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Key Points:
e The transition to a parallel interplanetary magnetic field (IMF) generates mass-dependent cross-flow plumes that extend
asymmetrically into the —Yyse hemisphere, where MSE is the Mars solar electric coordinate frame.
e The cross-flow plumes act as additional obstacles, governing the surrounding solar wind flow and causing proton currents to diffuse
in the —Ymse hemisphere.
e |on escape reaches a maximum under a parallel IMF, driven by a shift from tail-dominated to plume-dominated flow with significant
upstream enhancement.
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Abstract: As a planet lacking a global magnetic field, Mars interacts directly with the solar wind, forming an induced magnetosphere that
mediates energy transfer and atmospheric ion loss. The topology of this interaction and the resulting atmospheric ion escape are strongly
influenced by the orientation of the interplanetary magnetic field (IMF). In this study, we utilize a hybrid model to investigate how
variations in the IMF orientation shape ion current systems and atmospheric ion escape rates of O+, O,*, CO,*. We first perform
simulations with a constant |Bsy|, where varying the IMF cone angle results in different strengths of the convective electric field

(Esw = Vw X Bgw). Our results suggest that the spatial morphology of ion plumes undergoes a substantial evolution, forming a distinct
cross-flow plume as the IMF rotates from perpendicular to parallel. These ion plumes exhibit a mass-dependent deflection, where heavier
CO,* travel farther with larger gyroradii than lighter O+, acting as an asymmetric obstacle in the —Yuse hemisphere (where MSE is the Mars
solar electric coordinate frame). In turn, the solar wind proton current develops pronounced asymmetries under a parallel IMF, becoming
largely diffused in the —Yyuse hemisphere because of the interaction with the additional plume obstacles. Consequently, the ion escape
rates exhibit a nonmonotonic dependence on the IMF orientation, peaking under a parallel IMF as escape shifts from a tail- to
plume-dominated flow with substantial upstream enhancement. To decouple the effects of IMF geometry from those of the convective
electric field, we further conduct a comparative simulation with constant B, (hence constant |Esy/|), where the cone angle is varied by
changing the B, component while allowing |Bsy| to vary. With increasing B, toward a parallel orientation, the total field magnitude grows,
causing the Alfvén Mach number (M,) to decrease from super-Alfvénic to trans-Alfvénic and ultimately to sub-Alfvénic values. Within the
range from perpendicular to a 30° cone angle, where the system remains in the super-Alfvénic regime, ion escape is largely insensitive to
the growing B, component. This finding indicates that the magnetic barrier maintains its shielding efficiency under the super-Alfvénic
regime.
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1. Introduction magnetic field, Mars interacts directly with the solar wind via its
conductive ionosphere and localized crustal fields (Acuia et al.,
1998; Connerney et al., 1999; Brain et al., 2010; Lundin et al., 2011;
CuiJetal, 2018; Li SB et al., 2020; Li XZ et al., 2020). This interaction
creates an induced magnetosphere that serves as the primary
interface for energy and momentum transfer (Lundin et al., 2008;
Jakosky et al., 2015). This environment is sustained by complex
current systems that define the magnetospheric boundaries and

The interaction between the solar wind and Mars is a pivotal
process driving the long-term evolution of the Martian atmo-

sphere. Unlike Earth, which is shielded by a strong intrinsic
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systems effectively determines the pathways and efficiency of ion
removal.

The global magnetic topology is inherently linked to the net
current density (Jnet), a relationship that is fundamental to charac-
terizing the magnetospheric structure, energy transport, and
resulting ion escape processes (Le G et al., 2004; Ganushkina et al.,
2018; Du HL et al., 2022; Shi Z et al., 2022; Wang XD et al., 2023;
Zhang C et al., 2025). Ramstad et al. (2020) identified the global
current systems within the Martian induced magnetosphere and
proposed their qualitative link to energy transfer and planetary
ion loss. However, whereas J,e defines the overall magnetic struc-
ture, understanding the specific dynamics of ion escape requires a
kinetic perspective. From a kinetic standpoint, the movement of a
specific ion species s can be quantified by its species-specific
current density, defined as J; = gnvs, where q is the ion charge, ng
is the number density, and v; is the bulk velocity. When all ions are
singly charged (as is the case in the present study), Js is directly
proportional to the ion flux and thus acts as a precise proxy for ion
outflow (Wang XD et al.,, 2024). This relationship is particularly
significant for heavy ions (O*, O,*, and CO,*), which are considered
tracers for the historical loss of water and provide critical clues
regarding the planet’s past habitability (Jakosky and Phillips, 2001;
Barabash et al., 2007; Brain et al., 2016).

