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Abstract Magnetotail current sheet (CS) flapping is a universal plasma phenomenon observed at multiple
planets, yet its triggering mechanisms remain poorly understood outside of Earth. At Mars, single-spacecraft
observations have also reported tail flapping, but the processes responsible for its onset have never been
identified. In this study, we investigate the potential correlation between magnetic reconnection and magnetotail
flapping using multipoint measurements from Mars Atmosphere and Volatile EvolutioN (MAVEN) and
Tianwen-1 (TW-1) missions. We analyze an example event in which MAVEN observed a reconnection-
associated CS crossing in the near tail while TW-1 simultaneously detected CS flapping further downtail. A
statistical survey of joint observations from November 2021 to February 2024 identifies that about two-thirds of
TW-1 flapping events coincide with reconnection signatures observed by MAVEN. Multiple magnetic flux
ropes were also detected before or during flapping intervals, similar to previous observations at Earth,
suggesting that reconnection-generated magnetic flux ropes may propagate tailward and drive plasma
instabilities that trigger the tail flapping at Mars. These results provide the first multipoint evidence of a
potential statistical correlation between magnetic reconnection and magnetotail flapping at Mars, enabling us to
explore the potential triggering mechanism of magnetotail flapping. Our findings also offer new insights into
Martian magnetotail dynamics and broaden the comparative understanding of this fundamental plasma process
across planetary environments.

Plain Language Summary The solar wind, a continuous stream of charged particles from the Sun,
interacts with planetary magnetic fields and atmospheres to form long magnetic tails behind planets. Within
these tails, thin layers of electric current—called current sheets—sometimes move or “flap,” affecting how
magnetic energy and plasma are transported. At Earth, observations from multiple spacecraft have shown that
magnetic reconnection, a process in which magnetic field lines break and reconnect to release stored magnetic
energy, can drive such motions. At Mars, however, the causes of current sheet flapping at the magnetotail have
remained uncertain because previous studies only relied on a single spacecraft measurement. In this study, we
use simultaneous observations from NASA's MAVEN spacecraft and China's Tianwen-1 orbiter to explore what
triggers flapping in Mars's magnetotail. The results suggest that magnetic reconnection may also play a key role
in triggering these motions at Mars, providing the first multipoint evidence of this connection and advancing our
understanding of the plasma dynamics within the magnetotail of Mars.

1. Introduction

Magnetotail current sheet (CS) flapping refers to the up and down, or back and forth motion of current sheets,
typically observed by spacecraft as multiple CS crossings (Rong et al., 2010; Runov et al., 2009; Sergeev
et al., 1998; Speiser & Ness, 1967; Tsutomu & Teruki, 1976). Such flapping motions can substantially alter the
global magnetic configuration of the magnetosphere and contribute to energy transport within the magnetotail
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(Sitnov et al., 2014, 2019). At Earth, multi-point measurements from missions such as Cluster, THEMIS, and
MMS have enabled separation of spatial and temporal variations, leading to extensive studies of CS flapping
properties over the past several decades (Gabrielse et al., 2008; Gao et al., 2018; Petrenko et al., 2023; Rong
etal., 2015b; Sergeev et al., 2004; T. Zhang et al., 2002, 2005). Although the exact triggering mechanism remains
inconclusive, previous studies have highlighted several possible drivers, including variations in solar wind
conditions (Forsyth et al., 2009; Sergeev et al., 2008; C. Shen et al., 2008; G. Wang et al., 2019), Kelvin-
Helmholtz instabilities (Nakagawa & Nishida, 1989), magnetic double-gradient instabilities (Erkaev
et al., 2007, 2008), internal ion—ion kink instability (Karimabadi et al., 2003), magnetic reconnection and its
associated bursty bulk flows (Gabrielse et al., 2008; Hwang et al., 2026; Sergeev et al., 2006; Volwerk et al., 2004;
Voros, 2011; Wei et al., 2019; Wu et al., 2016; Y. Zhang et al., 2020). Beyond Earth, magnetotail CS flapping has
been reported at Mercury (Poh et al., 2020; C. Zhang et al., 2020), Venus (Rong et al., 2015a), Mars (DiBraccio
etal., 2017; C. Zhang et al., 2023), and the giant planets Jupiter and Saturn (Volwerk et al., 2013; Xu et al., 2025).
However, at these planets, single-spacecraft measurements limit the ability to distinguish between spatial and
temporal variations, making it impossible to directly identify the potential triggering mechanisms of this universal
plasma process. As a result, the drivers of tail flapping beyond Earth remain largely unexplored.

