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Abstract Plasma transport and energy conversion during solar wind-magnetosphere interactions under
northward, southward, and radial interplanetary magnetic fields (IMFs) are examined using three-dimensional
global hybrid simulations. Energy conversion and entry of plasma and energy are weaker when the IMF is
northward. After the IMF is southward, the inflow of the electromagnetic energy (the Poynting flux) increases,
leading to a loading of magnetic energy. Subsequently, a strong energy conversion occurs from the magnetic
field to the plasma, leading to an unloading of the magnetic energy. When the IMF is radial, strong disturbances
are formed on the magnetopause, but the total ion flux, energy fluxes, and energy conversion are not
pronounced. The corresponding ion enthalpy flux and bulk kinetic energy flux are also examined. These
analyses allow precise and quantitative evaluations of various space weather effects.

Plain Language Summary The solar wind plasma, that is, ionized gas, moves fast toward Earth and
interacts with the dipole magnetic field, forming the magnetosphere. Plasma and energy in the solar wind can
enter the magnetosphere and are transported and converted therein, which can cause space weather. People have
previously studied various ways in which plasma and energy can be transported and converted during the solar
wind-magnetosphere interactions. However, the quantitative characteristics of these processes, for example,
how many particles can enter the magnetosphere from the solar wind, and how fast is the entry process, have
been studied much less because (a) spacecraft in situ observations cannot cover the entire domain of solar wind-
magnetosphere interactions and (b) simulations need consider as much physics as possible given the limited
computer resources. Using three-dimensional simulations that resolve both small-scale particle kinetics and
global-scale dynamics, we study plasma transport and energy conversion during the interactions. More
specifically, we calculate how much plasma and energy are transported and how much energy is converted from
the magnetic field to the plasma in different ways and different stages of the interactions.

1. Introduction

Space weather is controlled by the solar wind-magnetosphere interaction, during which the energy and plasma in
the solar wind can enter the magnetosphere through the magnetopause, the outer boundary of the magnetosphere
(see review by Wing et al., 2014). The orientation of the magnetic field in the solar wind, referred to as the
interplanetary magnetic field (IMF), dictates how the solar wind energy and plasma enter the magnetosphere and
how they are converted and transported, respectively, therein (e.g., Dungey, 1961; Newell et al., 2007).

When the IMF is southward, it can allow efficient transport of plasma and energy through magnetic reconnection
between the southward IMF and the northward geomagnetic field at the low-latitude magnetopause on the dayside
(Ala-Lahti et al., 2022; Dai et al., 2024; Guo et al., 2021a, 2021b; Hasegawa et al., 2010; Lu, Fu, et al., 2022;
Russell & Elphic, 1978; Tesema et al., 2024). The energy and plasma on the dayside can be convected toward the
nightside magnetotail where magnetic reconnection can also occur to release the magnetic energy, and the energy
and plasma are then transported both earthward and tailward after such magnetotail reconnection (Angelopoulos
et al., 2008; Eastwood et al., 2010; Lu, Lu, et al., 2022; Lu, Wang, Lu, et al., 2020; Torbert et al., 2018). The
earthward portion is injected into the inner magnetosphere, and the tailward portion is lost and returns to the solar
wind (Angelopoulos et al., 1992, 1994; Kiehas et al., 2018; Lu, Lin et al., 2015; Lu, Lu et al., 2015; Slavin
et al., 2003).
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When the IMF is northward, energy and plasma can transport between the solar wind and the magnetosphere
through the Kelvin—Helmbholtz instability (KHI) at the low-latitude magnetopause on the flanks (Hasegawa
et al., 2004; Johnson et al., 2014; Kavosi & Raeder, 2015). At the same time, the northward IMF can cause
magnetic reconnection at the high-latitude magnetopause, which allows plasma entry into the high-latitude
magnetosphere, and then the plasma can be injected into the cusps, illuminating auroral spots (Frey
et al., 2003; Gosling et al., 1991; Guo et al., 2021c; Phan et al., 2003; Shi et al., 2013; Zhang et al., 2021).

