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PUBLIC SUMMARY

m Magnetic barrier above Mars’ ionosphere is observed and simulated under radial interplanetary magnetic field.
m A conductive ionosphere ensures interplanetary magnetic field’s draping around Mars.

m This pattern can be referred to exoplanets near the dwarf stars.
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The interaction between planetary atmosphere and stellar winds governs
atmospheric evolution in unmagnetized planets. Generally, an interplane-
tary magnetic field (IMF) drapes around the planetary ionosphere, creating
a magnetic barrier that deflects stellar winds and leads to the formation of
an induced magnetosphere. However, whether an induced magnetosphere
can form under radial IMF conditions where the IMF aligns with solar wind
flow in our Solar System remains controversial. By analyzing joint observa-
tions from the Tianwen-1 orbiter and the Mars Atmosphere and Volatile
Evolution mission combined with hybrid numerical simulations, we clearly
demonstrate the formation of Mars’ induced magnetosphere during the
radial IMF for the first time. This induced magnetosphere comprises a
draped magnetic field and an induced magnetic field. Magnetic pressure
buildup above the ionosphere surpasses incident solar wind pressure,
which establishes a stable magnetic barrier. This finding indicates that
the draped magnetic field still forms under a radial IMF. The formation of
Mars’ induced magnetosphere under the radial IMF could be a general
pattern for the interaction between the IMF and planetary atmosphere,
which can be referred to terrestrial exoplanets within the close-in habitable
zone of dwarf stars. This work clarifies the fundamental understanding of
solar wind interactions with unmagnetized planets across diverse solar
wind conditions.

INTRODUCTION

Previous Mars exploration missions have shown that Mars possesses an at-
mosphere but lacks a global intrinsic magnetic field.! The atmosphere of Mars
is partially ionized by solar radiation, leading to the formation of an ionosphere.
This ionosphere blocks and deflects the solar wind, within which the interplan-
etary magnetic field (IMF) is embedded. The IMF drapes around the upper
boundary between the ionosphere and the solar wind, forming a draped mag-
netic field. Induced currents can be generated in the boundary and within the
ionosphere, which produces an induced magnetic field. The draped field and
the induced field constitute the magnetic field in Mars’ induced magneto-
sphere.”® The draped magnetic field arises from mass loading of the solar
wind, and equals the induced magnetic field generated by the motional electric
field in the interaction of the conductive ionosphere and upstream plasmas. The
induced magnetic field results from the diamagnetic field generated by the
diamagnetic current in the ionosphere, which counteracts the penetration of
the external IMF.

The draped magnetic field* '* and the induced magnetic field®'® have been
widely identified on unmagnetized planets in previous observations and simu-
lations. However, their magnitudes strongly depend on solar wind conditions.
It has been suggested that the draped field component is expected to be small
when the IMF cone angle, i.e., the angle between the solar wind velocity and the
IMF, is small due to the weak motional electric field.'® In this case, if the induced
field's magnitude is also small, i.e., lower than the pristine IMF, the magnetic bar-

rier would be absent and the induced magnetosphere degenerates; conversely,
if either the draped field or the induced field is present (magnitude larger than
the IMF), there should be a magnetic barrier between the ionosphere and the
shocked solar wind and the characteristics of the draped field or induced field
can be detected.

Numerous studies have been conducted on this topic. DeZeeuw et al.'" pro-
posed a two-dimensional magnetohydrodynamic (MHD) model, suggesting
that Venus' magnetotail is not induced under radial IMF conditions. Zhang
et al.'® performed a case study and an MHD simulation with an IMF cone angle
of 11°, observing a notable absence of the dayside portion of Venus' induced
magnetosphere. Similarly, Zhang et al.'® employed hybrid simulations with an
IMF cone angle of 4° and proposed that Mars' induced magnetosphere degen-
erates. However, using magnetic field and plasma measurements from Venus
Express, Dubinin et al.® identified induced magnetic fields and a circular plasma
sheet on Venus under radial IMF conditions. Rong et al.'® found that Venus still
has an evident induced magnetosphere even if the IMF is nearly radial. Fowler
et al.?? studied Mars' deep ionosphere under radial IMF conditions and deter-
mined that magnetic pressure can counterbalance the solar wind dynamic
pressure.