Unlike Earth, Mars lacks a strong intrinsic magnetic field, making its interaction with the solar wind and the
interplanetary magnetic field (IMF) fundamentally different (Bertucci et al., 2011; J. S. Halekas et al., 2021; Nagy
et al., 2004). Induced currents in the ionosphere lead to the formation of a magnetic barrier, which provides the
main obstacle to the solar wind flow. Mass loading by ionized atmospheric constituents further contributes to the
slowing of the plasma flow and draping of the IMF (Azari et al., 2023; H.-W. Shen et al., 2025, 2026; Szegd
et al., 2000). Consequently, a distinct magnetotail structure forms, consisting of two magnetic lobes separated by
a central CS with antiparallel magnetic field lines on either side (Dubinin & Fraenz, 2015; J. Halekas et al., 2006;
C. Zhang et al., 2022). The induced magnetotail is highly dynamic in terms of its position, structure, and plasma
compositions (Li et al., 2023; Liemohn & Xu, 2018; Wen, Rong, et al., 2025; C. Zhang et al., 2024), and it serves
as a critical channel for ion escape (Barabash et al., 2007, 2025; Dong et al., 2015, 2017; Dubinin et al., 2012;
Nilsson et al., 2010, 2023; H.-W. Shen et al., 2024). Additionally, Mars has localized crustal magnetic fields
(Acuna et al., 1999), particularly concentrated in the southern hemisphere, which adds further complexity to its
magnetospheric structure and plasma dynamics in the magnetotail (Brain et al., 2003; DiBraccio et al., 2018,
2022; Dubinin et al., 2023; Ma et al., 2014).

Continuous observations from the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission (Jakosky
et al., 2015) over the past decade have substantially advanced our knowledge of plasma dynamics in the mag-
netotail of Mars. Previous studies have revealed tailward escape of suprathermal planetary ions through the tail
CS (Dong et al., 2015, 2017; Harada et al., 2015b; Inui et al., 2019), the dynamic twisting and shift of the
magnetotail CS structure (DiBraccio et al., 2018, 2022; Wen, Rong, et al., 2025), bulk plasma acceleration
associated with the magnetic reconnection (Harada et al., 2015a, 2017, 2020; L. Wang et al., 2023; Wen, Halekas,
et al., 2025), the formation and detachment of magnetic flux ropes (DiBraccio et al., 2015; Hara et al., 2015, 2017,
2022; L. Wang et al., 2022), and the flapping motion of the magnetotail CS (DiBraccio et al., 2017; C. Zhang
et al., 2023). These discoveries demonstrate the complex and highly dynamic nature of Mars' induced magne-
totail. Despite these advances, our current knowledge is also constrained by the single-spacecraft measurement of
MAVEN, particularly regarding the complexity of the tail's magnetic field structure. Such observations cannot
fully resolve the temporal and spatial evolution of transient phenomena like reconnection or establish causal
connections between physical processes occurring in different regions of the magnetotail. In particular, the
triggering mechanism of Martian CS flapping and its possible coupling with other physical processes remain
poorly understood. Addressing these questions requires multipoint measurements capable of resolving both
spatial and temporal variability, as has been achieved at Earth (Lillis et al., 2022; Sanchez-Cano et al., 2022).

In this study, we present the first coordinated observations of the Martian magnetotail using simultaneous ob-
servations from MAVEN and China's Tianwen-1 (TW-1) orbiter (Y. Zou et al., 2021), providing novel insights
into plasma dynamics within the tail region. We identify a series of CS flapping events detected by TW-1 in the
distant tail and investigate their potential connection to the magnetic reconnection observed by MAVEN in the
upstream tail regions. By combining simultaneous observations from both upstream and downstream tail regions,
we provide new insights into the possible coupling between magnetic reconnection-driven dynamics and mag-
netotail CS flapping motions, offering the first multipoint perspective on the potential triggering mechanism of
magnetotail flapping beyond Earth.
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Figure 1. (a—c) MAVEN and Tianwen-1 trajectories in Mars Solar Orbital coordinates. The black curve represents the bow
shock and induced magnetosphere boundary models based on Vignes et al. (2000).

2. Data Set and Instrumentation

The data used in this study are from the MAVEN and Tianwen-1 missions. Magnetic field measurements were
made by both MAVEN and Tianwen-1. The Magnetometer (MAG) instrument (Connerney et al., 2015) onboard
the MAVEN spacecraft provides three-dimensional magnetic field vector measurements with a cadence of up to
32 samples per second. Similarly, Tianwen-1's Mars Orbiter Magnetometer (MOMAG) instrument (Cheng
et al., 2023, 2024, 2025; G. Wang et al., 2024; Y. Wang et al., 2023; Z. Zou et al., 2023) records magnetic field
vectors at a sampling rate of 32 samples per second. The MAG and MOMAG data binned at a 1 s time resolution
are used in this study. The Solar Wind Ion Analyzer utilizes an electrostatic analyzer consisting of two concentric
near-hemispherical toroids, which provides three-dimensional distributions of ions in the energy range of
25 eV-25 keV, with a field of view (FOV) of 360° X 90°, and their moments data derived from this distribution
at a time resolution of 4 s (J. Halekas et al., 2015, 2017). The MAVEN Solar Wind Electron Analyzer (SWEA)
instrument provides electron energy spectrograms and pitch angle distribution at a temporal resolution of 2 s
(D. Mitchell et al., 2016). The Suprathermal and Thermal Ion Composition (STATIC) instrument is equipped
with an electrostatic top-hat analyzer and a time-of-flight velocity analyzer, allowing it to detect ions with en-
ergies ranging from 0.1 eV to 30 keV within a FOV of 360° X 90°. Its unique capabilities enable the identifi-
cation of ion species according to their masses, with a cadence of 4 s (J. McFadden et al., 2015). Detailed ion (H™,
O™, 03) moments, including density and velocity, can be calculated from the corresponding three-dimensional
particle distributions (Fowler et al., 2022).