More recent studies show that under radial IMF, ultra-low frequency (ULF) waves are formed in the foreshock
and can propagate into the magnetosheath and even the magnetosphere (Lin & Wang, 2005; Sun et al., 2024). At
the same time, high-speed jets are formed in the magnetosheath, which can strike the magnetopause to trigger
surface waves and magnetic reconnection thereon, creating auroral signatures (Archer et al., 2019; Hietala
etal., 2009, 2018; Wang et al., 2025). These processes may cause transfer of energy and plasma between the solar
wind and the magnetosphere, which can even cause strong geomagnetic disturbances, such as substorms (Nykyri
et al., 2019).

The above mechanisms of energy conversion and plasma transport during solar wind-magnetosphere interactions
are mostly descriptive because they are obtained from limited spacecraft observations in vast space. To justify the
importance of these mechanisms, it is crucial to examine them quantitatively. The previous quantitative analyses
were based on either magnetohydrodynamic (MHD) simulations which lacked the crucial particle kinetics and the
Hall effects (Brenner et al., 2021, 2023; Li et al., 2008; Lu et al., 2013, 2021; Palmroth et al., 2003, 2006) or
hybrid simulations which were two-dimensional (2-D) and limited mostly to the dayside (Ala-Lahti et al., 2022).
Here, using three-dimensional (3-D) global simulations with self-consistent particle tracing and particle kinetic
effects, we quantify the energy conversion and plasma transport in the solar wind-magnetosphere system under
different IMF conditions.

2. Simulation Model and Methods

A 3-D global hybrid simulation model (for details, see Lin et al., 2014; Lu, Guo, et al., 2022) is used here. Ions are
treated as particles, and electrons are treated as a massless fluid. The simulation domain is —60 Rz <x <20 Rg,
—32 Rp <y <32 Rg, —32 R <7< 32 R in the geocentric solar magnetospheric (GSM) coordinate system, where
Ry is Earth's radius. The boundary at x = 20 Ry is the fixed inflow boundary for the solar wind and IMF, and the
outflow boundary conditions are utilized at the remaining five outer boundaries. An inner boundary is employed
at r = 3 Rg, which is linked to the ionosphere through magnetic field lines by incorporating ionospheric con-
ditions with a uniform Pedersen conductance £, = 5 S and a uniform Hall conductance £; = 10 S. A loss-cone
is applied at the inner boundary r = 3 Rg. In our simulations, the loss cone angle is 13°, corresponding to an
ionospheric loss cone angle of 2.5° (a widely accepted value).

Initially, the IMF and a 3-D dipole magnetic field are employed in the simulation domain. The initial dipole region
is x< 15 Rg, and the ions in this region has an initial density of 0.6 cm™3 and are referred to as the original
magnetosphere ions, and the rest of the ions and the newly injected one from the solar wind are referred to as the
solar wind ions. A current-dependent collision frequency is used to model the anomalous resistivity, with a typical
peak collision frequency of ~0.1 ;, where Q; is the ion gyrofrequency in the solar wind. The electrons are
assumed to be isothermal. The time step is Az = 0.02 Ql._l. About 5 X 10° particles are used in the simulation.
The velocity, density and ion temperature of the solar wind are 700 km/5s in the —x direction, 6 cm™>, and 10 eV,
respectively. The solar wind ion inertial length is chosen to be 0.1 R;. Nonuniform gridding is employed, with a
grid size of 0.2 Rg in the near-Earth region (Figure S1 in Supporting Information S1). Such a resolution is small
enough to resolve the dominant ion kinetic modes in the solar wind and the magnetosheath as well as the complete
ion kinetics in the magnetotail (where the density is low and the local ion inertial length is larger than in the solar
wind).

Two cases are simulated. In both cases, the IMF starts northward with By, = 10 nT. The IMF changes from
northward to southward and radial by adopting a tangential discontinuity (TD) and a rotational discontinuity (RD)
in Cases 1 and 2, respectively. The discontinuities are at x = 450 Rg when ¢t = 0, and they propagate earthward
along with the solar wind.

