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Abstract

A few MHD simulations have been performed to study the interaction between a propagating interplanetary shock and Earth’s
standing bow shock, followed by the magnetosheath and magnetopause. They satisfactorily explain the deceleration of the
interplanetary shock in the magnetosheath, which was observed a few dozen times by well-arranged satellites. In this work, we
perform a hybrid particle-in-cell simulation in a similar setting with a self-consistently developed quasi-perpendicular interplan-
etary shock. We track the position of the interplanetary shock as it travels through the magnetosheath. We show that early
in the propagation through the magnetosheath, the interplanetary shock slows down, which is in line with the conclusion of
previous studies. Later in the propagation, however, we find that — in the plane perpendicular to the interplanetary magnetic
field — the interplanetary shock travels faster inside the magnetosheath than it does in the solar wind. We also note that as
the magnetic field lines are stretched along the magnetopause, the interplanetary shock becomes quasi-parallel close to the

magnetopause.
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Key Points:
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leads most interplanetary shocks to become locally quasi-parallel in the plane
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Abstract

A few MHD simulations have been performed to study the interaction between
a propagating interplanetary shock and Earth’s standing bow shock, followed by the
magnetosheath and magnetopause. They satisfactorily explain the deceleration of the
interplanetary shock in the magnetosheath, which was observed a few dozen times by
well-arranged satellites. In this work, we perform a hybrid particle-in-cell simulation in
a similar setting with a self-consistently developed quasi-perpendicular interplanetary
shock. We track the position of the interplanetary shock as it travels through the
magnetosheath. We show that early in the propagation through the magnetosheath,
the interplanetary shock slows down, which is in line with the conclusion of previous
studies. Later in the propagation, however, we find that — in the plane perpendicular
to the interplanetary magnetic field — the interplanetary shock travels faster inside
the magnetosheath than it does in the solar wind. We also note that as the magnetic
field lines are stretched along the magnetopause, the interplanetary shock becomes
quasi-parallel close to the magnetopause.

1 Introduction

The interaction between an interplanetary shock and the magnetosheath (de-
limited on either side by the bow shock and magnetopause) is difficult to observe
in-situ because it ideally asks for at least five satellites at the right positions: four in
the solar wind upstream of the bow shock to evaluate the orientation and velocity of
the interplanetary shock, and one in the magnetosheath to observe its impact on the
magnetosheath (e.g. Koval et al. (2005)). This is why only a few such observational
studies exist on the subject (e.g. Koval et al. (2005); Koval, Safrankova, Némedek,
Samsonov, et al. (2006); Koval, Safrankové, Németek, and Pfech (2006)). Even with
such an ideally placed fleet of satellites, much extrapolation needs to be done to build
a complete picture of the interaction. Numerical simulations allow us to build this
global picture seamlessly, refer back to existing observations with a new perspective,
and motivate new ones.

To our knowledge, an interplanetary shock followed by a sheath has never been in-
troduced in a global numerical simulation. Interplanetary shocks themselves have been
introduced, but not in a self-consistent manner, the usual approach being to introduce
jump conditions, either following observational data or the Rankine-Hugoniot equa-
tions (e.g. Spreiter and Stahara (1992, 1994); Koval et al. (2005); Koval, Safrankova,
Némedek, Samsonov, et al. (2006); Samsonov et al. (2006, 2007); Safrankové et al.
(2007); Pallocchia et al. (2010)). These jump conditions artificially constrain the state
of the plasma flow downstream of the interplanetary shock.

Previous numerical simulations and observations have shown that, in most cases,
interplanetary shocks decelerate as soon as they enter the magnetosheath (e.g. Villante
et al. (2004); Koval et al. (2005); Koval, Safrankové, Némecek, Samsonov, et al. (2006);
Samsonov et al. (2006)). Koval et al. (2005); Koval, Safrankova, Némedek, Samsonov,
et al. (2006) have attributed this deceleration to a smaller plasma bulk flow in the
magnetosheath. We know, however, that under certain conditions, the plasma bulk
flow can be faster on the flanks of the magnetosheath than in the solar wind (Chen
et al., 1993; Lavraud et al., 2007, 2013). We used global numerical simulations to
investigate the propagation of an interplanetary shock throughout the magnetosheath
— paying special attention to the regions where the plasma bulk flow is accelerated.

We used the kinetic code (3D hybrid particle-in-cell) LatHyS (Modolo, 2004)
and relaxed the hypotheses implied by the use of jump conditions when introducing
an interplanetary shock in the simulation. The reason for using a kinetic code is to



check whether or not non-obvious kinetic effects appear in situations where they are
traditionally not expected.

We introduced a magnetic cloud in the simulation box, following Burlaga (1988)’s
model with the additional condition that the difference of speed between the magnetic
cloud and the solar wind has to be faster than the upstream magnetosonic speed.
This leads to the self-consistent formation of an interplanetary shock and sheath in
the simulation. Then, we let this structure propagate through the simulation box
and interact with a simulated geomagnetic environment that includes the bow shock,
magnetosheath and magnetopause (see Turc et al. (2015) for a simplified example
without the interplanetary shock).