3. Observations
3.1. A Case Study

We first present an example event jointly observed by MAVEN and TW-1 in the Martian magnetotail on 31
January 2024, as shown in Figure 1. During this interval, both spacecraft traversed the magnetotail, with MAVEN
located in the near-tail region and TW-1 positioned farther downtail as shown in Figures la—1c. Figures 2a-2d
show the three magnetic field components and the total field magnitude measured by the onboard magnetome-
ters. Figures 2e—2g display the velocity moments of H, O*, and O3 derived from STATIC measurements, while
Figures 2h and 2j-21 present the omnidirectional differential energy fluxes of electrons from SWEA and of ions
from STATIC. A notable feature in this event is the reversal of the By component from negative to positive values
(Figure 2a), accompanied by enhanced electron and ion fluxes together with ion energization. These signatures
are characteristic of a CS crossing observed by MAVEN (Dubinin et al., 2012; J. Halekas et al., 2006; Wen, Rong,
et al., 2025). Surprisingly, during the same time interval, TW-1 traversed the corresponding spatial region in the
downstream tail from the opposite direction (Figure 1a). Unlike MAVEN, which recorded a typical single CS
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Figure 2. (a—d) MAVEN and Tianwen-1 magnetic field components in Mars Solar Orbital (MSO) coordinates. (e-g) Velocity
components of H*, O*, and OF in MSO coordinates. (h) Electron energy and (i) pitch angle spectra from Solar Wind
Electron Analyzer. (j-1) energy spectra of H*, O, and OF ions.
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crossing, TW-1 observed a transition from the +By lobe to the —By lobe with multiple CS crossings, as shown in
Figure 2b. Such multiple CS crossings are commonly associated with the magnetotail CS flapping, as previously
reported by DiBraccio et al. (2017) and C. Zhang et al. (2023). This raises an important question: why does
MAVEN observe a single CS crossing in the near-tail region, while TW-1 detects multiple crossings—or flap-
ping—in the same spatial sector farther downtail? To address this question, we next perform a detailed analysis of
the observed CS crossings by MAVEN and TW-1.

3.1.1. Magnetic Reconnection Signatures

For MAVEN's CS crossing observations, we clearly identify a significant enhancement in tailward ion
flows—particularly in H*—together with a bipolar magnetic field signature across the crossing. In addition, the
electron pitch angle distributions also display significant changes around the CS crossing (Figure 2i). Before the
crossing, SWEA generally measured isotropic electron distributions, typical of draped magnetic field lines. After
the crossing, the distribution changes into a one-sided loss cone distribution, indicating the presence of open field
line structures (Brain et al., 2007). Such transitions in magnetic field topology are also strong indicators of
magnetic reconnection. Taken together, these features provide potential evidence for reconnection (Eastwood
et al., 2008; J. Halekas et al., 2009; Harada et al., 2015a; Wen, Halekas, et al., 2025). To provide more
comprehensive evidence for the magnetic reconnection, we next examine additional plasma and field signatures
for the CS crossing. We transformed both the magnetic field and ion velocity vectors from the Mars Solar Orbital
(MSO) coordinate system into the local LMN coordinate system (L is along the antiparallel magnetic field di-
rection, M is along the X line, and N is along the CS normal) for the time interval of 09:29:00 to 09:32:30 UT. The
LMN coordinates over this interval were determined using the Minimum Variance Analysis (MVA) method
(Sonnerup, 1998), which is a standard technique for determining the local CS geometry. The eigenvectors
calculated from the MVA correspond to the following orientations in MSO coordinates:
L = [1.00,0.033,0.011],M = [0.034, —0.84, —0.54],N = [-0.0087,0.54, —0.84]. The reliability of the
LMN transformation is confirmed by the eigenvalue ratios (4,/4, = 7.51 and 4,/4; = 19.48) (Sonnerup, 1998;
DiBraccio et al., 2015), ensuring accurate alignment for analyzing the reconnection region. As shown in
Figure 3a, the magnetic field B; component reversed polarity from negative to positive, while the B;, component
exhibited a clear bipolar variation, transitioning from positive to negative. Meanwhile, the By component
remained positive and relatively stable throughout the crossing. These signatures are characteristic of Hall
magnetic fields, which are widely recognized as indicators of the ion diffusion region during collisionless
magnetic reconnection (Eastwood et al., 2008; J. Halekas et al., 2009; Harada et al., 2017; Wen, Halekas,
et al., 2025). Additionally, we observe a pronounced tailward enhancement of V; for H* reaching ~80 km/s in
Figure 3b, which represents a reconnection-driven ion jet (Harada et al., 2015a, 2020). In contrast, the velocities
of heavy ions show only slight deviations (Figures 3¢ and 3d), as expected due to their unmagnetized behavior
(Harada et al., 2017; Liu et al., 2015). Together, the magnetic field and plasma signatures are consistent with the
features of a type-4 reconnection CS crossing, as categorized by Harada et al. (2017).