Therefore, the physical picture remains controversial and the existence of
induced currents and corresponding magnetic fields, as well as the potential
degeneration of Mars' induced magnetosphere under a radial IMF, remains un-
confirmed and unquantified by observations. Given that the response time of
Mars' magnetosphere to the IMF orientation is less than 10 min,?"*? simulta-
neous observations of the solar wind and the magnetosphere are necessary
to identify the induced magnetosphere under radial IMF conditions.

Although there have been periods when multiple satellites orbited Mars, no
two magnetometer-equipped orbiters have been operated simultaneously.
This limitation prevented the simultaneous observation of the IMF and the mag-
netic field of the induced magnetosphere. Joint observations from China's
Tianwen-1 mission,”> ?® which entered the orbit of Mars in 2021, and the US
Mars Atmosphere and Volatile Evolution (MAVEN) satellite,”® which has been
in service since 2014, now enable simultaneous observations of the upstream
solar wind and the downstream region, including Mars" magnetosheath and
induced magnetosphere.”” Using joint observations from the Tianwen-1 in
the solar wind and MAVEN in the induced magnetosphere, we clearly identified
amagnetic barrier between Mars' ionosphere and shocked solar wind under the
radial IMF for the first time. Draped magnetic fields near Mars are demonstrated
in a case study and statistical analysis.

|T7

MATERIALS AND METHODS
Instruments

The data used in this study are from the Tianwen-1 and MAVEN missions, particularly
from the Mars Orbiter Magnetometer (MOMAG)*>?® onboard Tianwen-1, the Magnetom-
eter (MAG),” the Solar Wind Electron Analyzer (SWEA),*” and the Supra-Thermal And Ther-
mal lon Composition (STATIC)®' onboard MAVEN. The 2C-level data of MOMAG are used in
this study. MOMAG and MAG provide 3D magnetic fields with a cadence of 32 vectors s~
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The reliability of MOMAG has been verified by Zou et al.*? and Wang et al.> The absolute
vector accuracy of data from MAG is 0.05%.>” SWEA provides an electron energy spectro-
gram and pitch angle distribution at a temporal resolution of 2 s. STATIC provides an en-
ergy spectrogram of ions at a temporal resolution of 4 s and ion velocity at a time resolution
of 16 s. Note that the ion density and velocity vectors are derived from STATIC's
measurements.

The Tianwen-1 spacecraft is in an elliptical orbit with a periapsis altitude of ~270 km and
apoapsis altitude of ~11,000 km with a period of ~8 h, and the MAVEN spacecraft is orbit-
ing Mars with a periapsis altitude of ~170 km and apoapsis altitude of ~4,400 km with a
period of ~4.5 h from November 13, 2021, to October 31, 2023. It is advantageous for
Tianwen-1 to take long-time measurements of the solar wind.

Coordinates

In Mars-solar-orbital (MSO) coordinates, the X axis points from Mars toward the Sun, the
Y axis points opposite to the direction of the orbital velocity component of Mars perpendic-
ular to the X axis, and the Z axis completes the orthogonal coordinate set.

In Mars-solar-electrical (MSE) coordinates, the X axis points to the Sun from Mars
(assuming that the velocity of solar wind Vs points from the Sun to Mars), and the Z
axis points to the convective electric field E, where E = —Vsy x By, Byvr is the IMF, and
the Y axis completes the right-hand system.

Pressure terms obtained from MAVEN measurements
Four different pressure terms are considered in this study and are estimated using the
following equations.** The magnetic pressure Prmagreticmac i obtained from magnetic field