In understanding this interaction, it is useful to divide the problem into two
sub-problems. The first sub-problem is the evolution of the interplanetary shock as
it is modified during its propagation through magnetosheath. The second one is the
analysis of the impact of the interplanetary shock on the magnetosheath. In this
article (Part I), we present our method for introducing a self-consistent interplane-
tary shock together with a self-consistently developed geomagnetic environment (bow
shock, magnetosheath, magnetopause) in Hybrid particle-in-cell simulations. Then,
we focus on the first sub-problem of tracking the interplanetary shock throughout the
magnetosheath. A following article (Part II) will address the second sub-problem of
the evolution of the magnetosheath following its encounter with the interplanetary
shock and sheath. The remainder of this paper is organised as follows:

In section 2, we briefly present the global setup used in the hybrid PIC code
LatHyS (Modolo, 2004; Turc et al., 2015) to self-consistently model the geomag-
netic environment (bow shock, magnetosheath, magnetopause). Then we describe
our method for introducing a magnetic cloud in the simulation box and how its in-
teraction with the solar wind leads to the self-consistent formation of a satisfactorily
realistic interplanetary shock followed by a sheath. The results reported in section 3
are split into two parts. In the first part, we focus on the propagation of the interplan-
etary shock through the magnetosheath. In the second part, we briefly comment on
the configuration of the magnetic field in the magnetosheath. Finally, sections 4 and
5 are dedicated to the interpretation of these results.

2 Method

Figure 1 is a concept diagram of our simulation setup. On the right-hand side of
the box, we place an obstacle consisting of a magnetic dipole and an absorbing sphere,
while on the left-hand side of the box, we inject a magnetic cloud using an analytical
expression. The obstacle’s interaction with the solar wind self-consistently generates
a bow shock, a magnetopause, with a magnetosheath in between these two frontiers
(see subsection 2.1 of the present article and Turc et al. (2015)). The magnetic cloud
propagates through the solar wind, overtaking the bulk plasma to self-consistently
generate a shock and sheath (see subsection 2.2).

2.1 The geomagnetic environment

We used the 3D hybrid PIC code Lathys (Modolo, 2004), and used a setup similar
to, albeit significantly larger than Turc et al. (2015). The box dimensions are 1500
cells in the X direction, 720 cells in the Y direction and 660 cells in the Z direction.
Each grid cell is a cube of dimension (1 d;)?, where d; ~ 92 km is the ion skin depth
computed from the initial solar wind values. Therefore, we will talk interchangeably
about x, y and z in terms of cell numbers or in terms of d;.

The “planet” (Earth) is represented in the code by a magnetic dipole placed
at the origin (x = 0, y = 0, 2 = 0). The magnetic moment was chosen as M =



Figure 1.
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with the solar wind to self-consistently create a shock and sheath. These structures interact with

the geomagnetic environment, which itself results self-consistently from the interaction between

the solar wind and a magnetic dipole. Structures that are injected (described by analytical ex-

pressions in the code) are noted in black. Structures that develop self-consistently are noted in

red.

900 - 10°(nT) x (14 d;)3. This allows the magnetopause position, accordingly to the
simple dynamic pressure/magnetic pressure balance (Schield, 1969), to be 34 d;. This
is safely above the 20 d; threshold, which Omidi et al. (2004) showed to be a lower
limit above which a simulated obstacle — or a real celestial body — interacting with the
solar wind would display a similar magnetosphere to Earth’s.

This magnetic dipole interacts with a simple model for the solar wind: from the
left side of the simulation box (z > 0), we inject a supersonic/superalfvénic plasma of
protons neutralised by a massless electron fluid of density N = 6 (ions/cm™3) with a
bulk speed of Vew = 400 km/s, carrying a magnetic field B = 10 nT. The ions have
a Maxwellian distribution of velocities corresponding to a temperature chosen to have
B = 0.5 for plasma beta of the solar wind. These values are typical of the observed
solar wind (e.g. Venzmer and Bothmer (2018)). The interplanetary magnetic field is
parallel to the ecliptic (zy) plane and makes an 85° angle with the x direction, with
B, > 0and B, > 0.

After 190 (Q;l) L the interaction between the solar wind and the magnetic dipole
leads to the self-consistent formation of a magnetosheath, delimited on each side by
a bow shock and a magnetopause. We recover the main characteristics of Earth’s
magnetosheath: the plasma is subalfvénic in the nose of the magnetosheath, then it
is diverted and recovers a superalfvénic velocity on the flanks (Lucek et al., 2005);
the plasma beta is of the order of unity, and the total pressure close to 1 nPa (Lin et

I Throughout this text, Q;l ~ 1 s serves as the time unit and refers to the inverse of the cyclotron pul-

sation computed from the initial magnetic field amplitude in the solar wind: B = 10 nT.
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al., 1991), the shape of the bow shock and magnetopause are realistic (see Turc et al.
(2015) for details).

In particular, we find that the plasma can be faster in the magnetosheath (close
to the magnetopause in the plane perpendicular to the interplanetary magnetic field)
than it is in the solar wind. This effect is well documented (see e.g. Chen et al. (1993);
Lavraud et al. (2007, 2013)). On figure 2, we can see that indeed, vy ~ 450 km/s
close to the magnetopause, while vy, ~ 40 km/s in the solar wind.

