present
in virtually all space systems and are formed whenever a high
velocity (super-magneto-sonic) flow is decelerated by an obsta-
cle or when a super-magneto-sonic blast waver propagates in
an ambient plasma. When viewed in the reference frame, mov-
ing with the shock, the energy of the directed flow of incident
ions is re-distributed to these ions themselves (in the form of
the heating of the bulk of the ion distribution and acceleration
of a typically small fraction of those), to the electrons (heat-
ing and acceleration), and fields (enhancement of the magnetic
field in fast shocks). Thus, the incident (upstream) ions are the
source of all energy available to the shock to be released in other
forms. Therefore, ion dynamics in the shock front is of utmost
importance for understanding of the shock physics. In quasi-
perpendicular shocks, which have a well-defined spatial structure,
even when they are not exactly one-dimensional and station-
ary, the ion motion across the shock front is determined by the
macroscopic magnetic and electric fields inside the shock and
only weakly affected by superimposed wave activity. Indeed, the
overall shock width, including the magnetic foot, the ramp, and
the overshoot is smaller than the upstream ion convective gyrora-
dius. The width of the steepest magnetic field jump, the ramp, is
much smaller than the convective gyroradius [24, 37, 42], which
means that the time a typical ion spends in this region is a
small part of the ion gyroperiod. At this time scale any influ-
ence of the transient waves should be negligible. Yet, there is
always a minority of ions which remain for a long time in the
ramp vicinity, and these ions may be affected by the ramp non-
stationarity [48]. Although some of observed shocks have been
found to be non-stationary [28, 30, 34] of rippled [35, 37], it is

not clear yet what fraction of shocks and in what parameter range
substantially differ from a simple planar structure due to ripples
propagating along the shock front [8, 9, 31, 39], while numer-
ical simulations of the shock reformation mechanisms are still
debated [12, 25, 29, 32].

In the present paper we restrict ourselves to the ion dynamics
in the one-dimension and stationary shock structure, leaving the
analysis of the effects of the rippling and/or non-stationarity for
elsewhere [21, 44, 49]. Despite these limitations, the ion dynamics
is rich, and the macroscopic fields were shown to be responsible
for a number of phenomena: ion reflection at the shock front [10,
19, 46], production of backstreaming ions [22, 33], acceleration
of pickup ions [1, 11, 27, 50], and formation of the downstream
gyrating distributions and magnetic oscillations [5, 38, 39, 43].

Unless there is a substantial superthermal population of ions
upstream of the shock [1], the field structure in the shock front
(at least at the scales between the electron inertial scale and ion
inertial scale) is intimately related to the ion distributions which
are formed when the thermal solar wind protons cross the shock.
Analyzing only the integral characteristics of these distributions,
it is possible, in principle, to find the shock parameters which are
not directly measured (like the cross-shock potential). In some
cases, comparison of the numerical analysis (see below) with the
observed magnetic profile alone allows to make significant con-
clusions [23, 52]. The shock front features at electron scales, like
electric field spikes inside the ramp [2, 47] cannot be found in
this way.

In the present paper we analyze the ion dynamics in a model
profile of a low-Mach (M4 = 3) shock. The objective is not to
imitate nature by reproducing an observed shock but to study
what parameters control the ion dynamics (transmission of solar
wind ions and as well as acceleration of superthermal ion) at the
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shock front. Thus, our approach is manifestly not self-consistent
since we start with an analytical model for the magnetic profile
(not with a fit to an observed shock). Yet, we succeed to fit a num-
ber of parameters (cross-shock potential, ramp width) so that the
magnetic profile which would be consistent with the ion distribu-
tions, derived numerically, does not differ substantially from the
initial profile.

Once a shock structure is adjusted to the dynamics of the
bulk of the ions, it is possible to study the behavior of the
minority: the tail of the thermal distribution, the pickup ions,
and the pre-accelerated seed population. Of special interest
is a possible upscale of the energies of these ions as a first
step toward the diffusive acceleration [6, 7, 15, 26]. In par-
ticular, ions accelerated previously at the Sun, may appear
upstream of a travelling interplanetary shock [40]. An alterna-
tive would be acceleration of small number of protons from
the superthermal tail of the solar wind population or from the
pickup ion shell distribution. Keeping the approximate con-
sistency of the numerically derived and analytically assumed
profiles, we establish conditions on other shock parameters (f;,
0, and cross-shock potential) which allow injection from the
tail of the thermal distribution, primary acceleration of pickup
ions, and upscale of the energies of a pre-accelerated seed
population.