B from MAG Via Pmagneticmac = %, where ug is the vacuum permeability. The thermal pres-

sure Pyhermalpw IS estimated from the electron density N, and temperature T, from the
Langmuir Probe and Waves (LPW) instrument, assuming Ne ~ N; and T, ~ T, because
the temperature of heavy ions, especially for low-energy ions in Mars' ionosphere, is difficult
to measure.”’’ Piermalpw iS obtained using Prhemaripw = 2NeksTe, Where kg is the Boltz-
mann constant. The thermal pressure in the magnetosheath, Pinermal, swia, is estimated
from the ion density N; and temperature T; from SWIA, assuming Te < Ti. Pinermal, swia IS
obtained using Pinermal, swia = NkgT;. The solar wind dynamic pressure Pgynarmic, swia IS €sti-
mated from the ion density N; and velocity Vi from SWIA using Peynamic.swia = mpN,V,z,
where mj, is the proton mass. It should be noted that the thermal pressure Piermaipw €Sti-
mated by LPW can only apply in the induced magnetosphere and ionosphere, and Pinermal,
swia by SWIA in the solar wind and the magnetosheath. Notably, to minimize the impact of
crustal magnetic fields, measurements in strong crustal field regions are excluded. Strong
crustal field regions are defined as regions where the magnitude of the crustal magnetic
field greater than 10 nT at an altitude of 185 km according to a previous model.>®

Introduction of the hybrid simulation model

The three-dimensional simulations in this study were conducted using the RHybrid
simulation platform, as described in Jarvinen et al.*® and Zhou et al.*” This code employs
a macroparticle description for ions and a massless, charge-neutralizing fluid model for
electrons. The simulations use the MSO coordinate system, neglecting the minor aberra-
tion caused by Mars's motion around the Sun. Two simulations were performed under
two By radial ve conditions, with the same simulation domain: —6 Ry < X < 3 Ry, —6
Rum <Y <6 Ry and —4 Ry < Z < 4 Ry. The simulation domain is partitioned into uniform
cubic cells with a side length of 0.08 Ry, and the simulation timestep is 20 ms. The up-
stream solar wind has a number density of 4 cm 3, a temperature of 1 x 10° K, and a
-X-directional bulk velocity of 380 km/s. The number of macroparticles per simulation
grid is 500. The upstream IMF is set at a fixed magnitude of 3 nT and with the vector lying
in the X-Y plane under two conditions: (2.993, 0.21, 0) nT and (-2.993, 0.21, 0) nT, corre-
sponding to cone angles of 4° and —4°, respectively.

The Mars model consists of a sphere centered at the origin with a radius of 3,390 km,
representing the solid planet. An obstacle located 300 km above the Martian surface is
modeled as a superconducting sphere, representing the ionospheric barrier to solar wind
flow. The resistivity, electron velocity, and pressure within this obstacle are set to zero,
whereas outside the obstacle, a resistivity of 5,000 Q-m is applied to add magnetic field
diffusion to improve numerical stability. For simulation runs in which the IMF flow-aligned
component is nonzero, a scalar potential field corresponding to the magnetic field around
an ideally conducting sphere is used to implement the flow-aligned IMF component. This
constant field is zero inside the obstacle.

The crustal magnetic fields are not included in the simulations. The planetary ions
consist of 0", and 0," from the ionosphere and H* and 0" from the exosphere. The
ionospheric planetary ions are emitted from a spherical inner boundary 400 km above
the surface of Mars, with a cosine-dependent emission rate on the solar zenith angle

on the dayside and a constant value at night. It peaks at noon and gradually decreases
to just 10% of its noon-time peak intensity at the terminator. The total ionospheric
emission rates were chosen to best fit the spacecraft observations analyzed here.
On the other hand, exospheric planetary ions are produced through photoionization,
which is based on the neutral profiles of “Run B (solar min, with exosphere)” from
the I1SSI team’s second meeting.*® For simplicity, the photoionization rate is set as
a constant above the inner boundary but is absent within Mars's shadow. The emis-
sion rates for all ions follow the setups described in Zhou et al.*” Additionally, there
is a spherical, absorbing inner boundary 200 km above the Mars surface. The particles
that reach this boundary are removed from the system. All simulation parameters are
stationary in the runs analyzed here.