V in plane (x,z) at 00180

(s/wy) A

Figure 2. Colormap of the bulk velocity in the noon-midnight meridian plane, which is also
the plane perpendicular to the interplanetary magnetic field. This figure represents the state of

the geomagnetic environment prior to its encounter with the interplanetary shock and sheath



2.2 The magnetic cloud-driven sheath
2.2.1 The magnetic cloud

To create a shock and its sheath in front of the injected magnetic cloud, we
introduced this structure at the entry plane and let it propagate in the simulation
box. We chose the velocity V¢ of the introduced magnetic cloud to be fast enough
that its propagation led to the formation of a shock wave: Ve — Vaw > Va, where
Va is the Alfvén speed.

Magnetic clouds are truly gigantic structures compared to Earth’s geomagnetic
environment: a typical magnetic cloud has a size of 1/3 AU (Lepping et al., 2006) by
the time it reaches Earth. This allows us to consider the magnetic cloud as a planar
structure in our simulations. For simplicity, we make the hypothesis that the magnetic
cloud lies in the (yz) plan, i.e. its collision with Earth is frontal. This would be the
case for a magnetic cloud heading directly toward Earth from the Sun.

The widely used model of Burlaga (1988) describes a magnetic cloud as a force-
free structure, with the magnetic field components proportional to the first two Bessel
functions (Jy and Jp):

By = BoJo(ar) (Axial component)
Br = ByHJ;(ar) (Tangential component)
Bp = 0 (Radial component)

By is the amplitude of the magnetic field at the centre of the magnetic cloud, r is the
distance from the magnetic axis of the flux rope, a determines the size of the magnetic
cloud, and H can be chosen as +1 depending on the handedness of the flux rope. We
chose H = 1.

These equations describe the magnetic field in space. In contrast, in our simula-
tion, we introduced the magnetic cloud over time from the left edge of the box and let
it propagate into the simulation volume. The point is to let everything inside of the
simulation box evolve self-consistently. We, therefore, rewrote equations 1 in terms of
time rather than radius:

B.(t <tg) = Ba(t <tg) = BoJo(a-ug(t —to) — 2.4) (Axial component)
By(t <to) = Br(t < ty) = BoJi(a - uo(t —to) — 2.4) (Tangential component)
t <t

B, (t < ty) = Br( y) = Constant (Radial component)

In these equations, ug is the bulk flow velocity, g is the time at which we start injecting
the magnetic cloud, and ¢ is the time in the simulation. The 2.4 offset is used to make
to the start of the magnetic cloud since Jy(2.4) = 0.

In our simulation, we chose the axial component of the cloud to be along the z
axis and the tangential component to be along the y axis (see figure 1). We consider
the case of a planar magnetic cloud travelling along the = direction and crossed at
its centre; therefore the x axis crosses the magnetic cloud radially. For simplicity, we
decided to make the magnetic field (as well as the velocity, temperature, and density)
homogeneous on the whole entry plane, i.e. 8@ = a@ = 0. Since B, is constant at
the entry plane, it follows straightforwardly that the introduced magnetic field verifies

flux conservation. The other Maxwell equations are built into the hybrid scheme.

We decided to use a northward axial magnetic field. The most interesting im-
pacts of our event on the geomagnetic environment should therefore come from the
interplanetary shock and sheath rather than from the magnetic cloud. Indeed, choos-
ing the axial component to be northward excludes the already well studied magnetic
reconnection effects that occur when a southward magnetic field interacts with the
magnetopause (Dungey, 1961; Fairfield & Cahill, 1966; Tsurutani et al., 2020).



Using only equations (2) to describe the evolution of the magnetic field would
lead Br to start too abruptly, from whichever value it had in the solar wind, to
Br = BoHJ1(—2.4) # 0. The same would be true for the B4, which would abruptly
go from its solar wind value to 0. These jumps would lead to numerical problems, so
we introduced a smooth ramp, using 79 to control the sharpness of the transition from
quiet solar wind conditions to magnetic cloud conditions:

1 t—1t
BA(t < to) = BZSW+(07-BZSW)§ (1+ta’nh( 0 O)>

Br(t < to) = Bysw + (BoJi(—2.4) — Bygw)% (1 + tanh (t TOto))

To our knowledge, there is no available analytical model for the velocity and tem-
perature of the plasma in a magnetic cloud. We know, however, that the plasma in
a magnetic cloud is generally much colder than in the solar wind, but has a similar
density (Regnault et al., 2020). In order to create a shock and sheath, we also need
the magnetic cloud to be faster than the solar wind by at least the Alfvén speed. Fi-
nally, we know that the magnetic cloud is a passing structure, so the plasma conditions
should return to those of the solar wind after its passage. In order to take into account
these observations, we introduce the plasma with a bulk speed V(¢) and a thermal
speed V' (t) as follows:

t—1t t—1t
V(t) = Vsw + (Vac — Vew) X (tanh ~ 9 _ tanh . 1)
0 1

V() = VI + (il — VER) < (tanh Ete _ tanh - tl)
T0 T1
The subscript SW refers to the value of the subscripted quantity in the quiet solar
wind, whereas MC refers to its value in the magnetic cloud. ¢y is when the piston
starts, and t; the time at which it ends, while 79 and 71 control the sharpness of the
transition from quiet solar wind conditions to magnetic cloud conditions and back. We
used the same ty and 79 as for the ramp of the magnetic field.