2. SHOCK MODEL

Typically interplanetary shocks are low to medium Mach number
shocks with the Alfvenic Mach number < 4 and fast magne-
tosonic Mach number < 3 (see the IGPP/UCLA database for
STEREO shocks and CfA Interplanetary Shock Database). For
such shocks no significant foot or overshoot are expected so
that we adopt the following simple shape for the magnetic field
components:

b, = % = sin 6b(x), (1
b(x):R;_1+R_ltanh35x (2)
by = ?—z = cos® (3)
%:%:;% 4)

Here x is along the shock normal and x — z is the coplanarity
plane. The coordinates are normalized on the upstream proton
convective gyroradius, L, = V,/y,, where Vi, =Muyva is
the velocity of the upstream flow while @, = eB,/mjc is the
upstream proton gyrofrequency. In the expression above the
effective width of the ramp is 2D. According to the statistical
studies of [37] and [24] the ramp width can be expected within
(0.1 — 0.5)(c/wp;), where the ion inertial length is related to
the convective gyroradius as ¢/wy; = Ly/Ma. The non-coplanar
magnetic field shape is chosen approximately in accordance with
[17, 36]. One of the most important unknowns is the cross-shock
potential. For the potential shape we use the following expres-
sion [14, 18, 20] (the energy drop is normalized on the upstream

ion energy):

o0 — S0 _ b® — 1

T mvZ2 T TR- 1D )

where R is the magnetic compression of the perpendicular com-
ponent and s is the total cross-shock potential measured in the
incident ion energies. The magnitude of the potential is closely
related to the ion heating and formation of non-gyrotropic
downstream distributions and large downstream magnetic
oscillations [5, 38, 39]. For a one-dimensional stationary shock
pressure balance should be maintained throughout the shock,
that is,

2

Dixx + Pe.xx + B— = const (6)
8w
Here
Pxx = m/vif(v)dv (7)

is the total (dynamic and kinetic) pressure. When normalizing
on the upstream dynamic ion pressure num,-V,f one gets

(Ba/Bu)?
2M?

1+Bi+ﬁe _ Pid, xx + Ped, xx

14
2M? 1, m; V2

(8)

Approximating the electron kinetic pressure (the electron
dynamic pressure is negligible) as p, o nY, one has an estimate

2
Ra
M2

1+ Bi+B.(—NY) _

1
+ 2M?

Pi, xx T (9)
where N = n4/n, and Ry = B;/B,,.

In what follows we trace ions through the shock solving the
equations of motion in the normalized form:

X=v, y=v, Z=v, (10)
Vx = ex + b, — Vb, (11)
vy = sin® + v; cos 6 — vyb, (12)
v, = vxb, — v, cos6 (13)

where Ex = —d¢/dx and e, = E,/(V,,B,/c). We shall present the
phase space distribution of ions at their first crossing of certain
positions well upstream and well downstream of the ramp, at
the distances exceeding the gyroradii of the ions. In addition, we
will present the energy distributions derived by collecting ions
over sufficiently large regions to average out the non-gyrotropy.
The distribution is evaluated for 24 logarithmically spaced energy
channels with minimum energy of O.Z(miVLZ, /2) and maximum
energy of 200(m,-V5/2).
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3. THERMAL POPULATION

As a first step we study the behavior of a thermal upstream popu-
lation. A magnetic compression R = 2.5 and an Alfvenic Mach
number M = 3 are kept throughout, while B;, 6, D, and s are
varied. The choice of the parameters is inspired by the shock
observed by Wind on May 15, 1997. Figure 1 shows the magnetic
field calculated from the pressure balance Equation (9) with the
ion distribution obtained numerically. The following parameters
have been chosen: 6 = 80°, D = 0.2, s = 0.5, B; = 0.4. Electrons
are sensitive to the fine scale details of the shock front, in particu-
lar, the electric field spikes which may occur within the ramp [3,
4, 45]. Thus, they cannot be treated within the same approach.
Instead, we assumed the polytropic state equation p, o< 1Y, with
Ye = 5/3 and B, = 0.6. It is clear that the derived magnetic field
is not identical with the model field. Indeed, downstream mag-
netic oscillations are expected due to the non-gyrotropy of the
downstream ion distribution. Numerical iterations are possible
including these oscillations in the magnetic profile. Yet, the effects
of these refinements are not significant for our purposes and even
contradicts the principles of the approach. Given the uncertainty
of our knowledge of the shock physics the agreement between the
initial smooth profile and numerically derived shape is quite sat-
isfactory. It is worthwhile to note that it is for the first time that
a theoretically proposed analytical shape for the magnetic field is
successfully completed with fitting a small number of the shock
parameters to be consistent with the ion dynamics in the shock
front. Previous studies either fitted an observed shock profile or
obtained the fields in self-consistent numerical simulations where
a shock formed by itself.