The global morphology of the Martian plasma environment is
primarily governed by the interplanetary magnetic field (IMF)
orientation (Phillips et al., 1986; Brain et al., 2006; Fang XH et al.,
2018; Garnier et al., 2022) and the associated convective electric
field (Esw). The IMF cone angle—the angle between the IMF vector
and the solar wind velocity—determines the strength of the
convective electric field and, in turn, the structure of the induced
magnetosphere. As the IMF rotates from a perpendicular toward a
quasi-parallel (flow-aligned) configuration, it transitions into a
highly degenerate induced magnetosphere: boundaries become
less distinct and the system grows more permeable to the solar
wind (Du J et al., 2009; Zhang TL et al., 2009; Chang Q et al., 2020;
Fowler et al., 2022; Zhang Q et al., 2024, 2025). This erosion of the
protective magnetic topology enhances atmospheric ion escape.
Crucially, this degenerate induced magnetosphere not only
modulates the total escape rate but also reshapes the spatial
distribution of escaping ions and alters the balance between
major escape channels, such as the ion plume and the magnetotail
(Liu K et al., 2009; Zhang Q et al., 2023; Song YH et al., 2025). These
structural transitions are accompanied by large-scale rearrange-
ments of the global ion current system. However, a systematic,
species-resolved comparison of ion current distributions across
IMF cone angles remains largely unexplored.

In this study, we employ three-dimensional (3D) hybrid simulations
to investigate the evolution of current density distributions for
both heavy ions (O*, O,*, and CO,*) and solar wind protons (H*) as
the IMF transitions from a perpendicular to a parallel configura-
tion. We examine how the degenerate induced magnetosphere
under low cone angles influences the current structures, and we
quantitatively assess the resulting escape rates for O*, O,*, and
CO,*. This article is organized as follows: Section 2 describes the
hybrid model and numerical setup. Section 3 analyzes the simula-
tion results and the IMF dependence of ion currents and escape

rates, Section 4 provides a discussion, and Section 5 presents
conclusions.

2. Methods

2.1 Theory
Hybrid models provide an effective framework for describing
plasma phenomena at ion kinetic scales. In this study, we utilize
the Amitis code, a hybrid plasma model implemented on graphics
processing units (GPUs) to investigate plasma dynamics (Fatemi et
al., 2017). The hybrid approach integrates kinetic and fluid
descriptions, where positively charged ions are modeled as kinetic
particles, whereas electrons are treated as a massless charge-
neutralizing fluid. The evolution of ion motion is governed by the
Lorentz force, with their trajectories computed by solving the
following equations of motion:

dr dv

d_t=v’ qE+v><B), )

at - ml
where g and m are the ion charge and mass, respectively; rand v
are the position and velocity vectors. The terms E and B correspond
to the electric and magnetic fields. The electric field E can be
decomposed into three nondissipative terms—the convective,
Hall, and ambipolar fields—and one dissipative term—the Ohmic
field—as formulated by the generalized Ohm'’s law:

convective term Hall term ambipolarterm  Ohmic term
——t—
E= —JixB[p; +Jnee XB[pi = Vpe/p; + Nhpet . ®)

where J; is the total ion current (J; = Jy+ + Jo+ +Jor +Jco;):
Joet = VX By, is the net current density derived from Ampére’s
law under the radiation-free (Darwin) limit, p; is the ion charge
density, p, is the scalar electron pressure, and n represents the
plasma resistivity. Here, the convective (motional) field arises from
plasma motion across the magnetic field, whereas the Hall field is
driven by cross-field currents. Because both terms are of an induc-
tive nature, they are dependent on the reference frame. The
ambipolar term, in contrast, originates from the charge separation
attributable to differential diffusions of electrons and ions, making
itindependent of the reference frame. The Ohmic term introduces
resistivity that can help mitigate numerical instabilities.

2.2 Model Setup

We utilize the MSE coordinate frame, with the x-axis pointing
sunward, the z-axis parallel to the solar wind convective electric
field (Esw), and the y-axis completing the right-handed system. The
3D computational domain extends +3 Ry along the x-axis and
+6.5 Ru along both the y- and z-axes, where Ry = 3400 km
denotes the Martian radius.

The plasma environment is initialized with a solar wind consisting
solely of protons, characterized by a density of 4.9 cm—3, a velocity
of 350 km/s along the x-axis, and a proton temperature of 5.9 x
10 K, consistent with the parameters used in Wang XD et al.
(2023). Heavy ion species (O*, O,*, and CO,*) are injected from the
Martian ionosphere, with their net production rates computed
using an empirical model (Wang XD et al., 2023). To account for
the exobase while excluding the collisional lower atmosphere, an
inner spherical boundary is established at a radius of 3600 km,
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corresponding to the exobase (=200 km altitude). Any ions inter-
secting this inner boundary are subsequently removed from the
simulation.