We identify the magnetopause using the parameter * = (P, + Pgy,)/ Ppqq. Where Py is the plasma thermal
pressure, Py, is the dynamic pressure, and P, is the magnetic pressure. To define the magnetopause, #* ranges
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Figure 1. (a, d, g) Magnetic field B,, (b, e, h) ion velocity V;,, and (c, f, i) plasma density n in the equatorial plane and the
meridian plane when the IMF is northward at the representative time r = 3,779 s in Case 1 (same for Case 2 because the
northward period is similar in the two cases), southward at the representative time ¢ = 6,859 s in Case 1, and radial at the
representative time ¢ = 6,859 s in Case 2, respectively.

typically from 0.1 to 1.5 (Ala-Lahti et al., 2022; Brenner et al., 2021; Xu et al., 2016), and here we use g = 0.2.
To include the magnetotail in the magnetosphere, we let Py, less than 1 nPa. A 3-D smoothing method of “box,”
that is, weighted moving average over each window of volume, is applied to the identified magnetopause. The box
size is 5 X 5 X 5 grids.

3. Simulation Results

The interaction between the solar wind and the magnetosphere forms the bow shock, magnetopause, and mag-
netotail self-consistently in our simulations. When the IMF is northward, the magnetotail is quiet without
occurrence of magnetic reconnection, so there is no negative B, or fast flow in the magnetotail (Figures 1a and
1b). Because of the absence of magnetic reconnection, the plasma is well-preserved in the magnetotail with a

density ~2 cm™? (Figure Ic).

When the IMF is southward (Case 1), reversals of B, and bi-directional plasma flows with a velocity = 800 km/s
in the x direction (Figures 1d and le) indicate the occurrence of magnetotail reconnection at x & —20 Rg. Such
strong reconnection evacuates the plasma at the reconnection site (also see, e.g., Lu, Wang, Wang, et al., 2020);
therefore, the density near the reconnection site decreases to 0.02 cm™ at x ~ —20 R;; (Figure 1f). Reconnection
also forms a large-scale plasmoid which has a high density and moves tailward. At the representative time shown
in Figures 1d—1f, the plasmoid moves tox & —50 Ry, and the density ~5 cm™3 therein (Figure 1f). The earthward
flow transports the plasma and magnetic flux toward the Earth, increasing the plasma density and magnetic field
B, cumulatively in the near-Earth tail within ~10 Rg (Figures 1d and 1f) where the earthward fast flow decelerates
(Figure le).

When the IMF is radial (Case 2), the bow shock and the magnetosheath become more fluctuated and are
permeated by waves and high-speed jets. The waves have a period of 31.3 s and thus a frequency of 0.032 Hz
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Figure 2. The normal component of the ion flux nV; on the magnetopause and the magnetotail plane at x = —50 Ry when the
IMF is (a, b) northward at the representative time ¢ = 3,779 s in Case 1 (same for Case 2 because the northward period is
similar in the two cases), (c, d) southward at the representative time # = 6,859 s in Case 1, and (e, f) radial at the representative
time ¢ = 6,859 s in Case 2, respectively. The magnetopause and the magnetotail plane constitute a closed surface A which
encloses the volume V of the magnetosphere. The upper panels are from a flank viewpoint and the bottom panels are from a
tail viewpoint.

(Figure S2 in Supporting Information S1 and the analysis in the figure caption), showing that they are typical ULF
waves with wavy perpendicular magnetic components B, (Figure 1g) and B, (Figure S2 in Supporting Infor-
mation S1), which are formed at the foreshock and amplified in the magnetosheath (Wang et al., 2024). The high-
speed jets are characterized by increases in flow velocity up to 600 km/s (Figure 1h and Figure S3 in Supporting
Information S1) and plasma density up to 50 cm™ (Figure 1i and Figure S3 in Supporting Information S1). The
scale size parallel and perpendicular to the propagation direction of the jets is about 5 R and 1 Ry, respectively
(Figure S3 in Supporting Information S1). On the nightside, a thin current sheet is formed, with a plasma density
~2 cm™3. The absence of bidirectional flow indicates that magnetic reconnection does not occur in the current
sheet (not until the end of the simulation). Instead, a strong earthward flow at a velocity of ~ 800 km/'s is caused
by a large Lorentz force in the thin current sheet (Figure 1h). The plasma density is low in the lobe region (see
Figure 1i), much lower than under northward and southward IMFs.