Lastly, we perform a qualitative Walén test to further confirm the occurrence of magnetic reconnection (Phan
et al., 2004; Voros et al., 2017; Wen, Halekas, et al., 2025; Y. Zhang, 2016). In theory, reconnection outflows are
expected to accelerate to the local Alfvén speed (Parker, 1957), defined as V, = \/%, where B is the magnetic

field and p is the total plasma mass density, including contributions from H*, O*, and 0;’. The Walén test
evaluates whether correlations exist between the Alfvén velocity (£V,) and the plasma velocity in the de
Hoffmann-Teller (HT) frame, V — Vg7, where V7 is the HT velocity (De Hoffmann & Teller, 1950). The HT
frame velocity can be estimated from a set of plasma bulk velocity measurements, v, and magnetic field
measurements, B” (m = 1,2,...,M). Specifically, one seeks a reference frame in which the mean square of the
convective electric field is minimized. This mean square is defined as

1 M
D(V) = i Ylem=vyx B
m=1

The HT velocity, V7, is then obtained as the value of V that minimizes D(V) (Khrabrov & Sonnerup, 1998;
Sonnerup et al., 1987). The =+ signs correspond to outflows in the =L directions, matching also the + sign of the
normal magnetic field By. Accordingly, in scatterplots of V4 versus V — Vg7, a strong linear correlation with a
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Figure 3. Zoom-in of the current sheet crossing by MAVEN on 31 January 2024 during 09:29:00-09:32:30 UT. (a) The three
components of the magnetic field in LMN coordinates. (b—d) Velocity component H*, O*, and O3 in LMN coordinates.
(f) Electron pitch angle distributions (111-140 eV). (f-h) Energy spectrograms of H*, 0", and O3 .
regression slope near =1 is expected within reconnection outflows (Paschmann & Sonnerup, 2008; Voros
et al., 2017; Wen, Halekas, et al., 2025; Y. Zhang, 2016). As shown in Figure 4, scatterplots of V, versus
V — Vyr (with red, blue, and green points representing the three velocity components) are presented for the
intervals 09:25:40-09:28:10 and 09:31:30-09:34:30, the two intervals were chosen to capture distinct outflow
regions separated by the B; reversal, ensuring each segment represents a quasi-steady flow (Vords et al., 2017).
Clear correlations are observed, with slopes consistent with the conditions required for the Walén test. A change
in the sign of the slopes can be interpreted in two ways: (a) the spacecraft remained on the same side of the X-line
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Figure 4. Walén relation test in the deHoffmann-Teller (HT) frame: comparisons between the observed ion velocities in HT
frame and the Alfvén velocity. The three velocity components are indicated with color dots. The lines represent a linear
regression fit of the outflows.

while crossing both boundaries of a single outflow, or (b) the spacecraft crossed to the opposite side of the X-line,
sampling oppositely directed outflows within the same hemisphere (@ieroset et al., 2000; Voros et al., 2017).
Since the changes in regression slope are associated with reversals in B;, we interpret these results as evidence
that MAVEN crossed both sides of the reconnection X-line, consistent with the magnetic field and plasma sig-
natures of a reconnection crossing as discussed above. All these signatures indicate that MAVEN likely observed
the ion diffusion region of the magnetic reconnection.

3.1.2. Properties of the CS Flapping

As for the CS flapping observed by TW-1, our first step is to determine the flapping type using the method
developed by Rong et al. (2015b), which has since been applied at multiple planets (DiBraccio et al., 2017; Rong
et al., 2015a; Wu et al., 2016; Xu et al., 2025; C. Zhang et al., 2020). This technique relies on the temporal
variation of the By component and the orientation of the CS normal. Once a multiple CS-crossing event is
identified, the MVA is applied to the magnetic field data for each individual crossing to determine the CS normal
direction 7 in both MSO and local coordinates (C. Zhang et al., 2023).

The key step of this method is calculating the so-called k-value for each crossing, defined as
k = sign(ny, X ny) X sign(AB;), where “sign” denotes the sign function. For crossings where B; changes from
negative to positive (—B; to +B;), AB; > 0 and the sign is positive. Conversely, for crossings where B; changes
from positive to negative (+B; to —B;), AB; < 0 and the sign is negative. Applying this equation to a series of
crossings yields a sequence of k values that characterizes the flapping type. An alternating pattern of +1 and —1
indicates steady flapping, whereas a sequence of k values that are consistently +1 or consistently —1 corresponds
to kink-like flapping (DiBraccio et al., 2017; Rong et al., 2015b; C. Zhang et al., 2023). Table 1 summarizes the
results of this CS analysis. For this flapping event, k stays at —1 always, confirming that the flapping motion
belongs to kink-like flapping waves. It is also interesting to note that n is tilted in the y-z plane as shown by the
larger values of n, and n, as compared to n,, which is consistent with flapping waves observed at Earth and other
planets (Poh et al., 2020; Rong et al., 2015a; Volwerk et al., 2013). Following this classification, we further apply
the single-spacecraft technique developed by Rong et al. (2021) based on the MVA method and the Harris CS
model, to estimate the physical properties of the CS flapping motion, including the propagation speed V, spatial
amplitude A, and wavelength A. Using the same approach as C. Zhang et al. (2023), we find that for the TW-1
event studied here, the propagation speed is V; ~ 8 km/s, the spatial amplitude is A ~ 259.5 km, and the
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Table 1 wavelength is 4 ~ 1070 km. It should be noted that, as discussed in Rong
Minimum Variance Analysis on Martian Current Sheet Flapping Motion et al. (2021), this single-spacecraft method may carry uncertainties in esti-
S Time Normal in MSO lis K mzf\tlng ﬂapplng v.vave parameter.s for individual crossings. However, it is S.tlll
suitable for deriving representative average parameters over the full flapping
2024-01-31  09:26:12-09:26:32 0.52, 0.62, 0.59 396 -1