To systematically examine how the IMF orientation influences ion
currents, we perform four numerical experiments. In all cases, the
IMF magnitude is fixed at ~5.6 nT while the cone angle—the
angle between the solar wind velocity and the IMF vector—is
varied. As detailed in Table 1, the configurations include (i) a
perpendicular orientation with a 90° cone angle ([0, 5.59, 0] nT); (ii)
a Parker spiral ([-3.13, 4.64, O] nT); (iii) a cone angle of 30° ([—4.84,
2.80, 01 nT); (iv) a cone angle of 10° (IMF = [-5.51, 0.97, 0] nT); and
(v) a quasi-parallel orientation with a 4° cone angle ([-5.58, 0.39, 0]
nT). Notably, the 4° cone angle for the parallel orientation is
chosen to remain consistent with recent MAVEN (Mars Atmosphere
and Volatile EvolutioN) observational constraints (Zhang Q et al.,
2024).

2.3 Escape Boundary Setup

To investigate the dependence of escape morphology on
upstream IMF orientations, we characterize three primary escape
channels: tailward, plume (Dong Y et al, 2015, 2017), and
upstream escape (Zhang Q et al, 2024). These channels are
defined using a geometric bounding box centered at Mars,
following the methodology described by Zhang Q et al. (2024).
The dimensions of this box are set at Xuse = 1.6 R and Ywmse,
Zyse = +1.7 Ry. Specifically, the ion outflow crossing the —Xuse
boundary at X = -1.6 Ry is categorized as tail escape, whereas the
portion exiting through the +Xyse boundary at X = +1.6 Ry repre-
sents upstream escape. The combined flux integrated through the
lateral boundaries (£1.7 Yuse and £1.7 Zysg) is classified as plume
escape.

Table 1. Solar wind parameters used in the simulations.

Parameter Value

IMF in perpendicular case (nT) [0, 5.59, 0]

IMF in Parker spiral case (nT) [-3.13,4.64, 0]
IMF in cone angle 30° case (nT) [-4.84,2.80, 0]
IMF in cone angle 10° case (nT) [-5.51,0.97,0]
IMF in parallel case (nT) [-5.58,0.39,0]
Solar wind species Proton
Density (cm~3) 49

Velocity (km/s) 350

lon temperature (K) 5.9x 104
Electron temperature (K) 3x10°

Spatial resolution 125 km, ~1.2 proton inertial length

Particles per cell ~20

3. Simulation Results

3.1 lon and Proton Currents under Various IMF
Orientations
To characterize the spatial structure of the induced magnetosphere
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and its dependence on the upstream magnetic field orientation,
we begin by analyzing the current density distributions of O+, O,*,
and CO,*. Figure 1 presents the current densities of these ion
species in the Yuse-Zuse plane at Xuse = 0 Ry, comparing four IMF
orientations: perpendicular (Figure 1, panels a1-a3), cone angle
30° (Figure 1, panels b1-b3), cone angle 10° (Figure 1, panels
c1-c3), and parallel (Figure 1, panels d1-d3). Because the ion
distributions under the Parker spiral IMF configuration do not
differ significantly from the perpendicular case, they are not
shown here for simplicity. For comparison, Wang XD et al. (2024)
presented the ion current distributions in the Xwse—Ymse and
Xmse—Zmse planes under the perpendicular IMF condition, illustrat-
ing the ion plume features, but did not systematically investigate
the effects of different IMF cone angles. In these plots, the rows
correspond to the three ion species, and the white arrows represent
the in-plane ion flux vectors.

Under perpendicular IMF conditions (Figure 1, panels a1-a3), the
three heavy ion species exhibit similar morphological features,
clustering primarily near the ionosphere. Among them, the
current density of Oy* (|JO;|) is the highest, followed by O* and
CO,*, mainly because of the production rate differences. A well-
defined plume structure extends from the ionosphere into the
+Znse hemisphere within the Yuse = 0 plane, providing clear
evidence of plume ion escape. As the IMF rotates toward a parallel
orientation, a progressive transformation in this morphology
becomes evident. In the case of the IMF at a 30° cone angle
(Figure 1, panels b1-b3), although the global structure resembles
the perpendicular case, an asymmetry stands out, characterized
by a slight deflection of the plume toward the -Yys direction.