This is a particle-in-cell in code, therefore the quantities V (t) and V;y,(¢) are used
to compute the velocity distribution of the injected ions.
2.2.2 Summary of the simulation setup

Tables 1 and 2 summarise the simulation setup.

dx, dy, dz 1d;
dt 0.005 Q!
tmax 300 Q;l

Nx 1500

Ny 720

Nz 660

N procs 7200
N particles ~15-10°

computing time | ~ 300.000 hours

Table 1. Simulation parameters

Figure 3 summarises the temporal evolution of the plasma conditions at the
injection side of the box. The horizontal axis represents time: the values plotted are
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B (nT) 10 50
B orientation | B, = Bcos(85°) | By, = Bsin(85°) | B, =0 Axial field: B, | Tangential field: B,
V (km/s) 400 750
N (ions/cm~3) 6 6
T (K) 240k 24k

Table 2. Macroscopic parameters
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Figure 3. From top to bottom: the magnetic field’s y and z components, bulk velocity, den-
sity and thermal velocity. These are the characteristics of the plasma injected at the left side of

the simulation box and their temporal evolution.

what we inject in the simulation box, which will then develop according to the physics
captured by LatHyS’ numerical scheme.

The magnetic cloud is injected from ¢ = 70 Q;l so that the interplanetary shock
formed by its interaction with the quiet solar wind reaches the bow shock around
t =216 Q_', i.e. after the magnetosheath had the time to reach a stationary state

c1

(for t > 190 Q).

2.2.3 The interplanetary shock and the sheath

Figure 4 shows the structure self-consistently produced by the propagation of the
magnetic cloud as it overtakes the solar wind, at ¢ = 200 Qc_il. The figure is plotted
along the spatial x-axis. For clarity, the geomagnetic environment has been excluded
from the plot. From right to left, we can see: a stretch of solar wind, then the shock,
followed by the sheath, and eventually the magnetic cloud.

 —v"P

The shock presents an Alfvén Mach number of My = *—— = 4.2; where v,
A

is the velocity of the shock in the GSE frame, v“P and v’ are, respectively, the
velocity of the bulk plasma and the Alfvén speed upstream of the shock. The sheath
thus obtained numerically captures the main characteristics of observed sheaths (e.g.
Kilpua et al. (2017)): the magnetic field amplitude, velocity, density and temperature
are significantly higher than in the solar wind. The plasma beta is also elevated,
which is a consequence of significant heating at the shock. We can also see that the



plasma quantities in the sheath fluctuate more than they do in the solar wind, which
is expected (Moissard et al., 2019).
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Figure 4. Main plasma parameters in the self-consistently created sheath at time = 210 Qc_il,
shortly before its encounter with Earth. For clarity, Earth’s geomagnetic environment has been

removed from this plot. Earth’s centre would be located at x = 0.



3 Results

This section focuses on the interplanetary shock as it travels through the mag-
netosheath.

3.1 The curvature of the interplanetary shock
3.1.1 From the bow shock to the magnetopause

The interplanetary shock slows down as soon as it penetrates the magnetosheath.
This braking is not negligible, but not large either. Naturally, the parts of the inter-
planetary shock that cross the bow shock the earliest have more time to travel at a
reduced speed than the parts which enter later. This leads to a slight curvature of the
interplanetary shock. Figure 5 shows the density in the ecliptic plane ((xy) plane, with
z = 0) just before the collision between the interplanetary shock and the bow shock
(left panel) and just before its collision with the magnetopause (right panel). On the
right panel, we can see that the interplanetary shock has become slightly curved as it
travelled through the magnetosheath.

Density at 00216 in (xy) Density at 00219 in (xy)

20.8

18.2

0.0

Figure 5. Density in the ecliptic plane. Left panel: soon before the shock/shock collision.

Right panel: soon before the interplanetary shock/magnetopause collision.

In the simulation, it takes 3.5 Q;l for the interplanetary shock to travel from the
nose of the bow shock to the nose of the magnetopause. Translated into observational
time (Q;l corresponds to 1 second, the scale of the simulation is 1/16%" that of reality),
it would take 3.5 x 1 x 16 = 56 seconds for the interplanetary shock to travel from the
bow shock to the magnetopause (versus 45 seconds if it kept travelling at the speed it
had outside of the magnetosheath). This is a much shorter time than the estimations
made by Villante et al. (2004) who found that it would take between 4 and 7 minutes

,10,



for radially propagating shocks to cross the magnetosheath. Their study, however,
included only relatively slow shocks (20 shocks from 220 to 470 km/s, with most of
them between 300 and 400 km/s), whereas our shock travels at 780 km/s.

