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Abstract Under quasi-radial interplanetary magnetic fields (IMF), foreshock turbulence can have an
impact on the magnetosheath and cusps depending on the location of the quasi-parallel shock. We perform
three-dimensional simulations of Earth's dayside magnetosphere using the hybrid code HYPERS, and compare
northward and southward quasi-radial IMF configurations. We study the magnetic field configuration,
fluctuations in the magnetosheath and the plasma in the regions around the northern cusp. Under northward
IMF with Earthward B,, there is a time-varying plasma depletion layer immediately outside the northern

cusp. In the southward IMF case, the impact of foreshock turbulence and high-speed jets, together with
magnetopause reconnection, can lead to strong density enhancements in the cusp.

Plain Language Summary When the magnetic field in the solar wind is strongly Sun-Earth
aligned, turbulence can develop in the region upstream of the Earth's magnetosphere and propagate toward the
Earth. This turbulence has an impact on the magnetosheath and cusps. We use hybrid simulations with particle
ions and fluid electrons to compare situations with a strong Sun-Earth aligned magnetic field combined with

a weaker northward or southward component. When the northward component is present, a layer with low
density is found outside the cusp, while in the case with the southward component, the impact of the turbulence,
together with magnetic reconnection can lead to strong density enhancements in the cusp.

1. Introduction

Upstream of the quasi-parallel regions of the Earth's bow shock, ultra-low frequency (ULF) waves are excited by
streaming instabilities due to the presence of reflected ions (Gary, 1991). The nonlinear evolution of these waves
leads to the formation of structures such as Short Large Amplitude Magnetic Structures (Chen, Wang, et al., 2021;
Schwartz et al., 1992), spontaneous hot flow anomalies (Zhang et al., 2013), cavitons (Kajdi¢ et al., 2011) and
high-speed jets (Hietala et al., 2012; Raptis et al., 2020). These structures can affect the cusp, magnetosheath and
magnetopause, and contribute to turbulence downstream of the quasi-parallel shock.

While the magnetosphere under radial interplanetary magnetic fields (IMF) conditions has been studied using
Magnetohydrodynamics (MHD) simulations (Tang et al., 2013), it is important to capture the kinetic effects asso-
ciated with the backstreaming ions in the foreshock. Hybrid models with kinetic ions and fluid electrons (e.g.,
(Palmroth et al., 2015; Kempf et al., 2015; Y. A. Omelchenko, Roytershteyn, et al., 2021)) are used to simulate
these physical phenomena at reduced computational costs compared to fully kinetic simulations. With radial IMF
configurations, these studies have shown the effects of ULF waves in the foreshock, associated structures such
as cavitons (Blanco-Cano et al., 2009; Lin & Wang, 2005), turbulence downstream of the shock (Karimabadi
etal., 2014), and high-speed jets in the magnetosheath (Chen, Ng, et al., 2021; Nget al., 2021; Y. A. Omelchenko,
Chen, & Ng, 2021).

One area of interest is the magnetospheric cusp, the high-latitude funnel-shaped region through which solar wind
plasma can directly access the ionosphere (Frank, 1971; Heikkila & Winningham, 1971). The cusp has been
the subject of numerous observational (e.g., Lavraud et al., 2005; Nykyri et al., 2012; Pitout et al., 2009; Taylor
et al., 2004) and simulation studies (Omidi & Sibeck, 2007; Palmroth et al., 2013; X. Y. Wang et al., 2009) under
different IMF conditions. Under IMF with a strong radial component, the cusp has been observed to be highly
dynamic (Taylor et al., 2004), and it has been shown that the turbulence in the ion foreshock can lead to ULF
waves on the open and closed field lines of the polar cap (Shi et al., 2020). Other statistical observations have

NGET AL.

1 of 17


http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-5183-3577
https://orcid.org/0000-0002-4768-189X
https://orcid.org/0000-0002-6362-3112
https://orcid.org/0000-0002-9704-1735
https://orcid.org/0000-0001-6807-8494
https://doi.org/10.1029/2022JA030359
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JA030359&domain=pdf&date_stamp=2022-10-19

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030359

shown the structure of the cusp and its boundaries under various IMF conditions (Lavraud et al., 2004, 2005;
Pitout et al., 2012), and statistical studies of cusp structure and motion are shown in (Pitout et al., 2006, 2009).
Energetic particles are found in the cusp, and studies have shown that they can originate from the magnetosphere
(Delcourt & Sauvaud, 1999), are accelerated locally (Nykyri et al., 2012), or are accelerated at the quasi-parallel
shock (Trattner et al., 2001). Three-dimensional hybrid particle-in-cell simulations have been used, for instance,
to trace the acceleration of cusp ions in the foreshock and the quasi-parallel shock (X. Y. Wang et al., 2009).
Another recent two-dimensional hybrid-Vlasov simulation work has studied proton precipitation in the cusps
under purely northward and southward IMF, showing the importance of flux-transfer events in the southward
case, and lobe reconnection in the northward case (Grandin et al., 2020).