When the IMF is at a 10° cone angle (Figure 1, panels c1-c3), the
plume deflection toward -Yuse becomes more pronounced.
Crucially, the plume ions now gyrate in a plane almost perpendic-
ular to the solar wind velocity direction because the IMF is almost
parallel to the solar wind flow. This so-called cross-flow plume
extends beyond the model bow shock distance in the —Yusg hemi-
sphere. This cross-flow plume is significantly enhanced under the
parallel IMF configuration (Figure 1, panels d1-d3). Unlike the
flow-aligned plumes in perpendicular cases, the ions form a
cycloidal cross-flow plume structure that extends beyond the
nominal shock boundary, notably occupying the -Yuse hemi-
sphere. Furthermore, the ion gyroradius increases with increasing
ion mass, causing mass-dependent extension of the cross-flow
plumes. Using typical upstream solar wind conditions from our
simulation inputs (v = 350 km/s, |Bsw| = 5.59 nT), we estimate the
gyroradii of the three dominant heavy ion species. For singly
charged ions, the gyroradius scales linearly with mass, yielding
approximately 3 Ry for Of, 6 Ry for O,*, and 8.4 Ry for CO,*.
Notably, the estimated gyroradius of O,* is approximately twice
that of O*, consistent with the mass-dependent extension in
Figure 1 (panels d1 and d2). Given that plume plasma velocities
are generally lower than that of the upstream solar wind and local
magnetic fields may be stronger, the actual gyroradii inside the
plumes are expected to be somewhat smaller yet remain on the
same order of magnitude.

We further analyze the solar wind proton current systems in the
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Figure 1. Cross-sectional distributions of ion current density (A/m2) for O*, O,*, and CO,* in the Yuse—Zuse plane at Xuse = 0 Ry under four IMF
orientations: (a1-a3) perpendicular; (b1-b3) cone angle 30°% (c1-c3) cone angle 10°% (d1-d3) parallel. For each IMF condition, the panels from top
to bottom show the currents of O+, O,*, and CO,*, respectively. The white arrows represent the local direction of the ion flux vectors in the
Ymse—Zmse plane. The black dashed and dotted lines mark the empirical bow shock and induced magnetosphere boundary (IMB), respectively,

from Trotignon et al. (2006).

Ymse—Zmse plane. Figure 2 presents slice maps of the solar wind
proton current at the terminator (Xyse =0 Rv) under four distinct
IMF conditions: perpendicular IMF (Figure 2, panels al-a4), cone
angle 30° IMF (Figure 2, panels b1-b4), cone angle 10° IMF (Figure
2, panels c1-c4), and parallel IMF (Figure 2, panels d1-d4). The
rows, from top to bottom, display the proton current density,
followed by the Jy, Jy, J; components, respectively.

Under the perpendicular IMF condition (Figure 2, panels a1-a4),
the solar wind proton flow is symmetrically deflected upon reach-
ing the Martian upstream region. The flow diverges symmetrically,
with currents equally deflected in the +Yyse and +Zyse directions
except for the ion plume region in the central +Zyse hemisphere
(Figure 2, panel a4). Specifically, within the plume, the proton flow
is directed toward the —Zysg direction (Figure 2, panel a4). This
motion is strictly opposite that of the heavy ions in the corre-
sponding plume region, which travel in the +Zyse direction
(Figure 1, panels a1-a3). This behavior is attributed to the conser-
vation of momentum between the solar wind protons and the
planetary heavy ion plume. As the heavy ions are accelerated in
the +Zuse direction, momentum conservation dictates that a

|u

corresponding “recoil” effect is imparted on the solar wind
protons, directly leading to their observed flow toward the -Zyse
direction. Under the perpendicular IMF configuration, the bow
shock is well defined and separates the undisturbed and shocked
solar wind. The induced magnetosphere boundary (IMB) appears
as the boundary of the drastically dropping proton flux in the
simulation (Figure 2, panel a1) and effectively shields the planet
from the incident solar wind. The positions of the bow shock and
the IMB show good agreement with the empirical model of
Trotignon et al. (2006).

As the IMF rotates toward a more field-aligned configuration, a
progressive evolution in the current morphology becomes
evident. For illustration, we focus here on the case of the cone
angle 30° IMF (Figure 2, panels b1-b4) because it exemplifies this
transition while retaining close morphological similarity to the
perpendicular case. Overall, the deflection state represented by
the proton current components remains broadly comparable to
the perpendicular IMF case. However, significant asymmetries
emerge. In the -Yuse hemisphere, where the IMF is parallel to the
original bow shock normal, the bow shock altitude decreases
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Figure 2. Cross-sectional maps of proton current density (A/m?) in the Ymse-Zmse plane at Xuse = 0 Rm under four IMF orientations. From left to
right, the columns correspond to: (a1-d1) perpendicular IMF; (a2-d2) cone angle 30° IMF; (a3-d3) cone angle 10° IMF; (a4-d4) parallel IMF. Each
row presents, from top to bottom, the proton current density, Jx, Jy, and J; components, respectively. The white arrows denote the local direction
of the proton flux vectors, and the black dashed (bow shock) and dotted (IMB) curves correspond to the empirical boundaries defined by