Villante et al. (2004) estimated that the speed of the shock in the magnetosheath
would fall between 1/4 and 1/3 to what it was in the solar wind — which would lead
to a severe curvature of the interplanetary shock in the magnetosheath. Since then, a
few observational (e.g. Koval et al. (2005); Koval, Safrankovéa, Neémeéek, Samsonov,
et al. (2006); Koval, Safrankova, Némecek, and Pfech (2006)) and numerical (Koval et
al., 2005; Koval, Safrankova, Némecek, Samsonov, et al., 2006; Samsonov et al., 2006,
2007; Safrankova et al., 2007; Pallocchia et al., 2010) studies have found much softer
deceleration (between 10 and 30% at most), which is more in line with the results
reported here.

Evolution of the interplanetary shock position

301 = ip shock outside of the magnetosheath
— ip shock on the subsolar line

T
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90
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}
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Figure 6. Blue line: position of the unperturbed interplanetary shock, as followed outside

of the magnetosheath. Red line: position of the interplanetary shock as followed along the Sun-
Earth line (y = z = 0) until it reaches the magnetopause at t = 220 Qc_il. The two dashed vertical
lines indicate the arrival of the interplanetary shock at the nose of the bow shock (red) and, later,

at the nose of the magnetosheath (blue).

In figure 6, we plot the position of the interplanetary shock front against time.
The red line represents the position of the shock front along the Sun-Earth line, where it
interacts with the nose of the bow shock, magnetosheath and magnetopause. The blue
line is the position of the shock in a part of the simulation where it does not interact
with the geomagnetic environment and thus serves as a reference. The vertical dashed
lines mark the time of collision between the interplanetary shock and the bow shock
(red dashes) or its collision with the magnetopause (blue dashes).

The braking of the interplanetary shock from the moment it penetrates inside
the magnetosheath (at ¢ = 216.5 Q;l) is clear on this figure. We also see that, as
noted by Pallocchia et al. (2010), most of the braking seems to happen at the moment
the interplanetary shock enters the magnetosheath: its velocity does not change much
after the initial change of speed. From this figure, we can compute that the speed
of the interplanetary shock inside of the magnetosheath is 0.8 times its speed before
the collision. This falls into the 0.73-0.97 range established by Koval, Safrankova,
Némedcek, and Prech (2006) through satellite observations.

—11-



3.1.2 On the flanks of the magnetopause

We ran the simulation significantly further in time and let the interplanetary
shock propagate through the flanks of the magnetosheath.

Lines along which the position of the propagating shock is measured

Figure 7. The beige sphere represents the obstacle modelling Earth. Left panel: the noon-
meridian plane, in green. Right panel: the ecliptic plane, in orange. Thick black lines with an

arrow show where we tracked the position of the propagating shock front.

Figure 7 is a sketch that shows two planes that cut through the simulation box:
the noon-midnight meridian plane in green and the ecliptic plane in orange. In this
subsection, we follow the position of the interplanetary shock as it travels through the
magnetosheath on the flanks of the magnetopause. The lines along which the position
of the propagating shock is tracked in each plane are marked with thick black lines
and arrows.

Figure 8 is similar to figure 6 with the horizontal axis extended to include later
times. In addition, figure 8 displays the position of the interplanetary shock front close
to the magnetopause in the noon-midnight meridian plane (green line) and the ecliptic
plane (orange line). While looking at the results in this section, one should keep in
mind that the interplanetary magnetic field is mainly in the y direction. Therefore,
the draping of the magnetic field lines around the magnetopause occurs in the ecliptic
plane ((zy) plane with z = 0). The noon-midnight meridian plane ((xz) plane with
y = 0) can be considered to be perpendicular to the magnetic field.

If we first focus on the orange line in figure 8 we see that, as expected by extrap-
olating the results from paragraph 3.1.1, the interplanetary shock travels at a reduced
speed inside the magnetosheath. However, in the meridian (xz) plane (green line),
after a period at reduced velocity (from 216.5 to 226 Qc_il), the interplanetary shock
accelerates and ends up travelling faster inside the magnetosheath than it does outside.

The result of this asymmetric acceleration/braking on the shape of the interplan-
etary shock can be apprehended from figure 9, which represents cuts of the current
density in the ecliptic plane (left panel) and noon-midnight meridian plane (right
panel). Because the part of the interplanetary shock closest to the magnetopause in
the (zy) plane is also the one that had the longest time to travel at a decreased speed,
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Evolution of the interplanetary shock position

ip shock / bow shiock collision at the subsolar point

ip shock reaches magnetopause

ip shock position (di)

—— ip shock outside magnetosheath
—— ip shock in (xy) plane, aty = 0 di
ip shock in (xy) plane, at y = 90 di

100 4 —— ip shock in (xz) plane, at z = 80 di

210 215 220 225 230
time Q1

Figure 8. Blue line: position of the unperturbed interplanetary shock, as followed outside

of the magnetosheath. Red line: position of the interplanetary shock as followed along the Sun-

Earth line (y = z = 0) until it reaches the magnetopause at t = 220 Q;l. Green line: position
of the interplanetary shock in the noon-midnight meridian plane along the liney = 0,z = 80.
Orange line: position of the interplanetary shock in the equatorial plane along the liney = 90,

z = 0. The two dashed vertical lines indicate the arrival of the interplanetary shock at the nose of
the bow shock (red) and, later, at the nose of the magnetosheath (blue)

it lags behind the rest of the interplanetary shock. This leads to a concave shape for
the interplanetary shock in the (xy) plane (left panel of figure 9). The opposite is true
for the interplanetary shock inside the magnetosheath in the (xz) plane, leading to
a roughly convex shape (right panel). We say roughly here because contrarily to the
(zy) plane braking, the acceleration in the (zz) plane is efficient only fairly close to
the magnetopause rather than across the whole magnetosheath.