Criterion of radial IMFs and valid observations

2. 2
The cone angle of the IMF is defined as @ = atan (@) , where B,, By, B, are IMF

components in MSO coordinates. A positive cone angle (9 > 0) means that the B, compo-
nent of the IMF is positive (B > 0) or vice versa. When the cone angle of the IMF remains in
the range of —15° to 0 or 0° to 15° for 240 s, the IMF is approximately radial. Magnetic field
and plasma measurements by MAVEN at the midpoint of these 240 s are regarded as valid
observations in the case of radial IMFs and are included in the statistical analysis. If the IMF
observed by Tianwen-1 remains quasi-radial within 240 s, the magnetospheric magnetic
field observed by MAVEN downstream is considered to have recovered to the condition un-
der the quasi-radial IMF. One should note that we have to apply less-strict constraints on
the IMF cone angle to obtain statistical results since there are an insufficient number of
events with cone angles less than 5°.

Note that the cone angle should also depend on the direction of the solar wind velocity.
Unfortunately, owing to limitations in the field of view of MINPA and the orbit of Tianwen-1,
calculating the solar wind velocity vector using MINPA data remains challenging. The
orbital motion of Mars results in an ~4° deviation from the radial direction at normal solar
wind velocity. Most cases are not excluded since the deviation (~4°) is much smaller than
the upper limit of this criterion (+15°). If the solar wind velocity changes or has a significant
nonradial component, some cases based on this criterion should be excluded. However,
significant changes in the direction of the solar wind velocity are rare in the orbit of
Mars. In addition, cases of changes in solar wind are accompanied mostly by disturbances
in the IMF, which are excluded from the dataset used in this study. Thus, the assumption
that the direction of the solar wind is along the X axis should not impact the results or the
main conclusions.

Estimating current density using the Maxwell-Ampere law

As described by the Maxwell-Ampere law, the curl of the local magnetic field, B, at
any point in space is shaped by the local current density J, i.e, V x B = puod +eop%,
where gou£ is the displacement current and where eg and po are the electromagnetic
permittivity and permeability in a vacuum, respectively. Considering the nonrelativ-
istic regime and assuming electric charge quasi-neutrality, which is well justified at
large scales of interest, the displacement current contribution can be neglected.*®
Therefore, the local current density given by J = ﬂlﬂv X Bzﬁ, where AB represents
the difference in the magnetic field and where Arrepresents the space scale, providing
a “zeroth-order” scale estimation.

Estimating current density derived from momentum equations
In the upper ionosphere of Mars, electrical currents can be derived from the momentum
equations for the ions and electrons. The current density J perpendicular to magnetic field

BcanbedescribedasJ, = %—; (VP + %) , neglecting the collisional term, where P is the

plasma pressure, p is the mass density, and V is the plasma bulk velocity.® For quasistatic
equilibrium, the expression is reduced to J, = BE—Y’%‘E“%, where AP is the change in
plasma pressure, B is the magnetic field, and Ar represents the space scale. To estimate
the current at the magnetic pile-up boundary (MPB), estimation of thickness of the MPB
is needed. To calculate the thickness of the MPB, one should identify the upper boundary
and the lower boundary of the MPB. The upper boundary is the transition point from a ther-
mal pressure-dominated regime in the magnetosheath to a magnetic pressure-dominated
one. The lower boundary is where the magnetic field intensity reaches its maximum value.
The thickness of the MPB can be estimated by the difference of altitude of the upper bound-
ary and the lower boundary; the estimated current density derived from this method is
essentially a diamagnetic current density.
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Figure 1. Different pressure terms on the dayside corresponding to altitude in the case of radial IMFs The black dots represent median value of magnetic pressure (Pmagneticma)-
The red dots represent median value of thermal pressure estimated by LPW data (Pihermalpw). The green dots represent median values of thermal pressure estimated by SWIA data
(Pthermal, swia). The blue dots represent median values of solar wind dynamic pressure (Pgynamic, swia)- The shaded areas represent the range between the maximum and minimum
measurement values. The vertical dashed lines mark the MPB and the bow shock (BS) stand-off distances at 1.29 and 1.64 Ry, (radius of Mars).*® Note that here the median values
were used instead of mean values because of the advantage of the median over the mean for its greater resistance to outliers and stronger stability. The median is more suitable for

describing the central tendency of data with outliers or skewed distributions.