Trotignon et al. (2006).

significantly and exhibits marked disturbances, consistent with
the nominal characteristics of the quasi-parallel shock (Burgess et
al., 2005). The standoff distance in the +Yuse hemisphere, where
the IMF is perpendicular to the bow shock normal, remains
roughly unchanged and stable. Notably, within the plume region,
the proton flow is deflected toward the +Yuse and —Zuse direc-
tions. This flow pattern is consistent with the recoil effect resulting
from the heavy ion plume under the 30° cone angle configuration
(Figure 1, panels b1-b3). Furthermore, the IMB shows a general
decrease in altitude and enhanced fluctuations on the —Yjse side
compared with the perpendicular IMF case (Figure 1, panels b1).

The asymmetry between +Yyse hemispheres, or the quasi-perpen-

dicular and the quasi-parallel sides of the bow shock, becomes
more pronounced as the cone angle decreases further. Under the
cone angle 10° IMF condition (Figure 2, panels c1-c4), the proton
current distribution in the +Ypse hemisphere retains a consistent
structure. The bow shock still develops well while being located
even closer to Mars than in the 30° cone angle case. In the —Yuse
hemisphere, however, the proton current not only weakens signif-
icantly but also exhibits a fragmented distribution, indicating
substantial erosion of the quasi-parallel bow shock.

Under the parallel IMF condition (Figure 2, panels d1-d4), the
asymmetry reaches its peak. In the +Ypsg hemisphere, the current
maintains a coherent structure, revealing that the bow shock
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persists—although its position is much closer to the planet. In
contrast, the current distribution in the —Yusg hemisphere under-
goes a marked breakdown. Specifically, in the —Yuse/-Zmse quad-
rant near Mars, the presence of distinct —J, and -J, components
indicates that typical proton deflection still occurs, yet the shock
boundary shifts inward to the nominal IMB position. Furthermore,
weaker and irregularly distributed +J, and +J, components are
observed extending well beyond the empirical bow shock in the
-Yuse hemisphere. This irregularity is attributed to the formation
of a heavy ion cross-flow plume structure directed toward —Yyse.
Consequently, driven by the parallel IMF geometry, the previously
continuous shock structure loses its coherence and effectively
disappears in this region.

In general, the current distribution analysis of heavy ions and solar
wind protons reveals that parallel IMF conditions significantly
influence the current and plasma structure in Martian space.
Specifically, with the IMF rotating from perpendicular to parallel,
the convective electric field progressively decreases, resulting in a
shrinking of the bow shock and IMB. Furthermore, the parallel IMF
facilitates the formation of the cross-flow plume, which extends
beyond the nominal bow shock boundary in the -Yuse hemi-
sphere. The gyroradii of different ion species depend on their
mass-to-charge ratios. The cross-flow plume functions as an
expansion of the ionospheric obstacle to the solar wind, governing
the solar wind flow pattern around it. As a result, solar wind
protons are deflected in the +Yyse and +Zyse directions around
the plume-ionosphere obstacle. Because the cross-flow plume
extends beyond the empirical bow shock position, the macroscopic
coherence of the bow shock disappears in this region.

To quantitatively assess how the cross-flow plume influences the
solar wind flow, we analyze the energy transfer rate to solar wind
protons and heavy ions (O*, O,*, and CO,*; Supplementary Figure
S1) (Wang XD et al., 2024). The energy transfer rate to each ion
species is calculated as E- J;, where E is the electric field vector
and J; is the current density vector of the ion species i. For solar
wind protons (Figure S1, panels al-d1), the disturbances and
energy transfer in the interaction with Mars are caused by two
obstacles: the induced magnetosphere and the planetary ion
plume. As exemplified in Figure S1 (panels a1 and a2), the induced
magnetosphere causes the bow shock to slow the solar wind
(green circle at r = ~2.5 Ry) and allow the relaxation of the
shocked solar wind in the terminator plane (magenta area
between the bow shock and the IMB). The planetary ion plume
(Figure S1, panels a2-d2) gains energy directly from the solar
wind interaction because of the motional electric field, so the
region of the solar wind losing energy overlaps with the planetary
ion plume gaining energy.