09:26:58-09:27:18
09:27:35-09:28:04
09:31:33-09:31:50
09:32:42-09:33:03
09:33:57-09:34:46
09:35:02-09:35:14
09:35:52-09:36:42

interval.

—0.26, —0.97, —0.035 3140 -1
0.20, —0.71, —0.67 449 -1
—0.58, —0.54, 0.61 6.74 -1

—0.035, —0.83, —0.55 352 -1

Although a direct observational connection between the magnetic reconnection
and the tail flapping may not be firmly established from two-point measure-
ments, their correlation may still be examined indirectly from an energy
perspective. Using the Sweet—Parker reconnection model (Parker, 1957;
0.39, 0.78, ~0.50 793 -1 Sweet, 1958), we can estimate the energy flux released during reconnection in

-0.20, —0.81, 0.55 331 -1  the Martian magnetotail. With lobe and normal magnetic field components of
—0.0069, —0.78, —0.63  4.66 —1 |B;| = 10 nT and |By| = 2 nT, the reconnection rate is R = |By|/|B.| ~ 0.2

(Gao et al., 2021; Guo et al., 2018), giving an inflow speed of V;, ~ 16 km/s.
The resulting inflow energy flux is Wn) = (E X I_:I)l.n = V,B2/u, ~ 1.27 x 107® W m~2, while the outgoing
flux is W,,, = (E X I_{()
=W, — W, = 1.02 x 107® W m~2. Similarly, following the approach in C. Zhang et al. (2023), the magnetic
energy flux carried by the flapping waves observed by TW-1 can be estimated as
W; = AB7/2uy X V; ~ 0.3 x 107 W m™2 based on parameters from our event. Although W, is smaller than
W eiease it 1s of the similar order of magnitude, suggesting that the reconnection-released energy is sufficient to
account for the energy carried by the flapping waves. From the principle of energy conservation, this comparability

provides indirect evidence for a potential correlation between reconnection and flapping, even in the absence of a
direct observational link.

= V,uB% /1y ~ 2.55 x 1077 W m™2. Thus, the net energy release is W,yuse

out out

3.2. Statistical Survey and Results

Based on the above analysis for this event, although we have identified a potential spatial, temporal, and energy
correlation between the magnetic reconnection observed by MAVEN and the CS flapping recorded by TW-1 in
the downtail region, it remains challenging to make a direct observational link that would conclusively prove their
coupling. Despite the fact that MAVEN and TW-1 follow completely different and independent trajectories and
orbital periods, the large number of orbits (~4 years) available makes it possible to search for more joint-
observation events like this. To explore this possibility, we further conducted a statistical survey to search for
intervals where both spacecraft made observations of the close spatial regions within a short time window gap in
the magnetotail of Mars, investigating whether a potential statistical correlation exists between magnetic
reconnection occurrence and flapping events.

Specifically, we visually searched for MAVEN and TW-1 joint-observation events during the interval from
November 2021 to February 2024, applying the following criteria: (a) both spacecraft must traverse the same or
closely overlapping spatial regions of the magnetotail in the YZ plane in MSO coordinates; and (b) the temporal
separation between the observations of two spacecraft should be less than 1 hr. Using these criteria, we initially
identified 112 orbits that fulfilled the spatial and temporal constraints. However, because the detection of both
reconnection and flapping events requires that the spacecraft cross the magnetotail CS, we further restricted our
data set to cases where both MAVEN and TW-1 made clear CS crossings (B, reversals), which reduced the
sample to 59 orbits. From this reduced set, we first examined TW-1 data for CS flapping signatures and identified
34 tail flapping events (see Table S1 in Supporting Information S1). We then turned to MAVEN's CS crossings in
the upstream tail regions to search for signatures of magnetic reconnection, following the procedure described in
Harada et al. (2017). In this approach, we first visually inspected the magnetic field data for bipolar out-of-plane
(Byy) signatures with high intermediate-to-minimum eigenvalue ratios (1,,/4y > 3), and subsequently examined
the ion velocity data to identify associated ion outflow jets. Using this method, we identified 22 events in which
reconnection signatures were observed by MAVEN and flapping signatures were detected by TW-1. By contrast,
12 flapping events recorded by TW-1 did not show clear reconnection signatures in MAVEN data. Thus, roughly
two-thirds of the identified tail flapping intervals appear to be associated with upstream reconnection, although
this conclusion may be hampered given the limited statistics. To further assess potential bias in these statistics, we
also searched for reconnection signatures in events without flapping. In this complementary survey, 23 events
showed neither reconnection signatures by MAVEN nor flapping by TW-1, and only one case exhibited

WEN ET AL.