We indicated with cyan triangles on figure 9 the locations where we computed
vg, the velocity of the interplanetary shock in the GSE frame. To estimate vs, we
determine the position of the shock at times 228 to 232 Q;l and evaluate the slope
of the best straight line passing through these points. We then obtain o4, the shock’s
velocity in the plasma frame, by subtracting from v, the average plasma bulk velocity
in a 5 by 5 d; cube upstream of the interplanetary shock. These cubes are shown as
cyan squares in figure 9.

Koval, Safrankové, Némedek, Samsonov, et al. (2006) have found that, in the
observational case they studied, the interplanetary shock’s velocity in the bulk plasma
frame was constant. This is crucial to their argument that the deceleration of the
interplanetary shock is due to the deceleration of the plasma bulk flow. We now
examine this proposition in our simulation.

In equations (6) and (7), the subscripts sw, bs and mp respectively denote the
velocity in the solar wind, in the magnetosheath next to the bow shock, and in the
magnetosheath next to the magnetopause. The superscripts (zy) or (zz) reference the
plane. The uncertainty for vs; comes from the estimation of the position of the shock,
which is limited by the size of the grid cell, of 1 d;. Because we use position estimates
spread across b Q;l, the error comes down to roughly 1/5 of the nominal Alfvén speed
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Figure 9. Current density during the passage of the shock through the magnetosheath, at
time 230 Q;l. Left panel: in the ecliptic plane. Right panel: in the noon-midnight meridian

plane. Cyan triangles mark the positions at which the velocity vs of the shock was measured.

Cyan squares upstream of the triangles show areas where the bulk plasma velocity was averaged.

(i.e. its value in the solar wind: v4 ~ 89 km/s), hence an uncertainty of +18 km.
The uncertainty for o, is slightly higher because we take into account the standard
variation of the bulk plasma velocity in the 5 by 5 d; cube used to estimate it.

v{™) =792 4 18 km/s (") = 387 + 21 km/s

(") = 660 + 18 km /s (7Y = 361 + 24 km /s

v@Y) = 645 + 18 km//s 7@ = 387 + 28 km/s
mp mp

(") =782 £ 18 km/s (") = 379 £ 22 km /s

v{") = 760 £ 18 km/s (") = 424 4 23 km/s

0{7?) = 911 4 18 km/s 0{7%) = 422 4 37 km/s

The estimates of vy (left column) clearly show the acceleration/braking on the inter-
planetary shock in the (zz)/(xy) plane (vgfjp) is markedly larger than vgfri))) Fur-
thermore, the estimates of U5 (right column) align with Koval, Safrénkov& Neémecek,
Samsonov, et al. (2006)’s observation that the shock speed in the plasma frame does

not significantly vary when the shock penetrates the magnetosheath.
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3.2 Turning into a quasi-parallel propagating shock

Figure 10 represents the magnetic field lines (white arrows) superimposed on
the magnetic field amplitude in the ecliptic plane. The draping of the magnetic field
lines around the magnetopause leads to a significant & component of the magnetic
field in the (xy) plane. Therefore, when the interplanetary shock travels through the
magnetosheath, while it is quasi-perpendicular in most places, it is quasi-parallel in
the (zy) plane close to the magnetopause. For example, in the magnetosheath close
to the magnetopause in the ecliptic plane, we measured that the angle between the
normal of the shock with the upstream magnetic field was g, ~ 31°, even though
Opn ~ 85° in the solar wind. We do not expect the same effect in the (zz) plane
because the magnetic field lines slip along the obstacle and there is no draping.

B in plane (x,y) at 00230

200
-62.1
150
L 55.2
100
48.3
20 41.4
W
> 0 34.5 E;
-
S
‘ 27.6
—s0 {RIN
20.7
-100
13.8
-150
6.9
—200 0.0

Figure 10. Colors: Magnetic field amplitude. White lines: magnetic field lines. The figure
is made at time 230 Q;l in the ecliptic plane. In green, at two different locations, we show the
shock’s normal and the direction of the magnetic field lines. The angle between these two lines is

marked.
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4 Discussion

In section 3.1, we described how some parts of the interplanetary shock could
be accelerated as it travels through the magnetosheath. This seems to go against pre-
vious studies on the subject (e.g. Villante et al. (2004); Koval et al. (2005); Koval,
Safrankov4, Némedek, Samsonov, et al. (2006); Samsonov et al. (2006)) which con-
cluded that interplanetary shocks would decelerate in the magnetosheath. Yet, we
can logically infer the acceleration of the interplanetary shock from a passing conclu-
sion from Koval, Safrankova, Némedek, Samsonov, et al. (2006). Indeed, the authors
observed in a case study that the interplanetary shock’s velocity was constant in the
plasma frame. If we acknowledge the fact that the plasma bulk flow can accelerate
in some places of the magnetosheath (e.g. Chen et al. (1993); Lavraud et al. (2007,
2013)), then it follows that it should be possible for the interplanetary shock to be
accelerated in the magnetosheath.