As the IMF cone angle decreases, the influences of both obstacles
vary accordingly. The induced magnetosphere shrinks, lowering
the bow shock position. On the quasi-parallel shock side (Yuse < 0
in Figure S1), the shock front becomes perturbed. The planetary
ion plume plane is tilted because it must be perpendicular to the
magnetic field direction. All these changes cause a change in
regions where the solar wind loses its energy.

Crucially, the current distributions detailed above are not merely

structural features; they are directly linked to planetary ion
escape. Given that the current density is proportional to the ion
flux for singly charged ions, the spatial and directional characteris-
tics of these currents serve as a proxy for ion escape pathways.
Specifically, the localized plume currents delineate the plume
escape channel. Moreover, the cross-flow plume observed under
quasi-parallel and parallel IMF orientations signifies the emergence
of a distinct upstream escape route. By mapping these current-
derived flux distributions, we identify the key regions where ions
are transported away from Mars. This provides the physical foun-
dation for the quantitative escape rate analysis presented in
Section 3.2, where we integrate the relevant flux components
across the boundaries of each identified escape channel.

3.2 Escape Rates under Various IMF Orientations

To investigate the IMF orientation dependence of the heavy ion
escape rate, we quantify the tailward, plume, and upstream
escape rates (defined in Section 2) for O+, O,*, and CO,* across the
five IMF cases, as presented in Figure 3. For these cases, the IMF
magnitude is held constant at ~5.6 nT, with the components spec-
ified as follows: perpendicular ([0, 5.59, 0] nT), Parker spiral IMF
([-3.13, 4.64, 0] nT), cone angle 30° ([—4.84, 2.80, 0] nT), cone angle
10° ([-5.51,0.97, 0] nT), and parallel ([-5.58, 0.39, 0] nT).

Although O,* constitutes the dominant escaping species,
followed by O+ and CO,* because of production rate differences,
the results show that all three species exhibit a similar response
pattern to the IMF orientation. Specifically, the total escape rate
follows a nonmonotonic trend: it decreases from the perpendicular
to the cone angle 30° case, increases slightly from 30° to 10°, and
then undergoes a dramatic surge from cone angle 10° to the
parallel IMF case, with the highest escape rate. This nonmonotonic
behavior results from the competition between ion escape from
the tail and from the plume. As the cone angle decreases, the
convective electric field weakens, causing the IMB to move closer
to Mars. This shift allows solar wind energy to be transported
more efficiently to the ionosphere, enhancing plume escape. In
contrast, tail escape is influenced by the J x B force, which weakens
as the induced magnetosphere becomes less developed and
eventually degenerates under parallel IMF conditions, leading to a
reduction in tail escape. The interplay between these two compet-
ing processes gives rise to the observed nonmonotonic trend.
Consequently, the observed trend indicates that the induced
magnetosphere switches to a degenerate state when the IMF
cone angle drops below 10° consistent with the framework of
Zhang Q et al. (2024). In this state, the diminished magnetic
barrier most effectively facilitates ion escape, thereby producing
the maximum loss rates.

The relative contribution of different escape channels shifts
dramatically with the IMF orientation. As the IMF rotates from
perpendicular to parallel, the proportion of escape contributed by
the tail escape gradually decreases, whereas that from the plume
escape progressively increases and becomes predominant.

Notably, upstream escape exhibits a marked increase under the
parallel IMF, whereas it is negligible from the perpendicular to
cone angle 30° IMF. A similar substantial contribution from
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Figure 3. lon escape rates of (a) O*, (b) O,*, (c) CO,* under IMF vectors of constant magnitude (|Bsy| = ~5.6 nT) across various IMF orientations:
perpendicular IMF ([0, 5.59, 0] nT); Parker spiral IMF ([-3.13, 4.64, 0] nT); cone angle 30° IMF ([-4.84, 2.80, 0] nT); cone angle 10° IMF ([-5.51, 0.97, 0]
nT); parallel IMF ([-5.58, 0.39, 0] nT). For each ion species and IMF condition, the total escape rate is decomposed into three channels: tailward

(blue), plume (orange), and upstream (green) ion escape.

upstream escape was reported in the study by Zhang Q et al.
(2025), which identified the ambipolar electric field as a key driver
for this upstream channel—a pathway absent in nominal cases.
These results demonstrate that parallel IMF conditions drive a
fundamental restructuring of ion escape pathways, where the
enhancement in plume and upstream escape more than compen-
sates for the reduction in tailward escape, thereby increasing the
total ion escape rates.