RESULTS

We surveyed for simultaneous observations under radial IMFs with cone an-
gles between —15° and 15° from November 13, 2021, to October 31, 2023. We
observed 79 cases of radial IMFs with 38,387 magnetic field datapoints at a
sampling rate of 1 Hz. Note that the effect of the crustal field is excluded in
this study (see more details in materials and methods). The detailed criterion
of the radial IMFs and valid observations are described in the materials and
methods.

Figure 1 presents different pressure terms on the dayside from MAVEN
measurements in the case of radial IMFs. Details of the estimation of
each pressure term can be found in the materials and methods. The solar
wind dynamic pressure Pgynamic, swia and thermal pressure Pipermar, swia
dominate the solar wind and the magnetosheath, and sharply decrease
near the MPB. The magnetic pressure Pragnetic,mac be€comes the main pres-
sure term in regions between the MPB and the deep ionosphere (~200 km).
The thermal pressure Piermarpw dominates in the deep ionosphere. This
finding suggests that a magnetic barrier exists between the shocked solar
wind and Mars’ ionosphere.

Another criterion for identifying the existence of an induced magnetosphere
is whether the IMF is draped around the planet and forms a draping magnetic
field. The direction of the draping magnetic field depends on the component of
the IMF perpendicular to the solar wind velocity. In the MSE coordinates, this
perpendicular component always aligns with the +Y axis. Therefore, if there ex-
ists an induced magnetosphere, the draping magnetic field consistently points
toward the magnetotail (B, < 0) in the hemisphere where Y > 0, and toward the
Sun (By > 0) in the hemisphere where Y < 0 in the MSE coordinates. Otherwise,
the direction of magnetic field near the planet, except for the crustal magnetic
fields, should all align with that of the IMF.

Table 1 displays the B, component of the magnetic field in different regions
with different radial IMFs. When the B, component of the IMF is positive, as
observed by Tianwen-1, the magnetic field B, component, measured by
MAVEN in the solar wind, is predominantly positive as well, and vice versa.
Within the magnetosheath, a small fraction of the B, component opposes the
direction of the IMF. Below the MPB, nearly half or even more of the B, compo-
nent is oriented opposite to the IMF. These findings indicate the presence of
plasma currents and global-scale magnetic field structures in the region near
and below the MPB.

Figure 2 displays the averaged magnetic field B, component from observa-
tions in MSE coordinates and hybrid simulations without crustal magnetic
fields. At higher altitudes (altitude > 0.5 Ry), the magnetic field generally aligns
with the direction of the IMF. However, at lower altitudes (altitudes < 0.5 Ry), the
B, component of the magnetic field intensifies and the direction of the magnetic
field varies in different hemispheres: in the hemisphere where Y > 0, the By
component is predominantly negative, whereas in the hemisphere where
Y < 0, the B, component is mostly positive. Thus, the direction of the B, compo-
nent at lower altitudes is not dependent on the B, component of the IMFs. This
pattern is indicative of draped magnetic field. Although there exists difference
between observations and simulation results (especially in Figure 24), simula-
tion results are generally smooth with distinct features and perturbations in
the statistical observational results are inevitable given the low occurrence
rate of such events. Note that this is consistent with the hemispheric asymme-
try of the B, component of the draping field line in the lobes of Mars' magneto-
tail.“° Moreover, the amplitudes of the magnetic field in the X-Z plane and X-Y
plane, as shown in Figure S1, have strong values when in close proximity to
Mars, especially on the dayside, indicating the existence of a magnetic bar-
rier/pileup. The magnetic field lines in the hybrid simulation model display an
obvious draping pattern (Figures STE and S1F). Details of the hybrid simulation
model can be found in the materials and methods. Joint observations and
hybrid simulations suggest that, even with a small cone angle of the IMF, the
IMF can still drape around Mars' ionosphere, forming a draped field globally.