In section 3.1.2, we have shown that Koval, gafrénkové, Némedcek, Samsonov, et
al. (2006)’s observation of the conservation of the interplanetary shock’s velocity in the
plasma frame was indeed valid wherever we tested it in our simulation. A toy model
can help us see why. Using the first Rankine Hugoniot equation, we can define the
velocity of the shock as vs = W, where n,, and v,, represent the plasma density
and bulk velocity upstream of the travelling shock, and ng and v, the same quantities
downstream of the travelling shock.

Ny Uy — Nalq ng X (Vy — vg)
Vg=————— =y = ———— >
Ny — Ny Ny — Ny
Let us assume that both v, and vg change by a quantity Awv, which could be the case,
for example, when the interplanetary shock penetrates inside the magnetosheath; then
we see immediately that v, is not modified.

Since our simulation indeed reproduces the acceleration of the bulk plasma on
the flanks of the magnetopause in the plane orthogonal to the interplanetary magnetic
field, this allowed us not only to observe that the interplanetary shock was accelerated
but also to understand why. From this same toy model it is easy to see why the ac-
celeration/deceleration of the plasma itself might lead to an acceleration/deceleration
of the shock travelling in it. Let us assume that the plasma in the magnetopause is
changed on both sides of the travelling shock by the same quantity Av. We can then
write the new shock velocity v/, as:

, ny(vy + Av) —ng(vg + Av)

v, = =vs + Av
Ny — Ng

The sign of Av controls the acceleration/braking of the interplanetary shock: a slow
plasma bulk flow in the plane of the interplanetary magnetic field leads to a deceleration
of the interplanetary shock in the magnetosheath; a fast plasma bulk flow in the
plane orthogonal to the interplanetary magnetic field leads to an acceleration of the
interplanetary shock in the magnetosheath.

This explanation may help us understand why there is such a large difference
between the conclusions of (Villante et al., 2004)’s and (Koval, Safrankova, Némecek, &
Piech, 2006). (Villante et al., 2004) used the satellite Wind to detect the interplanetary
shocks. Then the authors inferred the time at which the shocks would reach the bow
shock and compare this time with the time of ground measurements of associated
disturbances. This silently implies that the speed of the interplanetary shock through
the magnetosheath being inferred is the speed of the interplanetary shock through the
nose of the magnetosheath; where the bulk plasma flow is by and large the slowest.
The average shock speed in (Villante et al., 2004) was around 350 km/s. Assuming
that the solar wind itself has a speed of around 300 km/s and that the bulk plasma
in the nose of the magnetosheath would have an average velocity of 50 km/s, our toy
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model would predict that the shock would propagate at a constant speed of 50 km/s
in the plasma frame, i.e. a speed of 100 km/s in the magnetosheath, versus 350 km/s
in the solar wind. This would be understood as: in the magnetosheath, the shock
travels at 100/350 ~ 0.29 times its velocity in the solar wind, which was the authors
conclusion. Now, if we look at figure 1 of (Koval, Safrémkové, Némecek, & Prech,
2006), we see that the observations concern a shock propagating through the flank
of the magnetosheath, where the bulk plasma flows much faster. Using figure 2 of
(Koval, Safrankova, Neémecek, & Prech, 2006), we can estimate that the shock speed
in the solar wind was 440 km/s, and that — relative to the plasma frame — it was 80
km/s. Inside of the magnetosheath, we can see that the bulk plasma flows at 300
km/s. Inside of the magnetosheath, the shock would therefore travel (using our toy
model) at a speed of 380 km/s. This would be understood as: in the magnetosheath,
the shock travels at 380/440 ~ 0.86 times its velocity in the solar wind.

We can draw two conclusions from this: the first is that we should forego of the
idea that an interplanetary shock — which has a single well defined velocity in the solar
wind — also has a single well defined velocity in the magnetosheath. The absolute
velocity of the interplanetary shock highly depends on the velocity of the bulk plasma,
which in turns highly depends on where in the magnetosheath we are looking. The
second conclusion is that thinking about the change of speed of the interplanetary
shock in terms of a multiplication by a certain factor can be quite misleading. Perhaps
we should rather think in terms of subtraction (i.e. the shock slowed down by x km/s),
or simply in terms of locally defined Mach numbers (i.e. (Vshock — Upiasma) divided by
a characteristic speed).

One last remark on figure 8: in the meridian plane (zz), the shock was actually
slowed down at first when entering the magnetosheath and started to accelerate only
when it reaches the flanks of the magnetosheath. As shown by (Chen et al., 1993;
Lavraud et al., 2007, 2013), the plasma bulk flow is faster in the magnetosheath than
it is in the solar wind on the flanks; but still slower just behind the bow shock. Hence,
it natural (according to our toy model) that the interplanetary shock would first slow
down, then accelerate.