In this work, we use three-dimensional hybrid simulations to study the dynamics of the cusp and dayside magne-
tosheath under quasi-radial northward and southward IMF conditions. We focus on comparing effects of fore-
shock turbulence on the overall structure of the dayside magnetosheath and boundaries of the northern exterior
cusps in the two simulations.

2. Simulation Model

In this study we use a hybrid particle-in-cell simulation code, HYPERS (Y. Omelchenko & Karimabadi, 2012;
Omelchenko, Chen, & Ng, 2021; Y. A. Omelchenko, Roytershteyn, et al., 2021). Ions are evolved kinetically as
macroparticles while the electrons are treated as a charge-neutralizing fluid. The magnetic field is updated using
Faraday's law and the electric field is governed by a generalized Ohm's law:
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Here e is absolute value of the electron charge, ¢ the speed of light, n, the electron density, p; the ion charge
density, J,; the electron and ion current densities, respectively, and p, the electron pressure with adiabatic constant
y = 5/3. E and B are the self-generated electric and magnetic fields and B, is a static magnetic field which
includes the dipole field and the initial IMF, treated separately to minimize numerical errors. The magnetic field
due to plasma currents is calculated self-consistently.

In order to prevent the dipole field from affecting the inflow boundary conditions, the simulations use a modified
dipole formula which reduces the strength of the dipole field rapidly at large distances from the Earth (Y. A.
Omelchenko, Chen, & Ng, 2021). The modified vector potential is

m X f
2

Aaip(r) = f(r)

6

where m is the magnetic dipole moment, r = Irl, £ =r/r. We use f(r) = exp [—(r/rma)'| (note that f(r) = 1
corresponds to the standard dipole formula). We use r, = 450d,, where d, is the ion inertial length using solar
wind parameters, so that the modified field is very close to the standard dipolar field in all domains of interest.

The resistivity # used in this model is as follows:
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Figure 1. Overview of the two simulations at #Q ; = 312 in the x-z midplane. The dashed lines show the uniform central domain mentioned in Section 2.

Here w,, and @, are the electron and ion plasma frequencies respectively, n;, is the cutoff (minimum) electron

'min
density allowed in the simulation, J is the current density, 7, is the electron temperature and m, is the ion mass.

and D0

collision frequencies for the plasma and vacuum respectively in this model. 7, is the Chodura resistivity, which

0] are the initial solar-wind values of the respective quantities. The quantities v, and v, are effective

ci,sw
is an empirical expression previously used to model field-reversed configurations (Y. A. Omelchenko, 2015). The
“vacuum resistivity” #, vanishes at cells occupied with plasma. The simulation parameters are chosen to be small

enough not to significantly alter wave dispersion in the regions of interest: ¢, = 0.01, ¢, = 0.5, n_; = 0.1n,, where

n, is the solar wind plasma electron number density.

Two hybrid simulations are performed with two different IMF directions and all other parameters remaining the
same. The IMF is quasi-radial in both simulations with cone angles +10°, with the B, component of the IMF
pointing toward the Earth. The simulations use a physical domain of 716d, X 1334d, X 1334d,, where d, is the ion
inertial length in the solar wind. The upstream ratio between thermal and magnetic pressure for both ions and
electrons is f = 8znoTo/ B(z) = 0.5, and the ratio of the speed of light to the upstream Alfvén speed is c¢/v, = 8000.
Here n,, B, and T, are the solar wind values of density, magnetic field and temperature respectively. The Earth's
magnetic dipole is tilted 11.5° sunward. The IMF clock angle is zero. The computational domain is covered by a
300 x 500 x 500 cell stretched mesh, with a uniform patch around the Earth being covered by 175 X 300 x 300
grid cells with a resolution of 1 cell per d,. Outside the uniform patch, the mesh cells are stretched exponentially
with a growth factor of 12. For reference, the location of the uniform central patch is marked by the dashed lines in
Figure 1. Simulations with similar parameters have been discussed in Ng et al. (2021); Y. A. Omelchenko, Chen,
& Ng (2021); Chen, Ng, et al. (2021). The solar wind plasma is initialized with 25 particles per cell, which are
split into two particles in the central domain. During the formation of the magnetosphere, the density increases by
more than a factor of 4, so that the physical features of interest are resolved with >200 particles per cell.