4, Discussion

Figure 3 examines the dependence of ion escape on the IMF
orientation by rotating the IMF vector under a constant magnetic
field magnitude (|Bsw| = ~5.6 nT). Our results show that for all
heavy ion species (O, O,*, and CO,*), the escape rates at a parallel
IMF are significantly higher than those at a perpendicular IMF, and
the plume escape rate decreases monotonically as the cone angle
increases. This trend is consistent with the findings of Zhang Q et
al. (2023). Specifically, they reported that under high extreme
ultraviolet radiation conditions, with the IMF magnitude ranging
from 2.5 to 3.5 nT, the total escape rate and plume escape rate
decrease as the cone angle increases. Additionally, they examined
the effect of IMF magnitude and found that the total escape rate
and plume escape rate decrease as the IMF magnitude increases.
Furthermore, the later hybrid simulation study by Zhang Q et al.
(2025) showed that under extremely small cone angles (4°) where
the induced magnetosphere degenerates, the total heavy ion
escape rate is nearly an order of magnitude higher than that in
the nominal Parker spiral case (55°). This enhancement is accom-
panied by a greatly increased plume escape and the emergence
of a unique upstream escape channel driven by the ambipolar

electric field. However, an important distinction between the
studies is that in Zhang Q et al. (2023, 2025), the simulation cases
involved variations in multiple solar wind parameters (solar wind
speed, magnetic field strength, density, proton temperature, etc.)
and were tailored to specific observational events. In contrast, our
study holds all other solar wind parameters constant, and these
parameters are comparable to the low extreme ultraviolet radiation
case examined by Zhang Q et al. (2023) under their specific simu-
lation setup.

Furthermore, in this constant |Bsy| series, the Alfvén Mach number
remains constant at Ma = 6.36 (based on upstream V;,, = 350 km/s,
n=4.9 cm-3), which is well within the super-Alfvénic regime typical
of present-day Mars. This approach inherently alters the B,
component, thereby modulating the strength of the solar wind
convective electric field (|Esw|). Consequently, changes in geometric
configuration (0) are intrinsically coupled with changes in electric
field strength, mixing their respective contributions to escape
variability.

To decouple these two factors, we design a new simulation exercise
(Figure 4), in which the B, component is held constant (~5.6 nT) to
ensure a constant |Egy|. The cone angle is then varied by adjusting
the B, component. The simulated configurations include perpen-
dicular IMF ([0, 5.59, 0] nT), Parker spiral IMF ([-3.75, 5.59, 0] nT), a
30° cone angle ([-9.69, 5.59, 0] nT), a 10° cone angle ([-31.73, 5.59,
0] nT), and parallel IMF ([-80.01, 5.59, 0] nT). Accompanying these
variations is a fundamental shift in the flow regime, as indicated
by the Alfvén Mach number (M,): it declines from a super-Alfvénic
value in the perpendicular case (Ma = 6.36), transitions to a
marginal state at the 10° cone angle (Ma = 1.10), and becomes sub-
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Figure 4. lon escape rates of (a) O*, (b) O,*, (c) CO,* under five IMF orientations with the B, component fixed at ~5.6 nT: perpendicular IMF ([0,
5.59, 01 nT); Parker spiral IMF ([-3.75, 5.59, 0] nT); cone angle 30° IMF ([-9.69, 5.59, 0] nT); cone angle 10° IMF ([-31.73, 5.59, 0] nT); parallel IMF
([-80.01, 5.59, 0] nT). The total escape rate is decomposed into three channels: tailward (blue), plume (orange), and upstream (green) ion escape.
The corresponding Alfvén Mach number (Ma) for each IMF orientation is indicated below the figure, showing a transition from super-Alfvénic to

sub-Alfvénic as the cone angle decreases.

Alfvénic in the parallel IMF case (Mp = 0.44).

In the super-Alfvénic regime (Ma > 3.18 for cone angles >30° in
this series), the ion escape rates remain constant as the IMF B,
component increases so that the IMF cone angle reduces from 90°
to 30°, even for each individual species. This overall stability indi-
cates that a sufficiently strong electric field sustains a well-devel-
oped induced magnetosphere, with shielding capability largely
unaffected by the growing B, component. Escape in this regime is
dominated by tailward and plume flows, with no upstream loss,
confirming the integrity of the dayside magnetic barrier. The
spatial distributions of heavy ion and solar wind proton currents
under these super-Alfvénic conditions (from perpendicular to 30°
cone angle) closely resemble those shown in Figures 1 and 2,
respectively, as further demonstrated by the B,-constant series in
the Supplementary Information (Figures S2 and S3). This indicates
that the interaction remains within the regime relevant to present-
day Mars. Liu K et al. (2009) studied the effects of the B, component
on O* escape from Venus using a different hybrid code (Kallio and
Janhunen, 2002). They compared escape rates under perpendicular
and 36° cone angle IMF conditions across various solar wind
densities and found that the ion escape rate in the 36° cone angle
case was ~25% higher than that in the perpendicular case.
Because their model implementation, simulation setup, planetary
size, ionospheric species, and ionospheric productions are all
different from this work, we cannot simply pinpoint the reason for
the discrepancy. More comprehensive studies on the effects of
individual solar wind parameters on the ion escape process from
induced magnetospheres are needed to clarify this divergence.