Table 1. Rate of same direction between the B, component in different regions and
the B, component of radial IMFs

Bx, radial IMF > 0

Bx, radial IMF < 0&

Region & B, >0 (%) By < 0 (%)
Solar wind 99.93 96.82
Magnetosheath 81.95 81.03
Dayside magnetosphere 60.22 36.29
Nightside magnetosphere 58.84 39.05

Dayside magnetosphere represents regions below MPB and X > 0. Nightside
magnetosphere represents regions below MPB and X < 0. The MPB is given
by Vignes et al.*°
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Figure 2. Magnetic field B, component in MSE coordinate from observations and hybrid simulations Average value of magnetic field B, component in Y-Z plane in MSE coordinate
from observations (A and B) and hybrid simulations (C and D). The dashed circles represent the altitude of 0.5 Ry. In (A and B), the magnetic field B, component is averaged within
0 < X < 1.3 Ry, i.e., within the dayside magnetosphere. (C and D) Magnetic field B, component in the terminator plane (X = 0). (A and C) Distribution of the magnetic field By
component when By radial ime > 0, and (B and D) that when By radial mr < O. Details of the hybrid simulation model can be found in the materials and methods.

To further investigate details of the draped field in the high-altitude regions
and the induced field in the lower-altitude regions, Figure 3 displays a radial
IMF event observed simultaneously by the Tianwen-1 and MAVEN satellites
at upstream and downstream locations, respectively. Specific satellite trajec-
tories are provided in Figure S2. Given Tianwen-1's trajectory and weak distur-
bance and low-intensity magnetic field measured by Tianwen-1 (Figure 3A), one
can infer that Tianwen-1 was positioned in the solar wind. The cone angle of the
IMF mostly remained between —15° and 0, with the B, component being nega-
tive, indicating that the IMF was directed from the Sun toward Mars. Below
approximately 500 km (09:23—-09:32 UT), MAVEN observed high-density heavy
ions, including oxygen ions and molecular ions (Figure 3E), indicating that
MAVEN was within Mars" magnetosphere or ionosphere. Near 500 km (approx-
imately 09:32:30 UT), the density of heavy ions rapidly decreased, becoming
much lower than that of hydrogen ions, and the thermal pressure of the protons
dominated. The proton density in Mars’ magnetosheath was higher than that in
the magnetosphere,’’ and the magnitude of the magnetic field decreased
sharply, while the magnetic field fluctuated more. All these features indicate
that the boundary was the MPB. Above the MPB (09:32—-09:48 UT), MAVEN
observed strong magnetic field disturbances (Figure 3D) and a predominance
of hydrogen ions, indicating that MAVEN was in the magnetosheath.

The magnitude of the magnetic field around the MPB was approximately
20 nT, the change in the magnetic field across the MPB was ~10 nT, and the
thickness of the MPB was ~57 km, which is comparable with the local ion gyro-
radius (hydrogen ion gyroradius ~68 km, oxygen ion gyroradius ~58 km). Thus,
the current density around the MPB estimated by Ampere’s law is ~140 nA/m?
(see materials and methods for a detailed calculation). The plasma pressure
gradient across the MPB was ~0.15 nPa (Figure 3F). The diamagnetic current
caused by this plasma pressure gradient around the MPB is estimated as ~132
nA/m? (see the materials and methods for a detailed calculation), which is
consistent with that estimated by Ampere's law. This diamagnetic current flows
along the upper boundary of the ionosphere from the +E hemisphere to the —E
hemisphere, which is consistent with the dayside currents around the MPB in
Mars' induced magnetosphere under a nonradial IMF.***® This suggests that
the MPB resulted from the diamagnetic current and that the physical nature
of the MPB formed in the radial IMF is the same as that formed in the nonradial
IMF.

During this whole period, MAVEN remained in the hemisphere where Y > 0 in
the MSE coordinates (Figure 3H). If the magnetic field is a draped field, the mag-
netic field direction should point toward the night with a negative B, component.
Below the MPB, the B, component of the magnetic field remains negative
(Figure 3D) and the magnetic pressure is greater than the thermal pressure
(Figure 3F) in higher-altitude regions (09:30:50—09:32:30 UT). This result sug-
gests that the magnetic field in higher-altitude regions was a draped field.
The B, component of the magnetic field changed to positive, which opposed
the direction of the IMF in lower-altitude regions (09:23:00—09:30:50 UT), sug-
gesting that the magnetic field in this region was an induced field rather than a
draped field. Note that the orbit of MAVEN is not above any strong crustal field
regions (Figure S3), indicating that the effect of the crustal field can be ignored
in this event.