We use the Geocentric Solar Magnetospheric coordinate system, where the x-axis points from the Earth toward
the Sun, the y-axis points in the dawn-dusk direction and the z-axis completes the right-handed system. Solar
wind plasma is injected at the positive x boundary of the simulation with velocity v, = —v, and travels toward the
magnetic dipole, which is centered at the x = 0 boundary. The initial Alfvén Mach number is 8 (i.e., vy/v, = 8).
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The dipole strength is scaled such that the nominal magnetopause standoff distance is approximately 100 d,
(using the solar wind value of d,). The inner boundary is a hemisphere of radius 50 d, with absorbing boundary
conditions for particles and perfectly conducting boundaries for fields. We note that distances are scaled down
for computational feasibility such that R, ~ 12d, rather than realistically ~60d; where R is the Earth radius.
We note that the standoff distance of 100 d, is smaller than the realistic standoff distance (~500 d,), but is much
larger than the minimum distance needed to simulate an earthlike magnetosphere (Omidi et al., 2004). Due to the
reduced spatial scales, the turbulence scales may be exaggerated in this study, but the kinetic physics of shock
formation, magnetic field dynamics and high-speed jets are consistent with observations (Y. A. Omelchenko,
Chen, & Ng, 2021).

Unless otherwise mentioned, in the rest of the paper, p = en, and IB| are normalized by their solar wind values, v is
normalized by the solar wind Alfvén speed v, ,, and lengths are normalized by the ion inertial length d;. Temper-
ature is normalized by miui , and Q; is the ion cyclotron frequency calculated using the IMF.

3. Results

An overview of the two simulations is shown in Figure 1, which shows the density p in the central x-z plane at the
same simulation time after the magnetosphere has developed for both the southward and northward IMF cases.
The panels show a subset of the entire domain, and the central domain with uniform grid spacing is marked by
the dashed lines. In both cases, foreshock density fluctuations due to ULF waves can be seen upstream of the
quasi-parallel regions of the bow shock consistent with prior work, with the location of the foreshock differing
due to the IMF directions. Differences in the distributions of density, positions of the cusps and magnetopause are
analyzed in further detail below. There is also quasi-steady magnetopause reconnection in regions with z < 0 in
the southward IMF case due to the favorable direction of the magnetic field. This has been discussed in another
publication (Ng et al., 2021). The evolution of the system can be seen in movies in Ng et al. (2022b).

3.1. Overall Structure and Fluctuations

In order to investigate the effects of turbulent structures in the foreshock, it is useful to look at time-averaged
data in the simulation that illustrate its overall structure. For a physical quantity Q, we collect the data over 60
snapshots (with interval 3.125Q"), and calculate the mean (Q) and standard deviation \/@ in each cell. In
particular, we focus on the density p, magnetic field IBl and ion temperature 7.

We first show the averaged density in the two simulations in Figure 2 in the x-z plane at y = 0.5. In the top panels,
immediate differences can be seen in the structure of the mean density. The average position of the bow shock
and the magnetopause at the subsolar point is displaced outward by approximately 5d; (~0.4R;) in the northward
IMF case, and the density gradient across the magnetopause is gentler in the northward case. In the southward
IMF simulation, the region of highest density in the magnetosheath is below z = 0, while the opposite is true
for the northward case. The northward IMF case also shows a higher average density in the cusp region. Finally,
in the regions close to the northern cusp, we note that in the southward IMF case, the structure of the average
density remains continuous, while in the northward case, there appears to be a layer of reduced density forming a
boundary between the magnetosheath and the cusp. This is studied in greater detail in Section 3.2.

With respect to the standard deviation of the density, the regions of most intense fluctuations are close to the
magnetopause. While the solar wind is steady in the simulations, foreshock turbulence modifies its dynamic
pressure (seen for a limited region in Figure 10, e.g.,).