At a cone angle of 10°, where the flow enters a trans-Alfvénic state

(Ma = 1.10), the escape rates for all heavy ion species exhibit a
noticeable increase. Specifically for O*, this enhancement is char-
acterized by a reduction in tailward escape coupled with a signifi-
cant surge in plume escape. As the IMF aligns further to the parallel
direction, the interaction transitions into the sub-Alfvénic regime
(Ma = 0.44). Under these conditions, the nature of ion loss changes
fundamentally: substantial upstream escape emerges, rendering
direct comparisons with the super-Alfvénic cases inappropriate
because of the breakdown of the magnetic barrier. Correspond-
ingly, for a cone angle of 10° the proton current distributions
deviate markedly from the typical morphology associated with
the Martian bow shock, reflecting the onset of sub-Alfvénic inter-
action (Figure S3). For the parallel IMF case, the interaction
becomes fully sub-Alfvénic. Although such sub-Alfvénic conditions
are rare for Mars in the present-day solar wind, the specific sub-
Alfvénic regime examined here is not representative of typical
Martian space weather conditions and is therefore not the focus
of this study. Nevertheless, this regime holds significant relevance
for exoplanetary studies because many close-in exoplanets are
expected to be located within sub-Alfvénic stellar winds (e.g.,
Vidotto et al., 2023; Pefia-Moiino et al., 2024), making our results
a valuable analogue for understanding atmospheric erosion
under such extreme conditions.

5. Summary

In this study, we investigate the influence of the IMF orientation
on ion current systems and heavy ion escape at Mars using a
hybrid model. Two simulation series are conducted to isolate
different physical effects. The first series maintains a constant |Bs|
(hence constant Alfvén Mach number Ma = 6.36), representing the
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super-Alfvénic regime typical of present-day Mars, with a varying
IMF cone angle, altering the strength of the convective electric
field. The second series keeps a constant B, component (hence
constant |Esw|), where the cone angle is varied by changing the By
component, causing Mx to decrease from super-Alfvénic to trans-
Alfvénic and ultimately to sub-Alfvénic values as the IMF
approaches a parallel orientation.

Under the super-Alfvénic conditions relevant to present-day Mars
(constant |Bsy| series), several key features emerge as the IMF
rotates from perpendicular to parallel. The spatial morphology of
heavy ion plumes undergoes a significant evolution, forming a
distinct cross-flow plume characterized by a progressive deflection
of ion flow from the electric field plane toward the magnetic field
plane. The plume deflection exhibits a clear mass dependence as
the IMF approaches a parallel orientation. Lighter ions (O*) extend
closer from the ionosphere, whereas heavier ions (CO,") travel
farther on a larger gyroradius, acting as an asymmetric, additional
obstacle to the solar wind in the —-Yysg hemisphere. In response,
the solar wind proton current develops pronounced asymmetries
under a parallel IMF, becoming largely diffused in the —Yuse hemi-
sphere where the IMF is parallel to the local bow shock normal
while the bow shock persists in the +Yuse hemisphere where the
IMF is perpendicular to the local bow shock normal. Conse-
quently, the total heavy ion escape rates exhibit a nonmonotonic
dependence on the IMF orientation, reaching a minimum at a
cone angle of 30° before increasing toward parallel IMF. This trend
is driven by a shift from tail-dominated to plume-dominated
escape, accompanied by a substantial enhancement of an
upstream escape channel in the parallel IMF case, although this
channel does not become dominant.

The constant B, series allows us to decouple the effects of IMF
geometry from those of the convective electric field. Within the
range from perpendicular to a 30° cone angle, where the system
remains in the super-Alfvénic regime, heavy ion escape is largely
insensitive to the growing By component, indicating that the
magnetic barrier maintains its shielding efficiency under condi-
tions representative of present-day Mars. However, as the cone
angle decreases further to 10° and eventually to parallel IMF, the
system transitions into trans-Alfvénic and fully sub-Alfvénic
regimes (Ma ~0.44), serving as an exoplanet analogue. In these
extreme sub-Alfvénic cases, the upstream escape channel
becomes the dominant pathway, representing a new escape
regime that is fundamentally distinct from the super-Alfvénic
conditions of present-day Mars.
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