Figure 2a shows the shape of the magnetopause and the ion flux nV; normal to the magnetopause under northward
IMF. The wavy structure resembles the dynamics of the KHI. The wavelength of the KHI on the magnetopause
ranges from 4 Ry near Earth to 12 Ry at distant tail. The nightside magnetosphere is eroded, and the dayside
magnetosphere is replenished, which can be attributed to the high-latitude magnetic reconnection between the
IMF and the lobe magnetic field. The standoff distance of the dayside magnetopause is 9.1 R, and the nightside
magnetopause extends to z % 15 Rp atx = —50 Rg.

When the IMF is southward, the magnetosphere is eroded on the dayside and replenished on the nightside, which
can be attributed to magnetic reconnection at low-latitude dayside magnetopause. The standoff distance of the
dayside magnetopause is decreased to 7.9 R, and the nightside magnetopause is expanded to z & +25 Rg at
x = =50 Rg. The negative ion flux normal to the nightside magnetopause indicates that the plasma flows into the
magnetosphere on the nightside (Figure 2c).

When the IMF is radial, the magnetopause is highly disturbed, especially on the dayside, with the ion flux
(flowing both into and out of the magnetosphere) much larger than under northward and southward IMFs
(Figure 2e). From the tail viewpoint (Figures 2b, 2d, and 2f), the plasma flows tailward from the central current
sheet only when the IMF is southward (Figure 2d), and this is because of the tailward reconnection outflow. After
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Figure 3. For Case 1 in which the IMF changes from northward to southward. (a) Volume of the magnetosphere enclosed by
the surface A, (b) total ion flux integrated over A, 9§ , 1V +dA, (c) number of ions integrated in V, Jyn dV (black), and the
numbers of the original magnetosphere ions f; 1,,,, dV (blue) and the ions originated from the solar wind f; n,, dV (red),
(d) total Poynting flux integrated over A, yg . S+ dA (red), energy conversion rate integrated in V, f; j-E dV (blue), and sum of
the two terms (black), (e) change in magnetic energy from 7 = 1,000 s, and (f) total ion enthalpy flux integrated over A, 515 JH;-dA
(red), and total ion bulk kinetic energy flux integrated over A, y{ , KiVi-dA (blue), where K; = nm; Viz/ 2 is the bulk kinetic

©

energy density, H; = U;V; + P-V;is the enthalpy flux, U; = (P + 2P;)/3 is the thermal energy density, V; is the ion flow

velocity, and P, is the ion pressure tensor. The gray shaded region represents the period when the TD (that flanks the northward
and southward IMFs) interacts with the magnetopause.

the IMF changes from northward to radial, the nightside magnetopause expands and has a more circular cross-
section (Figure 2f). Note that the KHI is less pronounced under southward and radial IMFs than under north-
ward IMF (see Figure 2 and Figure S4 in Supporting Information S1). More details of the two cases are given in
Supporting Information S1.

In Figures 3 and 4, we analyze the plasma transport and energy conversion for Cases 1 and 2, respectively. The
magnetopause and the tailward boundary constitute a closed surface A which encloses the volume V of the
magnetosphere. The plasma transport is governed by

on

3 = -V - (nV,). (€))]

Based on the Reynolds transport theorem, that is, by integrating Equation 1 over V and considering the motion of
the magnetopause, we have

d
Vv
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Figure 4. Same format as Figure 3, but for Case 2 in which the IMF changes from northward to radial. The gray shaded region
represents the period when the RD (that flanks the northward and radial IMFs) interacts with the magnetopause.

where V,p is the velocity of the magnetopause, and the second term on the right-hand-side is the amendment
caused by the motion of the magnetopause. For example, the expansion of the magnetopause, that is, the increase
in the volume V of the magnetosphere, leads to an increase in the total ion number.