This can cause motion of the magnetopause which leads to the density fluctuations because the boundary between
the high density magnetosheath and low density magnetospheric plasma is moving, causing spatial locations
around the average magnetopause position to have varying density. Additionally, the magnetosheath is turbulent
and there are frequent regions of strong density enhancements originating at the foreshock which necessarily
terminate at the magnetopause. Some of these are associated with high-speed jets and can be seen in the movies
(Ng et al., 2022b) and Figure 10. Large jets can cause indents as they impact the magnetopause (Chen, Ng,
et al., 2021; Y. A. Omelchenko, Chen, & Ng, 2021). There is also some contribution from flux-transfer events,
though the quasi-radial IMF conditions are less favorable for their generation.
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Figure 2. Time averaged density and standard deviation in the southward (left) and northward (right) interplanetary magnetic
fields (IMF) simulations.
Because of the strong radial IMF and dipole tilt, the quasi-parallel shock and foreshock extend to negative z in the
southward IMF case and positive z in the northward IMF case, though the majority of the foreshock is in the posi-
tive and negative z regions respectively (as seen in Figure 1). In the southward IMF case, strong transient density
enhancements in the magnetosheath occur downstream of the quasi-parallel shock before being convected tail-
ward in both the northward and southward directions. Together with the magnetopause motion, this leads to the
broad region of strong density enhancement at the magnetopause seen in Figure 2. In the northward IMF case, the
region of strong density fluctuations around z =~ 0 is likely to be caused by jets impinging on the magnetopause
around #Q ; = 222, 272 and the resulting density enhancement and magnetopause deformation. This can be seen
in Ng et al. (2022b).
In previous simulations, it has been shown that transient dayside magnetopause reconnection can be triggered
even in the northward IMF case (Chen, Ng, et al., 2021). The effects of the waves in the foreshock can also be seen
in the regions upstream of the quasi-parallel regions of the bow shock, where the density fluctuations are larger.
We also note in the northward IMF (Figure 2, lower-right panel) case that there is a quieter (blue) region in the
northern cusp where the fluctuations are smaller, which may be related to the Stagnant Exterior Cusp (Lavraud
et al., 2002, 2004).
NG ET AL. 50f 17
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Figure 3. Time averaged magnetic field IBl and B, and standard deviations in the southward (first and second columns) and northward (third and fourth columns)
interplanetary magnetic fields (IMF) simulations.

In Figure 3 we show the magnitude of the magnetic field and its z-component. In both runs the magnetosheath
fluctuations of Bl are large (>0.1(B)), with the largest values found close to the magnetopause boundary. In the
southward IMF case, there is also a region of weaker fluctuations at the southern cusp. The fluctuation level
in the foreshock is much lower, consistent with the results of 2D hybrid simulations (Karimabadi et al., 2014).
Another notable feature in the northward IMF simulation is a region of reduced IB| at the northern cusp (x = 90,
z = 60), indicative of the cusp diamagnetic cavity or exterior cusp (Burkholder et al., 2021; Lavraud et al., 2002;
Nykyri et al., 2011). In both cases, although the averaged B, in the magnetosheath is relatively smooth, there are
strong electromagnetic fluctuations that can be seen in the (5 B?) plots. These can also be seen in the movies in Ng
etal. (2022b). There are also particularly strong B, fluctuations at the magnetopause in the southward IMF case in
the same region as the density fluctuations shown in Figure 2. These are mainly caused by both the magnetopause
motion and the transient intensification of the magnetic field just upstream of the magnetopause (Ng et al., 2021).
The region of largest (5B2) has a width of approximately 14 d, (~1.2R,). In addition to the dipole tilt, which
places the northern cusp further toward the dayside, the north-south asymmetry in fluctuations in both runs is
also affected by the different locations of the quasi-parallel shock, consistent with observations of magnetic field
perturbations under quasi-radial IMF conditions (Shi et al., 2020).

The structure of magnetic field lines in both cases at selected times is shown in Figure 4. The left and middle
panels show the magnetic field lines in the southward IMF simulation at two selected times which will be
discussed later in this Section, while the right panel shows the northward IMF case. For visual clarity, different
colored field lines are used, with the red and green lines being seeded in the IMF and magnetosheath at locations
with z < 0 and z > 0 respectively, while the closed white field lines are seeded in the magnetosphere. Cyan field
lines are seeded close to the boundary between the magnetosheath and southern cusp. Because of the quasi-radial
IMF with a component toward the Earth, the magnetosheath field lines are generally pointing northward in the
Northern Hemisphere, and southward in the Southern Hemisphere (Pi et al., 2017), with the exact location of
where B, changes sign depending on the simulation IMF conditions and local magnetosheath conditions. In the
southward IMF case, there is a quasi-steady magnetopause reconnection region in the Southern Hemisphere due
to the southward magnetic field (Ng et al., 2021), and in the Northern Hemisphere, some of the field lines in the
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filaments

tQ,; = 281

4

Figure 4. Magnetic field lines in the 3D simulations at selected times. The semi-transparent colored x-z plane is at y = 0
and shows the density. The red and green lines are seeded in the interplanetary magnetic fields (IMF) and magnetosheath at
locations with z < 0 and z > O respectively. White lines are seeded in the magnetosphere. Cyan lines are seeded close to the
boundary between the magnetosheath and southern cusp. Field lines are three-dimensional, with the darkened regions behind
the plane.