8 of 17

88UB01 7 SUOLILIOD dA eI 3|qedt|dde auy Aq pausenoh ae safoie O ‘@SN JO SanJ 10y Akelq 1 auljuQ A3|IM UO (SUONIPUOI-PUR-SLLIBIAL0D AB | 1M ARRIq 1 BU 1 |UO//STNY) SUORIPUOD pue SWS | 3Y) 89S *[9202/70/7T] U0 ARiqiauliuQ AB|IM ‘ suonsinboy seLes - Saleiqi]emo| JO AseAIuN - U Busyzuen A Aq £7E£200AV9202/620T OT/I0p/woo A8 M ARe.q 1 putuosgndnBe//sdiy wouy papeojumoq ‘g ‘9202 ‘X099.52



 Veld
et AGU Advances 10.1029/2026AV002343
AND SPACE SCIENCES
Table 2 reconnection signatures in the upstream tail without corresponding flapping
Contingency Table of Magnetic Reconnection (MAVEN) Versus Current signatures in the downstream tail. However, in that single case, the obser-

Sheet Flapping (TW-1)

vational gap between the two spacecraft far exceeded 1 hr, introducing the

Reconnection signatures ~ No reconnection signatures

possibility of significant temporal variations that could obscure any causal

CS flapping
No CS flapping

22
1

relationship. These results can be summarized in a contingency table

12 (Table 2).

23

We then applied statistical tests to evaluate the significance of this associa-
tion. A chi-square test yielded y> = 21.55 with a p-value of 3.5 X 107°. The
p-value represents the probability of obtaining the observed correlation (or a stronger one) if magnetic recon-
nection and tail flapping were in fact unrelated. Such a small p-value strongly rejects the null hypothesis of
independence between the two processes (Greenwood & Nikulin, 1996). Fisher's exact test and Boschloo's test
gave nearly identical results (p & 1.8 X 107%), confirming that the observed correlation between magnetic
reconnection and tail flapping is highly significant. To provide a more physically interpretable measure of this
association, we further evaluated the conditional probabilities and odds ratio implied by the contingency table
(Table 2). When upstream reconnection signatures are observed by MAVEN, the probability of downstream CS
flapping observed by TW-1is 22/(22 + 1) =& 96%. In contrast, when reconnection signatures are absent, the
probability of observing flapping is 12/(12 + 23) ~ 34%. The corresponding odds ratio is approximately
(22/1)/(12/23) ~ 42, indicating that the occurrence of downstream flapping is more than an order of
magnitude more likely when upstream reconnection signatures are present. However, it should be noted that these
statistical results may not, by themselves, establish a direct causal relationship between magnetic reconnection
and CS flapping. Instead, they demonstrate a robust statistical correlation and indicate that magnetic reconnection
substantially increases the likelihood of downstream flapping under comparable spatial and temporal conditions.

Our statistical survey, therefore, indicates that about two-thirds of the CS flapping events observed by TW-1 in the
downstream tail were accompanied by magnetic reconnection signatures detected by MAVEN in the upstream
tail. This provides statistical evidence that magnetic reconnection is statistically intercorrelated with the tail
flapping and may be a potential driving factor of CS flapping motions in the Martian magnetotail.

4. Discussion

Based on the analysis of the example event and a statistical survey of MAVEN and TW-1 joint observations in the
magnetotail, we find a possible tendency for CS flapping observed by TW-1 in the distant magnetotail to occur
preferentially when MAVEN detects magnetic reconnection in the near tail within the same spatial sector. Further
supporting this scenario, previous work by DiBraccio et al. (2017) has shown that Martian magnetotail CS
flapping occurs more frequently in the southern hemisphere in MSE coordinates, also consistent with the spatial
distributions of magnetic reconnection reported by Harada et al. (2017) and L. Wang et al. (2023). Taken together,
these findings suggest a possible correlation between the CS flapping and magnetic reconnection in the Martian
magnetotail. In this section, we aim to provide a potential physical interpretation of how magnetic reconnection
observed in the upstream tail may act as a trigger for the CS flapping in the downstream magnetotail.