Figure 2 shows the trajectories of 40 randomly chosen ions.
Gradual gyrophase mixing is clearly seen. Figure 3 shows the
final energies of the ions (left panel) and the energy spectrum
upstream (stars) and downstream (circles). The final energy of an
ion is determined at the first crossing of a certain far upstream
position or a certain far downstream position, therefore, the
scatter-plot does now represent the distribution at these positions.
Here and hereafter the shown energy spectra are normalized so
that f (dN/dE)dE = 1, while the ion energies are normalized on
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FIGURE 1 | Magnetic field magnitude calculated from the pressure
balance condition (9) with the ion distribution obtained numerically.
The coordinate is in the upstream convective gyroradii. Details in text.

the energy of the ion with the speed equal to the solar wind speed,
E, = m;V2/2. In this case there were no backstreaming ions.
Most of the ions are directly transmitted while a small fraction
are the reflected ions (those which make a loop ahead of the ramp
or in the ramp itself). Using the staying time method [see, e.g., 23]
the energy spectra are obtained by averaging over sufficiently large
upstream and downstream regions to take into account the ion
gyration. The upstream distribution is a shifted Maxwellian while
the downstream distribution is not. The latter has a high energy
tail due to the reflected ions, although their contribution to the
total energy (or pressure) is small because of their low density.

In attempts to vary the shock parameters and maintain the
consistency of the pressure balance derived shock profile with
the initially chosen one we found that only moderate changes are
allowed. Figure 4 shows the derived magnetic profile for 6 = 70°
with other parameters unchanged. The initial and derived profiles
are consistent to the same degree as in for 6 = 80°. In what fol-
lows we present only significant changes which occur within the
allowed variation limits of the shock parameters (the ramp width
D and the angle between the shock normal and the upstream
magnetic field 6). Within the allowed variations of the cross-shock
parameters no significant changes have been found.

FIGURE 2 | Left: Trajectories of 40 randomly chosen ions in the x — y
plane. Right: dependence of v, on x for the same ions. For the shock with
6 =80° s=0.5 D=0.2, and upstream ion g = 0.4.
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FIGURE 3 | Left: Initial (at the beginning of the run) vs. final (in certain

upstream or downstream positions) energies. Right: energy spectrum

upstream (stars) and downstream (circles). For the shock with 6 = 80°,
s=0.5, D=0.2, and upstream ion B = 0.4. Here and hereafter all ion

energies are normalized on £, = m; Vuz/2.
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FIGURE 4 | Magnetic field magnitude calculated from the pressure
balance condition with the ion distribution obtained numerically for
0 = 70°. Other parameters remain the same as above.

4. PICKUP IONS

Once the analytical profile is found to be consistent with the
dynamics of the solar wind ions in the shock front and the limits
of variations of the parameters, which do not break the consis-
tency, are established, it is possible to study the motion of ions
from low-density populations in this shock. Of particular interest
is acceleration of superthermal ions with possible further injec-
tion to the diffusive acceleration process. Pickup ions are the
natural candidates for acceleration at quasi-perpendicular shocks.
They were shown theoretically to be efficiently accelerated at a
plane high-Mach number shock by surfing or multiple reflec-
tions [see, e.g., 27, 50, 51]. This acceleration is consistent with
the observations of energetic particles at the termination shock
where the pickup ions are one of the major channels of the energy
re-distribition [1, 13, 16, 41] due to their high density. The den-
sity of superthermal pickup ions in the inner heliosphere is low
so that they do not affect the shock profile. Hence, we can analyze
their dynamics in the shock front using the parameters established
above. In the present paper we model the upstream distribution
of these ions with a thin isotropic shell with the radius v, =1
around the drift velocity V,, = 1. Thus, the initial velocities of
a pickup ion is v, = 1 + sina cos @, vy = sinasin @, v, = cosa,
where the angles are chosen randomly and uniformly distributed
in the corresponding ranges 0 < a < 1, 0 < ¢ < 2m. Figure5
shows the final energies of the ions (left panel) and the energy
spectrum upstream (stars) and downstream (circles), for 6 = 80°,
s = 0.5, and D = 0.2. There are no backstreaming ions and the
energization of the downstream ions is rather modest, less than
by an order of magnitude.