The statistical results and the case study consistently suggest that the Mars'
induced magnetosphere forms in the radial IMF and that the magnetic field con-
sists of a draped field and an induced field. Figure 4 illustrates the whole picture
of the draped magnetic field and induced magnetic field in Mars' induced
magnetosphere under the radial IMF.

DISCUSSION

The draped field scenario has been well demonstrated by the general draped
field pattern model®® with an inverse polarity reversal layer.*** In general, a
time-varying external magnetic field induces an electric field in a conductor.
In regions with finite conductivity, a current is generated along the direction
of the electric field (J = oE), where the current density is approximately propor-
tional to both the rate of change of the time-varying magnetic field and the con-
ductivity 6. This analysis primarily accounts for collision effects, i.e., the ohmic
termin the generalized Ohm's law. This mechanism corresponds to the dynamo
effect in the low-altitude ionosphere (100—200 km). The observed anti-IMF
magnetic field at low altitudes should be the result of Mars' ionospheric dynamo
when the direction of the IMF changes radially (”d—B; # 0). The "lifetime” of the
induced magnetic field can be interpreted by the magnetic diffusion time
Tmmugel? derived from the magnetic induction equation, where ug is the perme-
ability of a vacuum and L is the characteristic length scale. Considering that the
conductivity ¢ ~ 107" to 10° S/m*® and L ~ 100 km in the low-altitude iono-
sphere, the magnetic diffuse time is ~10° to 10* s. This suggests that the
induced magnetic field should diffuse in ~20 min to 3.5 h, which enables in
situ observations of the induced magnetic field.

The in situ observations and numerical simulations above demonstrated that
Mars' induced magnetosphere can still form under the radial IMF, but previous
studies have indicated that the induced magnetosphere may degenerate under
specific circumstances. Although our simulation model and previous models
consider the same physics (both hybrid simulations), there is a significant differ-
ence between the models in the resistivity in the ionosphere parameter. The
ionospheric resistivity in our model is set to 5 x 10° Q-m, which is based on
measurements of Mars' dayside ionospheric resistivity.*> When the ionospheric
resistivity is much greater (e.g., ~5 x 10* Q-m from Zhang et al.'®*°), the
induced magnetosphere can degenerate.'® Note that we conducted another
run in the same hybrid simulation model but with a resistivity of ~5 x 10*
Q-m, and no draped field or induced field was observed around Mars (not shown
here). The importance of Mars' ionosphere as a conductor, which results in
deflection of the IMF and the associated draping pattern, has been emphasized
by previous studies.®®” Generally, a higher ionospheric resistivity suppresses
the formation of induced currents, allowing the external magnetic field to pene-
trate more freely and preventing the development of an effective shielding
mechanism. This suggests that the magnitude of ionospheric resistivity is
one of the crucial factors that determines whether an induced magnetosphere
forms under the radial IMF.

In the flank regions, the bow shock structure can be seen in both observa-
tions and simulation results. However, we did not find radial IMF observations
near the subsolar point from Tianwen-1 or MAVEN. In the simulations, it can be
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Figure 3. Magnetic field and plasmas measurements by MAVEN, accompanying by the IMF measurements by Tianwen-1 in the time interval of 09:23-09:40 UT on June 5, 2023
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seen that a magnetic cavity structure forms near the subsolar point, and a
shock structure still exists upstream of this cavity (Figure S1). Based on the cur-
rent observations and simulation results, we tend to believe that the shock at
the subsolar point exists, because the formation of the draped IMF and induced
magnetosphere means that the solar wind carrying the IMF is blocked and de-
flected. Regarding cross-flow plumes proposed by Zhang et al.'® we find
several events in the magnetosheath by MAVEN that might be cross-flow
plumes, but statistical results and conclusions cannot be drawn at present. In
the simulation results, oblique magnetic field structures are visible in the +Z
hemisphere in the simulations (Figures 2C and 2D), and these structures are
likely indicative of the presence of cross-flow plumes. The formation of cross-
flow plumes is reasonable: the radial IMF makes the direction of the convective
electric field in the magnetosheath more inclined toward the Y axis and the ion
plumes basically align with the convective electric field. Further studies are
required to confirm whether these plumes correspond to a strong escape rate.