Previous studies on Earth have extensively investigated how magnetic reconnection may trigger terrestrial
magnetotail flapping. For instance, Wu et al. (2016) analyzed THEMIS observations and showed that flapping
motions in the tailward reconnection outflow were closely associated with a magnetic flux rope, with the sub-
sequent anisotropic ion flows in the post-flux-rope CS driving plasma instability that produced the flapping in the
downstream tail. Similarly, Y. Zhang et al. (2020) reported a tail flapping event observed by Cluster tailward of a
reconnection site detected by TC-1, where the reconnection-modified downstream plasma conditions appeared to
facilitate plasma instability, leading to the flapping motion of the CS. These observational studies suggest that
reconnection and its associated flux ropes can serve as triggers for tail flapping. Interestingly, magnetic flux rope
signatures were also observed in our observations during the tail flapping events. Figure 5 shows an example
magnetic flux rope event observed during a MAVEN and TW-1 joint interval. In this case, MAVEN detected a
single CS crossing in the near tail regions, while TW-1 encountered CS flapping further downtail. Notably, before
the encounter of flapping, TW-1 detected a magnetic flux rope structure around 16:45 (shaded regions) in
Figure 5c. The converted vector magnetic fields in LMN coordinates (Figure 5f) exhibit a bipolar signature in the
maximum variance (L) direction and a unimodal signature in the intermediate variance (M) direction. The
hodograms show a smooth rotation in the L-M plane (Figure 5g) and a thin structure in the L-N plane (Figure 5h),
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Figure 5. Overview of a magnetic flux rope observed during the flapping interval of a MAVEN and TW-1 joint observation.
(a—c) The spacecraft trajectory projected onto the X-Y (left: Equatorial), X-Z (center: Meridian), Y-Z (right: Viewed from
the Sun) planes in the Mars-centered Solar Orbital (Mars Solar Orbital (MSO)) coordinates, respectively. (d)—(e): magnitude
and vector components of the magnetic field in the MSO coordinates. Flux rope observation interval is shaded. (f): The
closed-up time series plots of the magnetic field structure during the flux rope encounter in LMN coordinates. Hodograms
during the flux rope encounter corresponding to the time segment between two magenta dashed vertical lines are shown in
(g) the Minimum Variance Analysis maximum-intermediate (L-M), and (h) maximum-minimum (L-N) planes.

consistent with characteristic magnetic flux rope signatures (Hara et al., 2017, 2022; Russell & Elphic, 1979). In
our multipoint observations of the Martian flapping magnetotail, we have identified multiple magnetic flux ropes
events (see Supporting Information S1), either observed by MAVEN in the upstream tail or by Tianwen-1 in the
downstream tail, often appearing before or during intervals of CS flapping. Moreover, a previous study by Hara
et al. (2022) also showed that magnetic flux ropes occur more frequently in the —E hemisphere in MSE co-
ordinates, also consistent with the spatial distribution of the tail flapping reported by DiBraccio et al. (2017). This
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Figure 6. Schematic illustration of how magnetic reconnection potentially triggers the downstream tail current sheet (CS)
flapping at Mars. MAVEN observes magnetic reconnection in the Martian magnetotail, which generates a chain of magnetic
flux ropes that travel downstream and perturb the tail plasma. These perturbations, through plasma instabilities, drive
flapping motions of the CS (indicated by red thick lines), subsequently observed by Tianwen-1. Crustal magnetic fields are
omitted for clarity.

spatial and temporal association, suggested by previous studies and our observations, indicates that reconnection-
generated magnetic flux ropes may play a potential role in controlling CS dynamics at Mars. Based on these
observations, we propose a possible physical explanation for how magnetotail CS flapping may be triggered by
magnetic reconnection in the Martian magnetotail. When magnetic reconnection is initiated (MAVEN observed
the ion diffusion region during the crossing), a sequence of magnetic flux ropes is generated (Eastwood &
Kiehas, 2015; Eastwood et al., 2012; Hara et al., 2017). As these magnetic flux ropes continuously propagate
downtail, they may alter the plasma environment and drive plasma instabilities in the downstream magnetotail.
Such instabilities driven by magnetic flux ropes could then account for the CS flapping observed by Tianwen-1
tailward of the magnetic reconnection site detected by MAVEN, perhaps in ways analogous to mechanisms
inferred at Earth (Wu et al., 2016; Y. Zhang et al., 2020). Figure 6 illustrates a possible configuration of this
dynamic process observed by MAVEN and TW-1 in the Martian magnetotail based on our argument.

In addition to multipoint observations, previous simulation studies have also highlighted links between magnetic
reconnection and magnetotail flapping motions (Arzner & Scholer, 2001; Karimabadi et al., 1999; Palmroth
et al., 2023). In particular, the hybrid simulations of Arzner and Scholer (2001) demonstrated that the passage of a
plasmoid or flux rope can create a post-plasmoid/flux rope CS populated by anisotropic, non-Maxwellian ion
distributions. These conditions render the CS unstable, leading to flapping motions, filamentation, and turbulence
in the CS. Importantly, the instabilities in their model convect tailward with the reconnection outflow, producing
magnetic fluctuations and spectral features broadly consistent with spacecraft observations at Earth. This may
provide a plausible mechanism by which reconnection-generated magnetic flux ropes may contribute to the CS
flapping in the Martian magnetotail as observed in our study. While detailed kinetic simulations of these pro-
cesses in the Martian magnetotail remain lacking to confirm such mechanism, a previous study by Ma et al. (2018)
employed an MHD model with embedded particle-in-cell simulations in the Martian magnetotail, successfully
reproducing the onset of magnetic reconnection and the formation of magnetic flux ropes during reconnection,
highlighting the potential capability of such models in simulating Martian magnetotail dynamics. Looking for-
ward, dedicated kinetic simulations will be essential to clarify how magnetic reconnection may affect both the
upstream and downstream regions of the Martian magnetotail in the future study.