Earlier it was shown [51] that pickup ion acceleration is greatly
enhanced when the shock is thinner or a fine structure of the
shock ramp is present. In order to analyze this effect we change
the ramp width to D = 0.1. Figure 6 shows the corresponding
energy spectra. The acceleration is now much stronger. Figure 7
shows trajectories of several ions and zooms in on the trajectory
of the ion with maximum acceleration. It is clearly seen that the

10°
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dN/dE

s \
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10° 10°
E/E
u

E/E initial
u

FIGURE 5 | Left: Initial vs. final energies. Right:energy spectrum upstream
(stars) and downstream (circles). For the shock with 6 = 80°, s = 0.5, and
D=0.2.
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FIGURE 6 | Left: Initial vs. final energies. Right: energy spectrum upstream
(stars) and downstream (circles). For the shock with 6 = 80°, s = 0.5, and
D=0.1.

30 30
20 20
> 10 > 10
0 0
-1Q -1
-20 0 20 40 0.2 0 0.2
X X

FIGURE 7 | Left: Trajectories of several pickup ions. Right: zoom in on the
trajectory of the ion with maximum acceleration due to surfing in the ramp.
For the shock with 8 = 80°, s = 0.5, and D = 0.1.

ion is accelerated due to surfing in the ramp [27, 51]. There are
no backstreaming ions in this case either, which makes injection
into further diffusive acceleration less plausible.

Changing the angle to 6 = 70° allows some ions to escape
upstream. The corresponding distributions are shown in Figure 8
The highest energy ions are backstreaming ions. These ions are
the natural candidates for the seed population for further dif-
fusive acceleration. Figure9 shows trajectories of several ions
(left panel). The combination of surfing with multiple reflec-
tion [50] is clearly seen. For comparison, the right panel shows
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FIGURE 8 | Left: Initial vs. final energies for pickup ions. Right: energy
spectrum upstream (stars) and downstream (circles). For the shock with
6=70° s=0.5and D=0.1.
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FIGURE 10 | Energy spectrum upstream (stars) and downstream
(circles) for pre-accelerated ions. Left: v, = 3, right: v, = 5. For the
shock with 8 =80°, s = 0.5, and D = 0.2.

FIGURE 9 | Left: Trajectories of several pickup ions for D = 0.1. Right: for
comparison trajectories for D = 0.2. Other shock parameters: 6§ = 70° and
s=0.5.

several trajectories in the case D = 0.2. The acceleration ener-
gies are comparable and backstreaming ions are also present. The
energy an ion acquires is directly related to the distance the ion
moves along the shock front in the direction of the motional
electric field E,. In both cases this distance is of the order of 10
convective gyroradii. The acceleration occurs in the close vicin-
ity of the shock front. Low- and medium-Mach number, M < 3,
interplanetary shocks are not expected to be unstable to rippling
at the ion convective gyroradius scale [39]. Thus, the described
process is a viable mechanism of the injection. Rippling at larger
scales may affect further behavior but would not change sig-
nificantly the prompt acceleration at the shock front. The time
scale of this acceleration is less than ten gyroperiods. Therefore,
non-stationarity at smaller times would affect the ion dynamics.
Upon leaving the shock transition region, these ions have sub-
stantial velocities along the magnetic field (not shown here) and
keep moving in z direction. Escaping further upstream they may
find themselves in the foreshock of a more oblique and even a
quasi-parallel shock, where upstream turbulence may more easily
scatter them back to the shock front.

5. PRE-ACCELERATED POPULATION

Finally, we are interested in the behavior of a pre-accelerated ion
population. Such populations may be produced by another source
and be brought to the upstream region of the propagating inter-
planetary shock [40]. Since our objective is to find out whether

100
80
2 e0
-
W 40
L
20
0 -20
5 10 15 20 -20 0 20
E/ELI initial X

FIGURE 11 | Left: Initial vs. final energy. Right: orbits of several
pre-accelerated ions. For the shock with 6 = 80°, s = 0.5, and D = 0.1, and

vp =b.

it is possible to upscale the energies of the ions from such pop-
ulation and to produce accelerated backstreaming ions, we shall
restrict ourselves with simple shell distributions with v, = 3 and
vp = 5. The corresponding distributions are show in Figure 10.
The initial vs. final energies and orbits are shown in Figure 11
for the case v, = 5. There is a substantial upscale of the ener-
gies, almost by an order of magnitude for a fraction of the ions.
While the highest energy ions are downstream for v, = 3, in the
case v = 5 the highest energy ions escape back upstream. The
main acceleration process seems to be multiple reflection. In this
case also the acquired energy depends on the shift along the non-
coplanarity direction within the shock front. The distance the
most energetic ions pass along this direction is not much larger
than for pickup ions, and a large scale rippling might affect the
motion. Yet, the multiply reflected ions are less sensitive to the
shock rippling than the surfing ions, so that this acceleration
mechanism can be expected to be robust enough. The accelerated
ions also have high velocities along z-direction and may move into
another part of the shock with different conditions.