If the IMF cone angle upper limit was reduced to £5°, only one event was
identified below 1,000 km (Figure S6). This case occurred at altitudes in the
range of ~300-500 km on the nightside of Mars (Figures S4G and S5). The
IMF magnitude was 2 nT with the field direction pointing away from the Sun
(By < 0; Figure S4C), whereas the magnetic field within the magnetosphere
was 5—8 nT with the direction pointing toward the Sun (B, > O; Figure S4A).
The magnitude and direction of the magnetic field suggest that there existed
an induced magnetosphere, which is consistent with the results above. Note
that the orbit of MAVEN is also not above any strong crustal field regions
(Figure S6), indicating that the effect of the crustal field can be ignored in
this event.

A radial IMF is a rare event for Mars or other non-magnetized planets in the
Solar System. However, for terrestrial exoplanets within the close-in habitable
zone of dwarf stars,”’**® the Parker spiral angle is basically zero and the IMF
is generally aligned with the stellar wind. These observations of Mars’ induced
magnetosphere in the case of radial IMFs provide a rare chance to study stellar
wind interactions with these exoplanets.

It should be noted that the number of current observational events is
far from sufficient. The occurrence rate of a radial IMF is relatively low
at the distance of Mars' orbit around the Sun. On the other hand, the
collaborative observation time of the two satellites is relatively short.
The limitation of lacking cases of radial IMF leads to discrepancies be-
tween observational results and simulation results or theoretical sce-
narios (such as the region where Y < 0 in Figure 2A). Meanwhile, the
observational results in Figure 2 represent the median within the region
of 0 < X < 1.3 Ry, and the current results cannot fully cover the entire
magnetospheric regions (Figures 2A and 2B). Nevertheless, the character-
istics of the MPB and draped magnetic field above Mars' ionosphere un-
der a quasi-radial IMF can still be clearly observed. This strongly supports
the existence of Mars' induced magnetosphere. When satellites capture
more observational events in the future, then it will be possible to further
investigate whether the induced magnetosphere under a radial IMF is
significantly different from that under other conditions, and explore issues
such as changes in ion escape rate from Mars when the IMF becomes
radial.

While the regions with strong crustal magnetic fields were excluded to mini-
mize interference, the potential effects of crustal magnetic fields and their inter-
action with the induced magnetosphere were not fully addressed. Previous

Figure 4. lllustration of the magnetic field in Mars’
induced magnetosphere in the case of radial IMFs
IMF points (A) toward the Sun, and (B) from the
Sun in the X-Y plane in MSE coordinates. The white
curves represent the IMF. The blue curves represent
draped magnetic fields.

IMF

studies have demonstrated that the interaction between crustal magnetic fields
and the solar wind gives rise to mini-magnetospheres,”® accompanied by com-
plex global magnetic field topology,”®®" plasma flow fields,®” and even magne-
tospheric dynamic processes analogous to those in Earth's magnetosphere,
such as magnetic reconnection.>*®* Under quasi-radial IMF conditions, the
magnetic field of the induced magnetosphere is relatively weak, and the dy-
namic processes of mini-magnetospheres are expected to exert a stronger in-
fluence on the surrounding regions with weak crustal magnetic fields, even
dominating the areas originally occupied by the induced magnetosphere.

CONCLUSION

This study clearly reveals the existence of Mars’ induced magnetosphere via
the joint observations from the Tianwen-1 and MAVEN missions for the first
time, which consists of both a draped magnetic field and an induced magnetic
field, even in the case of a radial IMF. The IMF drapes around Mars' ionosphere,
forming the draped magnetic field driven by the diamagnetic currents in the
MPB. This finding indicates that the ion escape rate may not be as high as pre-
viously expected for degenerated induced magnetospheres in radial IMFs.
Further observations and simulations are needed to explore other physical de-
tails of this interaction and to estimate the degree of atmospheric loss due to
ion escape.
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® The Tianwen-1 data may be applied at CNSA Data Release System (https://moon.
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® All data are loaded, analyzed, and plotted using MATLAB code package which can
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