During the northward IMF, until # =~ 4,000 s, the negative total ion flux on the order of 10%” s™! (Figure 3b)
indicates that the plasma is transported into the magnetosphere, and the total ion number f, ndV increases
(Figure 3c). The possible plasma entry channels could be the high-latitude magnetopause reconnection and the
KHI. Although the dayside magnetosphere is inflated, the high-latitude magnetopause reconnection erodes the
nightside magnetosphere, and the magnetotail is much larger than the dayside magnetosphere, therefore, the
volume V of the magnetosphere decreases (Figure 3a).

In Case 1, the IMF is southward after r = 4,600 s, and strong magnetotail reconnection emerges, which causes
loss of plasma through the tailward outflow and plasmoids. Therefore, the total ion flux becomes positive until
t & 6,500 s, with a much higher efficiency of transport, 1.5 x 10?® s~! (Figure 3b). The total ion flux is the net
outcome of the competition between the gain from the magnetopause and the loss from the magnetotail. During
this period, from ¢ ~ 4,600 — 6,500 s, the magnetosphere volume V increases rapidly to nearly 6 x 10* R3
(Figure 3a), which is because the nightside magnetosphere is replenished by the magnetic flux originated from the
dayside magnetopause reconnection. The competing impacts of the plasma loss from the magnetotail (first right-
hand-side term in Equation 2) and the magnetopause expansion (second right-hand-side term in Equation 2) leads
to an increase followed by a decrease in the total ion number in the magnetosphere during this period (Figure 3c).

After ¢ &~ 6,500 s, the magnetosphere volume V decreases first rapidly and then slowly to about 3.8 x 10* R3
(Figure 3a). At the same time, many particles enter the magnetosphere through the magnetopause as indicated by
the negative peak in the net ion flux (Figure 3b), which corresponds to an increase in the total ion number at
t =~ 7000 s. Soon after t ~ 7,000 s, the total ion number begins to decrease again (Figure 3c), and according to
Equation 2, this is mainly attributed to the decrease in V, that is, the deflation of the magnetosphere. Such decrease
stops at r & 10,000 s when the system becomes quasistatic.
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We divide the ions into two populations, the original magnetosphere ions and the solar wind ions. (In our sim-
ulations, the ions in the inner magnetosphere at r < 7.5 R, are considered as a cold fluid, so these ions are excluded
from the analysis here.) Figure 3c shows that the solar wind ions (red) can easily enter the magnetosphere and
soon becomes dominant. The original magnetosphere ions (blue) can be retained well under northward IMF but
are soon lost under southward IMF (especially after the strong magnetotail reconnection at ¢ ~ 6,500 s). The
original magnetosphere plasma is almost all replaced by the solar wind plasma within ~2 hr.

The conversion between the magnetic energy and ion energy is governed by
owg/0t=—-V-S—j-E, 3)

and like Equation 2, we have
d .
& Wp dv =—¢ASdA— J‘E dV+‘¢lAWBVMP'dA, (4)
v 14

where wp = Bz/(2/40) is the magnetic energy density, and S is the Poynting flux. In Case 1, the total Poynting
flux gg 4 S dA is always negative, indicating that there is always a net inflow of the electromagnetic energy into
the magnetosphere. During the northward IMF until r =~ 4000 s, | 55 WS dA| is within 2 x 10'2 W. On the other
hand, the power of energy conversion from the magnetic field to the plasma, f, j-E dV, is even smaller, about
1 x 10'> W, which should give a small increase in the total magnetic energy. However, according to the third
right-hand-side term in Equation 4, the shrinkage of the magnetopause, that is, the decrease in the volume of the
magnetosphere (Figure 3a) causes the decrease in the total magnetic energy f, wg dV (Figure 3e).