turbulent magnetosheath are connected to the cusp (Y. A. Omelchenko, Chen, & Ng, 2021). In the northward
IMF simulation, there is no steady reconnection at the subsolar magnetopause, though turbulence in the magne-
tosheath has been shown to cause dayside magnetopause reconnection in simulations (Chen, Ng, et al., 2021).
The field lines in the Northern Hemisphere can reconnect tailward of the cusp, and there is a clear boundary
between the magnetosheath and cusp, which will be discussed in the next section.

3.2. Northern Cusp

We now show results focusing on subsets of the global domain around the northern cusp at times which highlight
key differences between the two simulations.

Selected snapshots from both simulations are shown in Figure 5. The left panel is taken from the southward IMF
simulation, while the right panel is from the northward IMF simulation. In these figures, the volume rendering is
such that regions with p < 4.2 are transparent, in order to emphasize density enhancements. Filamentary density
enhancements are present in the southward IMF case. This is evident in the left panel of Figure 5. These filaments
are connected to the magnetosheath by reconnected magnetic field lines, and the role of reconnection in their
formation will be the subject of future study.

Figure 6 shows the density, magnetic field, v_ and total velocity in the midplane of the northward IMF simulation.
One of the more striking features is the presence of a clear boundary in the p plot (50 < z < 100, 50 < x < 110),
where a region of reduced density can be seen between the cusp and the magnetosheath. This region shows an
increased |Bl and a v, reversal. The total ion velocity also shows a clear boundary, which was used in Lavraud
et al. (2004) to identify the cusp-magnetosheath boundary. The plasma flow is super-Alfvénic in the magne-
tosheath and reaches a sub-Alfvénic local minimum at the boundary layer,
as shown by the contours of M, = 1 in the Iv| plot. Here M, is calculated
using local parameters. Past the boundary layer further into the cusp, there
are transient and patchy super-Alfvénic regions. On average, flows within the
cusp are sub-Alfvénic. The presence of these regions is likely caused by the
low magnetic field and high density reducing the local Alfvén speed rather
than strong flows. As can be seen in Figures 6 and 7, the flow speed is much
smaller in this region than in the magnetosheath. As mentioned earlier, there
is a clear diamagnetic cavity (75 < x < 100), with Bl increasing deeper in the

tQO. = 353 .
e cusp, as expected from observations (Lavraud et al., 2002).

Figure 5. Volume rendering of the plasma density. Regions with p < 4.2 are

transparent.
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Figure 6. Density, magnetic field, IBl, velocity v_ and total ion velocity at #€; = 353 in the northward interplanetary
magnetic fields (IMF) simulation. Contours in the |v| plot are at local M, = 1. The range of values for Bl is chosen to
highlight the magnetosheath activity.

A one-dimensional cut through the boundary layer is shown in Figure 7. Here we focus on the boundary between
the cusp and the magnetosheath plasma. In the topmost panel, we note a decrease in density by approximately
30% from the magnetosheath to x = 103 and a corresponding increase in |Bl by approximately 40% compared
to the magnetosheath region. This layer has a width of approximately 4d; and is located in the velocity shear
layer where v, and v, vanish, and v_starts to decrease. There is a slight increase in ion temperature from the
magnetosheath to the cusp. This region (101 < x < 105) is likely to be a plasma depletion layer (PDL) (Zwan
& Wolf, 1976), and observations have shown the presence of such layers at the cusp boundary under northward
IMF (with various IMF B, and B,) (Lavraud et al., 2004). The PDL forms due to the northward magnetic fields
piling up as they cannot reconnect. The increased magnetic pressure then causes a reduction in plasma pressure
and density, leading to the formation of a PDL (Pi et al., 2017; Zwan & Wolf, 1976). The pile-up of the magnetic
field lines can be seen in the right panel of Figure 4. In the simulation, the depletion layer is a dynamic structure,
with a varying width and magnitude of the density drop. Over the preceding 30!, the width of the depletion
layer varies between 4 and 10 d, in the x-direction, and the density decrease is approximately 20%—40% of the
magnetosheath density.