Despite the insights from previous studies and the evidence presented in our observations, the statistical survey
also showed that roughly one-third of the flapping events detected by TW-1 exhibited no clear reconnection
signatures in MAVEN data. This may reflect either observational limitations, as MAVEN's trajectory may not
always be able to observe the reconnection site or diffusion regions associated with the downstream flapping, or it
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may also imply that additional mechanisms can trigger the tail flapping at Mars. Possible candidates previously
discussed in DiBraccio et al. (2017) include solar wind pertubations (C. Shen et al., 2008; G. Wang et al., 2019),
penetration of Alfvénic waves (Romanelli et al., 2024; Ruhunusiri et al., 2015) into the tail, or the
Kelvin—Helmholtz instability (Poh et al., 2021; Ruhunusiri et al., 2016). However, none of these proposed
triggering mechanisms have been observationally verified at Mars to date. As an additional assessment, we
attempted to explore the feasibility of the magnetic double-gradient instability (MDGI) at Mars, which has been
proposed as a driver of kink-like CS flapping in Earth's magnetotail (Erkaev et al., 2007, 2008). Using a data-
constrained, multi-year averaged Martian magnetotail magnetic field model derived from MAVEN observa-
tions, we evaluated the MDGI instability criterion based on the product of orthogonal magnetic field gradients and
compared the characteristic flapping period predicted by the MDGI model with observed flapping periods at
Mars. The results of this analysis, presented in Supporting Information S1, indicate that the MDGI criterion is not
systematically satisfied near the central Martian magnetotail CS under average conditions, and that the charac-
teristic periods predicted by the model are substantially different from the flapping periods typically observed by
MAVEN (C. Zhang et al., 2023). These findings suggest that, while MDGI may not be completely ruled out as a
localized or transient contributor, it may not be the dominant mechanism responsible for the kink-like flapping
observed in the Martian magnetotail. This comparison between theory and observations may also reflect
fundamental differences in magnetic field structure and plasma conditions between induced magnetosphere like
Mars and intrinsic magnetospheres such as Earth's. A more definitive assessment of the MDGI role at Mars may
require dedicated analytical modeling and fully kinetic or hybrid numerical simulations tailored to the induced
magnetospheric environment in the future study.

In addition, open questions still remain regarding the nature of the observed flapping in our study, given current
observational limitations. For example, it is not possible to determine whether reconnection-associated flapping is
a localized process confined to certain regions of the tail or a large-scale global phenomenon affecting the entire
downstream magnetotail, nor how long flapping motions triggered by reconnection may persist. If such
reconnection-associated flux ropes also propagate planetward and trigger upstream tail flapping, it may produce
observable consequences near Mars, potentially including oscillatory or sinuous auroral structures as those
recently reported in Martian auroral observations (Lillis et al., 2024). Addressing these questions will likely
require coordinated measurements spanning different regions of the Martian magnetotail, together with simul-
taneous auroral imaging, which is challenging to achieve.

5. Conclusions

In summary, based on the analysis of an example event and a statistical survey of MAVEN and TW-1 joint
observations, we find evidence for a statistically significant association between magnetic reconnection in the
upstream tail and CS flapping in the downstream Martian magnetotail. Building on insights from analogous
processes observed at Earth and observational evidence in our study, we proposed a potential mechanism that
reconnection-generated magnetic flux ropes may propagate tailward, altering the plasma environment and driving
plasma instabilities that give rise to flapping motions observed in the downstream magnetotail. However, it is
important to emphasize that even at Earth, despite the availability of high-resolution, multi-spacecraft missions
such as Cluster, THEMIS, and MMS, establishing a definitive causal relationship between reconnection and tail
flapping based solely on in situ observations remains challenging at this stage, interlinked dynamics between
reconnection and flapping continue to be an active topic of research (Hwang et al., 2026).

This study provides valuable insights into the statistical intercorrelation between reconnection and tail flapping at
Mars, and the potential triggering mechanism of the magnetotail CS flapping beyond the terrestrial magneto-
sphere for the first time. While these findings demonstrate that reconnection may play an important role in
triggering tail flapping, the absence of reconnection signatures in a fraction of our events indicates that other
mechanisms may also contribute (e.g., solar wind perturbations). Future multipoint observations and dedicated
kinetic simulations in the Martian magnetotail will therefore be essential to disentangle the relative roles of
reconnection and alternative drivers in controlling the dynamics of the Martian magnetotail. With the continued
operations of MAVEN and TW-1, together with the upcoming ESCAPADE (Lillis et al., 2022) and MMX
missions (Matsuoka et al., 2025), an abundance of joint observations will soon become available in the near
future, offering a unique opportunity to substantially advance our understanding of plasma dynamics in the
Martian magnetotail.
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