During the southward IMF (after ¢ ~ 4600 s) both the electromagnetic energy gain from the Poynting flux
| ¢ S dA| and the loss to the plasma , j - E dV increase. These two effects compete, which first causes a loading
of the magnetic energy by the net inflow of the Poynting flux, and then after the strong magnetotail reconnection
occurs at ¢ & 6,500 s, the large f j-E dV up to ~7 x 10> W causes an unloading of the magnetic energy by
(Figure 3d). After r = 8,000 s, |y§A S- dA| and f,j-E dV are both ~2 X 10'2 W, showing that the magneto-
sphere is in a quasistatic state, that is, the net inflow of the electromagnetic energy is all converted to the plasma
energy. Overall, after the southward turning of the IMF, a loading and then an unloading of magnetic energy
~3 x 10" J occur in ~1 hr (Figure 3e). In addition to the Poynting flux, there are also enthalpy flux and bulk
kinetic energy flux across the magnetopause, as shown in Figure 3f. Like the Poynting flux, the ion enthalpy flux
is always negative, indicating a net inflow of the thermal energy; on the other hand, the ion bulk kinetic energy
flux is first outward until # = 6500 s, which is followed by a rapid inward compensation and a slow recovery.

In Case 2, the northward IMF period until # ~ 4000 s is the same as in Case 1. Atz = 4,000 — 4,900 s, when the
RD (that flanks the northward to radial IMFs) interacts with the bow shock and the magnetopause, the magne-
tosphere expands abruptly (Figure 4a), coexisting with an impulsive net outflow of the ions and the ion bulk
kinetic energy flux (Figures 4b and 4f). According to the second right-hand-side term in Equation 2, such a sudden
expansion of the magnetosphere leads to an impulsive increase in the number of ions (mostly solar wind ions) in
the magnetosphere (Figure 4c).

After t = 4,900 s, the IMF becomes radial, and the total ion flux, the total Poynting flux, and the total power of
energy conversion (Figures 4b and 4d) are all small, indicating that the radial IMF leads to little plasma transport
and energy conversion. The volume of the magnetosphere keeps increasing (Figure 4a) because radial IMF no
longer has the magnetic tension to pinch the magnetopause (the field lines are shown in Figure 1 in Lin &
Wang, 2005). Although the first two right-hand-side terms in Equation 4 are small under radial IMF, the magnetic
energy increases (Figure 4e) because of the increase in the volume of the magnetosphere (i.e., the third right-hand-
side term in Equation 4 is dominant). However, the absence of magnetotail reconnection renders the increase in
energy less efficient than under southward IMF. Because of this, the loss of the original magnetosphere ions (blue
curve in Figure 4c) is much slower than under southward IMF. The ion enthalpy flux in Case 2 is also negative,
indicating a net inflow of the thermal energy (Figure 4f).
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4. Summary and Discussion

Plasma transport and energy conversion during solar wind-magnetosphere interactions under northward,
southward, and radial IMFs are examined using 3-D global hybrid simulations. The main findings are summa-
rized below.

1. When the IMF is northward, the magnetosphere expands on the dayside and shrinks on the nightside. The
number of particles in the magnetosphere increases; the volume of the magnetosphere and the magnetic energy
therein decrease. Particles and electromagnetic energy flow into the magnetosphere slowly at low rates.
Magnetic reconnection does not occur in the magnetotail plasma sheet so that the particles in the magneto-
sphere are well preserved.

2. When the IMF is southward, the magnetosphere shrinks on the dayside and expands on the nightside, cor-
responding to a strong inflow in Poynting flux and a strong particle outflow. Strong magnetic reconnection
occurs, and a strong energy conversion from the magnetic field to the plasma. Such processes under southward
IMF cause a loading and then an unloading of magnetic energy =3 X 103 J in ~1 hr. At the same time, the
volume of the magnetosphere increases by a factor of ~1.6 during loading and then recovers during unloading.
After the strong magnetotail reconnection, the original magnetosphere particles are mostly lost, which are
replaced by the particles from the solar wind, corresponding to a strong particle inflow into the magnetosphere.