The ion energy distribution in this region can be seen in Figure 8. In this Figure, the density and temperature
are shown in the left panels as a guide, and particle data are taken from a region extending +5d, in the y and z
directions along the dashed line. The transition between the magnetosheath and cusp can be seen in the energy
spectrum around x = 105 (right panel), where a larger mean energy is seen in the magnetosheath, and a broader
energy distribution with lower energy ions is found in the cusp.
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Figure 7. Left: Density in the northward interplanetary magnetic fields (IMF) simulation. Dashed line shows cut along
which other quantities are computed. Right: Density, magnetic field, velocity and scalar temperature along the cut.
We now study the case with southward IMF. At different times, the structures of the magnetosheath and the cusp
are quite different due to the effects of foreshock turbulence on the magnetosheath. This can be seen in Figures 9
and 11. At 1Q ; = 281, there is a strong density enhancement in the magnetosheath, together with variations in
IBl and v, at z = 50. The variation of quantities along a one-dimensional cut can be seen in Figure 13, in which the
components of B show strong fluctuations comparable to the mean magnetic field in the region. The evolution of
the density over a longer time interval can also be seen in movies (Ng et al., 2022b).
0, tQ¢i = 353
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Figure 8. Left: Density and temperature in the northward interplanetary magnetic fields (IMF) simulation. Dashed lines
show the cut from which the particle distribution is taken. Right: Ion energy distribution. Units of energy are m,c?.
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Figure 9. Density, magnetic field, IBl, velocity v_ and total velocity at 1Q ; = 281 in the southward interplanetary magnetic
fields (IMF) simulation. Contours in the |v| plot show M, = 1.

The strong density enhancement and magnetic field fluctuations at #Q2 ; = 281 can be seen in Figure 12. Here the
deviations of density p and B, from their mean values are shown, and it can be seen that there are large density
fluctuations (Jp) in the region centered around x ~ 100, z & 50 comparable in size to the mean density in this
region (shown in Figure 2). There are also strong B_ fluctuations correlated with the spatially oscillating v_ pattern
(25 < z < 75) seen in Figure 9.

The effect of jets on the magnetosheath and cusp can be further seen in Figure 10, where the time evolution of
the density and dynamic pressure pv? over the preceding 34/Q , is shown. The top row shows the enhancement of
the dynamic pressure which is used to identify magnetosheath jets (Plaschke et al., 2018), while the bottom row
shows the density. Contours (p = 1.5) in the top row of panels show the approximate locations of the bow shock,
subsolar magnetopause and the boundaries between the lobe, cusp and magnetosheath, while contours in the
bottom row have the threshold value of half of the solar wind dynamic pressure and are used to identify jet posi-
tions. Here it can be seen that these jets cause strong magnetosheath density enhancements first seen at t = 253/
Q atz~70and t=259/Q ; at z ~ 0. And there are still regions of high dynamic pressure at z =~ 50 in the last three
panels. The jet dynamics initially leads to an increase in the density in the magnetosheath outside the cusp. As the
system evolves, the region of increased density at z ~ 0 is convected upwards. Additional jets impact the region
around z = 50. The presence of the jet at z = 50 means that there is a bulk plasma flow from the bow shock with
dominant v_up to approximately x = 100, leading to the compression of the plasma ahead of it. Reconnection is
still important to this process as it allows the plasma from the region of enhanced density in the magnetosheath to
access the cusp. As seen in Figure 4, many of the green the field lines in this region are connected to the IMF and
northern cusp. The evolution of the density and dynamic pressure can also be seen in movies at (Ng et al., 2022b).

In contrast, in Figures 11 and 14, which correspond to a later time in the southward IMF case, there is no density
enhancement in the magnetosheath close to the cusp, nor are there strong fluctuations in v,. A clear positive v,
signature can be seen at the magnetopause due to reconnection between the southward IMF and the dipole field
(Figure 11). Compared to the earlier time in this simulation shown in Figure 9, the density and magnetic field
components do not show as much variation in the magnetosheath. Although there are still B, fluctuations in the
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Figure 10. Evolution of high-speed jets in the southward interplanetary magnetic fields (IMF) simulation. Top: Dynamic pressure pv? used to identify magnetosheath
jets. White contours are of p = 1.5 and show the approximate locations of the bow shock, subsolar regions of the magnetopause and boundary that separates the plasma
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magnetosheath, they do not occur in the region outside the cusp as at the earlier time (#2; = 281), where oscilla-
tory strong 6B, can be seen in the top-right panel of Figure 12.