6. CONCLUSIONS

Started with an analytical shape for the magnetic field we numer-
ically traced solar wind ions across the shock and calculated their
pressure throughout. Using the pressure balance condition, which
should be valid everywhere in the shock if it one-dimensional
and stationary, we derived the magnetic fields which would be
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consistent with the obtained ion distribution. By varying a small
number of the shock parameters (the cross-shock potential and
the ramp width) we succeeded to achieve a rather good (within
about 10%) agreement between the initially assumed and the
numerically derived profiles. All previous studies either used a
fit to an observed profile of obtained the fields in self-consistent
simulations. It is for the first time when a model theoretical pro-
file for the fields is shown to be consistent with the ion dynamics
in the shock front. We have also established the limits of the
variation of the shock parameters within which the arising dis-
crepancies between the assumed and derived fields are still within
the expected uncertainties of our knowledge. This achievement
allowed us to study the dynamics of low-density species without
breaking the validity of the used fields and without computation-
ally heavy simulations. While here we report a single success of
this kind, we plan to further exploit this method to enlarge the
parameter space where suitable analytical models can be used.

The above success allowed to trace superthermal ions without
fear that the variation of the shock parameters is not legitimate
as it can break the balance within the shock. The objectives of the
analysis were to determine (a) whether substantial energization
occurs at the shock front, (b) whether there energized parti-
cles inevitably move to the downstream region or backstreaming
beams can be produced, and (c) whether moderate changes of the
shock parameters (the angle between the shock normal and the
upstream magnetic field in our case) would result in noticeable
changes in the ion accelerated ion distributions. The analysis was
concentrated on a shell distribution of pickup ions and shell dis-
tributions of pre-accelerated ions. We expect that the evolution of
these incident distributions is indicative of what would happen in
a more general case.

Our test particle analyses have shown that quasi-perpendicular
interplanetary shocks are unlikely to be capable to provide injec-
tion directly from the thermal population. Although it cannot be
excluded that some ions experience acceleration, their fraction is
about 107 or less, for typical values of the shock parameters. This
result is related to the fact that the accelerated ions come from the
tail of the distribution. The number of particles in the tail depends
on the ratio of the upstream thermal velocity of the ions to the
upstream flow velocity, vr/V, = 1/B/2M?. Thus, even for large
the effect would be weak for sufficiently high M [cf. 22].

Pickup ions, on the other hand, may be efficiently accelerated
and returned to the upstream region where they could serve as
a seed population for subsequent diffusive acceleration. The effi-
ciency of the process is higher for thin shocks and higher obliquity
(smaller angle between the shock normal and the upstream mag-
netic field). The decrease of this angle from 6 = 80° to 6 = 70°
resulted in lower energies of downstream ions but appearance of
high-energy beams reflected toward upstream. Since pickup ions
exist everywhere in the heliosphere, this result means that such
acceleration may be quite ubiquitous and, possibly, provide at
least the first stage of the injection.

It is expected the solar accelerated ions may find their way
into the upstream region of an interplanetary shock [40]. Such
pre-accelerated ions may itself become a seed population for sub-
sequent diffusive acceleration. Injection is efficient if a noticeable
energy gain occurs directly at the shock front, without any need to
be scattered by magnetic fluctuations (the latter process becomes

crucial at higher energies). In addition, generation of upstream
directed beams would spare, at least at this stage, the necessity
to be scattered from downstream against the drift. Out anal-
yses with two shell distributions show that most ions from a
pre-accelerated population acquire substantial energies on their
transfer to the downstream region. A fraction (up to several
percent) may be upscaled in energies by almost an order of mag-
nitude and returned to upstream. This process is rather robust
and may easily start the diffusive acceleration.

Quantitative acceleration analysis has been done here for an
interplanetary shock with a modest Mach number. Previous stud-
ies were concentrated on high-Mach number shocks. Here we
show, for the first time, that interplanetary shocks are efficient
prompt accelerators directly at the shock front.

The above analysis used the assumptions of the shock one-
dimensionality and stationarity. Rippling at small scales would
affect the pickup ion motion while rippling at large scales
should be eventually taken into account when analyzing the
higher energy ion dynamics. If the shock front is signifi-
cantly time-dependent the ion dynamics may be also affected.
Although neither rippling nor reformation are not expected
at the Mach numbers typical for the interplanetary shocks
(which is supported by our ability to adjust the shock profile)
these issues, nevertheless, require analysis. It will be done in a
separate study.
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