3. When the IMF is radial, strong disturbances are generated on the magnetopause, and the volume of the
magnetosphere increases. Despite of the strong disturbances, the total ion flux across the magnetopause is
small. At the same time, the total Poynting flux across the magnetopause and the total energy conversion in the
magnetosphere are also small, even smaller than those under northward IMF.

Our simulations show that the shape of the magnetopause varies significantly under different IMF conditions (see
Figure 2). When the IMF is northward, the magnetopause expands on the dayside and shrinks on the nightside;
when the IMF is southward, the magnetopause shrinks on the dayside and expands on the nightside. These are
consistent with previous MHD simulation (e.g., Lu et al., 2011). The magnetopause is more active under radial
IMF with prominent disturbances (Figures 2e and 2f). The disturbances are believed to be caused by waves and
high-speed jets in the magnetosheath, which cannot be resolved by MHD simulations. Although there are some
hybrid simulations of the waves and jets, they are either 2-D (Guo et al., 2022; Suni et al., 2021; Turc et al., 2023)
or limited to the dayside (Chen et al., 2021; Fatemi et al., 2024; Ren et al., 2024). Moreover, the discontinuities
can interact with the shock and the magnetopause, introducing various phenomena. For example, TDs can be
compressed in the magnetosheath to allow occurrence of magnetic reconnection therein (e.g., Pang et al., 2010),
and RDs can also form foreshock transients (e.g., hot flow anomalies and foreshock bubbles, e.g., Lin, 1997,
2002) that are responsible for the impulsive increases in the shaded region in Figure 4.

We show that when the IMF is northward, the ion flux and Poynting flux are smaller than those under southward
IMF (Figures 3b and 3d), which is consistent with previous MHD simulations (Lu et al., 2013). The strong
magnetotail reconnection and large tailward moving plasmoid suggest the occurrence of a substorm under
southward IMF (see Baker et al., 1996; and references therein). Moreover, such processes cause loading and then
unloading of magnetic energy of ~3 X 10'> J within ~1 hr (Figure 3e). This is consistent with the typical energy
budget and time scale of substorms (e.g., Spencer et al., 2019; Stern, 1984). The energy loading and unloading has
also been well described by MHD simulations (e.g., Brenner et al., 2023, and references therein). When the IMF is
radial, we show that although the magnetopause disturbances are strong, the total plasma transport and energy
conversion are weak, even weaker than under northward IMF. In contrast, previous MHD simulations show that
the energy transfer under radial IMF is stronger than under northward IMF (Lu et al., 2021). This discrepancy may
be attributed to the magnetopause disturbances, which needs further investigations.

The following effects have not been considered in our study yet. (a) Our hybrid simulations use prescribed, steady
solar wind and IMF, which is less practical than the real-time solar wind and IMF used in many previous MHD
simulations (e.g., Jing et al., 2014; Palmroth et al., 2003; Zhang et al., 2024), (b) Although our simulations include
an ionospheric module, we adopt a simple ionospheric conductance (uniform and time-independent). Realistic
ionospheric conductance has been shown to play an important role in controlling the magnetospheric dynamics
(e.g., Lotko et al., 2014), and the loss cone angle at the ionosphere may also affect our results. (c) To save
computer resource, like other hybrid simulations, our simulations are scaled down for several times by adopting a
larger-than-realistic solar wind ion inertial length of 0.1 R;. Although it has been shown that this does not affect
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the structure and dynamics/kinetics of the system (Lin et al., 2014; Omidi et al., 2004), some mesoscale physics
may be affected, which needs to be examined using a more realistic ratio between the kinetic and macroscopic
scales. (d) Quantification of plasma transport and energy conversion depends highly on how one identifies the
magnetopause (Yi et al., 2025). More sophisticatedly, one needs to examine the energy transfer/conversion in and
between different subregions of the magnetosphere (e.g., Brenner et al., 2023; Lu et al., 2013). The above effects
are important and left for future studies.
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