The effect of the magnetosheath fluctuations on the cusp boundary can be seen at these two different times under
southward IMF. As mentioned earlier, in Lavraud et al. (2005), this boundary was associated with the region of
strong velocity shear between the cusp and the magnetosheath. Because of the impact of the jet close to the cusp
at 1Q; = 281, the region with strong velocity shear at z = 45 is approximately 15 d; further earthward than at
1Q ;= 372. The shape of the boundary is also more indented compared to the northward IMF case.

4. Discussion

We now consider the observational context of these simulations. With respect to the global geometry of the
system under northward and southward IMF conditions, the cusp positions and magnetopause locations show
clear differences. The magnetopause position is further sunward in the northward IMF case, which is expected
due to the erosion of the dayside magnetic field by magnetic reconnection for southward IMF. The cusp in
the northward IMF simulation also appears at a higher latitude compared to the southward IMF case. This is
consistent with observations, in which the cusp location is found to decrease in latitude for increasing southward
IMF, while remaining insensitive to the magnitude of B, for northward IMF (Burch, 1973; Meng, 1983; Pitout
et al., 2006, 2009).

The global magnetic field geometry shows similarities to observations and MHD simulations of the magnetosphere
under radial IMF conditions (Pi et al., 2017, 2018). However, compared to MHD simulations with radial IMF, the
magnetosheath contains kinetic turbulent structures, which can be seen, for instance, by comparing the density
profiles in this work and MHD studies (Pi et al., 2018; Tang et al., 2013). Under radial IMF with an earthward B,
component, the magnetic field near the magnetopause is expected to be northward in the Northern Hemisphere,
and southward in the Southern Hemisphere, with reconnection taking place tailward of the northern cusp and in
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Figure 11. Density, magnetic field, IB, velocity v, and total velocity at #€2,; = 372 in the southward interplanetary magnetic
fields (IMF) simulation. Contours in the |v| plot show M, = 1.

the Southern Hemisphere at the dayside magnetopause. In our simulations, the additional northward and southward
IMF components slightly modify this picture. In the southward IMF case, there is indeed a quasi-steady reconnec-
tion site in the southern Hemisphere as seen from the kinked reconnected field lines in Figure 4. In the northward
IMF case, there is no steady reconnection at the magnetopause, though the effect of turbulence on transient recon-
nection in the subsolar region has been discussed (Chen, Ng, et al., 2021). From Figure 4, the strongly kinked field
lines associated with reconnection are found closer to the southern cusp, providing an upper z limit for the location
of the reconnection site. With respect to the reconnection tailward of the northern cusp, signatures are seen in both
the field lines and flows for the northward IMF case, while they are not seen in the southward IMF case, though it
is possible that the reconnection site could lie outside the simulation domain.

We now compare the characteristics of the exterior cusp and its magnetosheath boundary to the observations. In
Lavraud et al. (2002); Lavraud et al. (2004, 2005), observational evidence of the exterior cusp and its character-
istics are presented. This region is diamagnetic and has boundaries with the lobes, dayside plasma sheet and the
magnetosheath. Under northward IMF, the exterior cusp is stagnant, while under southward IMF, the region is
convective. However, it should also be noted that these statistical studies include a range of IMF directions while
our simulations are done with quasi-radial IMF, so an exact correspondence should not be expected.

In the quasi-radial southward IMF case, the geometry is such that the quasi-parallel shock is close to the cusp,
allowing foreshock turbulence and structures (e.g., jets) to affect the magnetosheath immediately outside the
cusp. We have shown the time-evolution of the magnetosheath and cusp after the impact of a jet, during which
there are density enhancements both in the magnetosheath and the cusp. The boundary between the cusp and
magnetosheath also becomes indented (compare the |v contours in Figures 9 and 11). This is consistent with
observations which show indentations of the cusp boundary (Pitout & Bogdanova, 2021; Zhang et al., 2007).

We now focus on the northward IMF case. In the observations, the perpendicular x velocity in the cusp is small,
with sunward convection at the poleward edge of the cusp. There are also downward flows, which may be indica-
tive of reconnection tailward of the cusp (Lavraud et al., 2002, 2004). At the magnetosheath boundary, there is a
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Figure 12. Deviations from the mean density and magnetic field B, at #Q ; = 281 (top) and 1Q2; = 372 (bottom) in the
southward interplanetary magnetic fields (IMF) simulation.

strong velocity gradient, and a transition from super-Alfvénic to sub-Alfvénic flow (Lavraud et al., 2005). It has
also been shown that a PDL with reduced density and increased magnetic field can exist in this region (Avanov
et al., 2001; Lavraud et al., 2004; Phan et al., 2003; Zwan & Wolf, 1976).