In the previous discussion, all of our arguments drew on magnetohydrodynamics
concepts. We are therefore drawn to the same conclusion as (Koval, Safrémkové,
Némedek, Samsonov, et al., 2006): kinetic effects seem to play at most a minor role in
the particular question of deceleration/acceleration of interplanetary shocks through
the magnetosheath.

However, this should not lead us to rule out kinetic effects from the larger question
of the interaction between interplanetary shocks and the geomagnetic environment. In
fact, we have seen in section 3.2 that a quasi-perpendicular shock in the solar wind
could turn into a quasi-parallel shock inside of the magnetosheath. Collisionless quasi-
parallel shocks can only be rigorously simulated by including kinetic physics. While
we cannot point yet to any clear consequence this might have, we believe that it is
worth noting. Indeed, we can understand from figure 10 that any interplanetary shock
travelling through the magnetosheath is likely to have parts of it in a quasi-parallel
shock scenario.

We believe that this quasi-parallel situation is at the origin of two current struc-
tures visible on the left panel of figure 9 at the places where the interplanetary shock
intersects the magnetopause. Macro-particles accelerated at the interplanetary shock
close to magnetopause can travel along the magnetic field lines since they are almost
parallel to the shock’s normal. In our simulation, some of these particles actually cross
the magnetopause. The density being fairly low there, the electric field is probably
over-estimated by our hybrid scheme, which may lead these particles to be accelerated
to velocities larger than they would in reality, which in turn leads to strong currents
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that may not be realistic. Moreover, by reducing the size of the geomagnetic environ-
ment while keeping the solar wind scales the same as in reality, our code is bound to
overestimate kinetic effects. However, while we cannot yet conclude on the amplitude
of these effects in observations, we argue that a magnetohydrodynamic approach will
inevitably miss them entirely.

5 Conclusion

In our Hybrid PIC simulations of the self-consistent interaction between an in-
terplanetary shock and the geomagnetic environment, we found that asymmetry of the
plasma velocity in the magnetosheath could modify the curvature of the interplanetary
shock in a non-trivial way: accordingly to previous studies (e.g. Koval et al. (2005);
Koval, Safrankové, Neémedek, Samsonov, et al. (2006); Koval, Safrankova, Némedek,
and PFech (2006); Samsonov et al. (2006); Safrankova et al. (2007); Pallocchia et al.
(2010)) we found that parts of the shock are slowed down during their propagation
through the magnetosheath; however, our simulation show that others are accelerated.
The acceleration occurs in the flanks of the magnetosheath in the plane perpendicular
to the interplanetary magnetic field. We argued that the shock is accelerated there be-
cause it “rides on” a faster bulk plasma, itself in the right conditions to be accelerated
by the Lorentz force (Chen et al., 1993; Lavraud et al., 2007, 2013).

The peculiar shape of the interplanetary shock (from convex in the (zy) plane to
concave in the (zz) plane), as well as the possibility to accelerate particles close to the
magnetopause, might significantly affect the solar wind/magnetosphere coupling pro-
cesses on the flanks of the magnetosheath, and possibly further along the magnetotail.
The question of the geoeffectiveness of shocks is not completely closed.

In the near future, an observational study of the type made by Koval et al.
(2005) and Koval, Safrankova, Némegek, and Pfech (2006) could potentially look for
interplanetary shocks encounters in the magnetosheath which, rather than arriving
with a delay compared to a constant speed in the solar wind, could arrive with an
advance. We predict that this is more likely to be observed during an interval of solar
wind with low 8 carrying an interplanetary magnetic field with relatively constant
direction and in the plane orthogonal to the latter (Lavraud et al., 2007). These
relatively restrictive conditions explain why Koval et al. (2005) and Koval, Safrankova,
Némeéek, and Prech (2006) only found a small number of shocks that seemed to travel
faster in the magnetosheath than in the solar wind, which they discarded from their
analysis because of lack of measurement precision.

Using figure 8, we can make a rough estimate of the expected delay/advance
of the detection of the interplanetary shock by a satellite that would be placed at
17RE downstream of Earth (corresponding to —75 d; in our simulation), near the
magnetopause in the magnetosheath:

o If the satellite is in the same plane as the interplanetary magnetic field (ecliptic
plane (xy) in our simulation), we would expect the interplanetary shock to be de-
celerated, resulting in a delay of 32 seconds (the simulated delay is 2 Q;l, times
the scaling factor 16) compared to a constant-velocity interplanetary shock.

o If the satellite is in the plane perpendicular to the interplanetary magnetic field
(noon-midnight meridian plane (xz) in our simulation), we would expect the
interplanetary shock to be accelerated, resulting in an advance of 16 seconds
(the simulated advance is 1 Q;l, times the scaling factor 16) compared to a
constant-velocity interplanetary shock.

We have also suggested the possibility of seeing accelerated particles at the intersection
of the magnetopause and the interplanetary shock in the plane of the interplanetary
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magnetic field. However, we do not know how large this effect might be in reality,
as our simulation lacks the phase space resolution to describe it properly. It may
be worth using satellite data to look for accelerated particles in the plane of the
interplanetary magnetic field, next to the magnetopause, upstream of an interplanetary
shock travelling through the magnetosheath.
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