In the northward IMF simulation, there is a sharp boundary between the exterior cusp and the magnetosheath,
as can be seen in Figures 6 and 7. This boundary is not indented, as mentioned in the observations (Lavraud
et al., 2005). There is a large velocity gradient, particularly in the v, component, and a small negative v_ on the
cusp side of the cusp-magnetosheath boundary (x = 75, z & 75). This is consistent with the observations and the
presence of reconnection tailward of the cusp. In the simulation, while we find signatures of reconnection such as
flux ropes and kinked field lines, the reconnection site is in the lower-resolution region outside the central domain
and therefore its detailed analysis is not a focus of this study. The depletion layer is dynamic, with varying width
and density over the course of the simulation, and the plasma is sub-Alfvénic in this layer. While there are flows
in the cusp as shown in Figure 6, it can be seen from the Iv| plot that aside from the abovementioned downward
flow, their magnitude is small compared to the magnetosheath plasma. The characteristics of the depletion layer,
such as the energy spectrum, show similarities to Cluster observations (Lavraud et al., 2004).

In the results of Lavraud et al. (2002) for a cusp crossing under northward IMF conditions, the ion temperature
shows a sharp decrease at the cusp-magnetosheath boundary. There is indeed a temperature decrease as shown in
Figure 8, but this is not the case at all times in the simulation. At other instances, temperature can also increase
from the cusp to the magnetosheath. This difference could be attributed to the stronger radial component of the
IMF in the simulation, and the heating of ions downstream of the quasi-parallel shock.

Finally, we discuss how our results relate to other hybrid simulation studies. In Grandin et al. (2020), purely
southward and northward IMF simulations were performed using a two-dimensional hybrid-Vlasov model. These
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Figure 13. Left: Density in the southward interplanetary magnetic fields (IMF) simulation at #€2 ; = 281 when there is a
magnetosheath jet. Dashed line shows the cut along which other quantities are computed. Right: Density, magnetic field,
velocity and scalar temperature along the cut.

simulations show that flux-transfer events were correlated with proton precipitation at the cusp in the south-
ward IMF case, while lobe reconnection contributes to precipitation in the northward IMF case. Our simulations
focus on the turbulence under quasi-radial IMF and its effects on the overall structure of the magnetosheath and
cusp. In the southward IMF case, we show how turbulence and jets can lead to strong density enhancements
in the magnetosheath and cause motion of the cusp boundary, which, in concert with reconnection, may cause
density enhancements in the cusp. In contrast, the northward IMF case shows reconnection in regions tailward of
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Figure 14. Left: Density in the southward interplanetary magnetic fields (IMF) simulation at 1Q ; = 372. Dashed line shows
the cut along which other quantities are computed. Right: Density, magnetic field, velocity and scalar temperature along the cut.
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the cusp. We note that while we do observe flux transfer events (FTEs) in the quasi-radial southward IMF case,
these do not grow to the spatial scales seen in Grandin et al. (2020). This is likely because the quasi-radial IMF
conditions are less favorable for FTEs (Y. L. Wang et al., 2006).

S. Summary

To summarize, we have performed 3D global hybrid simulations under northward and southward quasi-radial
IMF. The southward quasi-radial IMF case shows stronger density fluctuations in the magnetosheath, particu-
larly at the magnetopause boundary, while the northward IMF case has a pronounced diamagnetic region at the
northern cusp, as well as a dynamic PDL with reduced density and increased magnetic field. In the southward
IMF case, foreshock turbulence leads to strong magnetosheath perturbations outside the cusp, including elec-
tromagnetic waves and high-speed jets. These cause motion of the cusp boundary, and together with magnetic
reconnection at the subsolar magnetopause, contribute to the variation of density in the cusp.

The simulation results have also been compared to observations. In terms of the global structure, the relative
positions of the cusp in the northward and southward IMF cases show agreement with observations. In the north-
ward IMF case, a diamagnetic region with low ion flow velocity is found, which may be indicative of the stagnant
exterior cusp as seen in observations. The presence of a sub-Alfvénic PDL at the magnetosheath boundary is also
consistent with theory and observations, though it appears more dynamic in the simulations due to the turbulent
magnetosheath under quasi-radial IMF conditions. As mentioned earlier, we note that a limitation of this study is
that the turbulence scales may be exaggerated due to the downscaled simulation size, though the kinetic physics
of high-speed jets has been shown to be consistent with observations (Y. A. Omelchenko, Chen, & Ng, 2021).

Data Availability Statement

The data that support the findings of this study are openly available at Ng et al. (2022a). Movies supporting the
paper are found at Ng et al. (2022b).
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