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Abstract We report in situ observation of magnetic reconnection between magnetic flux rope (MFR) and
magnetic hole (MH) in the magnetosheath by the Magnetospheric Multiscale mission. The MFR was rooted in
the magnetopause and could be generated by magnetopause reconnection therein. A thin current sheet was
generated due to the interaction between MFR and MH. The sub-Alfvénic ion bulk flow and the Hall field were
detected inside this thin current sheet, indicating an ongoing reconnection. An elongated electron diffusion
region characterized by non-frozen-in electrons, magnetic-to-particle energy conversion, and crescent-shaped
electron distribution was detected in the reconnection exhaust. The observation provides a mechanism for the
dissipation of MFRs and thus opens a new perspective on the evolution of MFRs at the magnetopause. Our work
also reveals one potential fate of the MHs in the magnetosheath which could reconnect with the MFRs and
further merge into the magnetopause.

Plain Language Summary Magnetic flux rope (MFR) is a kind of helical magnetic field structure
that is frequently observed in the Earth's magnetosphere. At the dayside magnetopause, MFRs are generally
generated by the reconnection of the Earth's intrinsic magnetic field and the interplanetary magnetic field,
especially when the interplanetary magnetic field points southward. These MFRs tend to grow larger after they
are expelled from the reconnection sites and then travel along the magnetopause, and ultimately disintegrate into
the cusp. In this study, we provide another potential fate of these magnetopause MFRs. They can interact with
the magnetosheath magnetic holes and dissipate through reconnection with multiple magnetic holes. Based on
the Magnetospheric Multiscale observation, we provide direct evidence of reconnection between the MFR and
the magnetic hole, which has a pivotal role in this scenario. Our results give new insights into the evolution of
MEFRs at the magnetopause and further the coupling between the solar wind and the Earth's magnetosphere.

1. Introduction

Magnetic flux ropes (MFRs) characterized by helical magnetic field lines are ubiquitous in space plasma envi-
ronments. These structures are widely considered to be generated by magnetic reconnection (Daughton
et al., 2011; Drake et al., 2006; S. Lu et al., 2019) and have been observed in reconnection outflow (S. Y. Huang
et al., 2019; QGieroset et al., 2016; Slavin et al., 2003; S. Wang et al., 2019) or diffusion region (Eastwood
et al., 2007; Fu et al., 2017; R. Wang et al., 2010, 2016; Zhong et al., 2018). At the magnetopause, MFR is
frequently termed flux transfer event (Russell & Elphic, 1978), and their structure, extension, and shape have been
extensively investigated based on in situ measurements (Fear et al., 2008; Hwang et al., 2016; Owen et al., 2001;
Puetal., 2013; Zhang et al., 2012). The typical observational signature of these MFRs is a bipolar variation in the
magnetic field component normal to the nominal magnetopause, usually accompanied by the enhancement of the
axial component. These MFRs have diameters ranging from the microscale (ion or electron inertial length) to the
macroscale (tens of Earth radii), corresponding to different generation mechanisms or temporal evolution
(Eastwood et al., 2016; Fear et al., 2012; H. Hasegawa et al., 2023). Of particular interest is their ultimate fate, as it
affects flux and energy transfer in the magnetosphere.
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It is generally believed that MFRs can be formed in a current sheet by multiple X-line reconnection (Lee &
Fu, 1985; Raeder, 2006). Previous spacecraft observations have found direct evidence of this model, that is,
convective plasma flows toward the center of MFR (H. Hasegawa et al., 2010; Hwang et al., 2018; @ieroset
et al., 2011). Recent observations have revealed the occurrences of ion-scale or electron-scale MFRs (Z. Chen
etal., 2021; Eastwood et al., 2016; H. Hasegawa et al., 2023; Teh et al., 2017; R. S. Wang et al., 2010), which are
interpreted as a result of secondary reconnection (Daughton et al., 2006; Drake et al., 2006; C. Huang et al., 2011).
These secondary MFRs tend to grow larger in size after they are expelled from the reconnection X-line and travel
in the exhaust region (Dong et al., 2017; H. Hasegawa et al., 2023; R. S. Wang et al., 2024). The statistical work
also supports that the average size of MFRs is smaller at the subsolar magnetopause and grows as they travel
toward flanks and high-latitude magnetopause (Akhavan-Tafti et al., 2018). The growth of MFR can be caused by
the coalescence of two neighboring MFRs (J. Guo et al., 2021; Omidi & Sibeck, 2007; R. S. Wang et al., 2017,
Zhou et al., 2017) or pressure imbalance between the MFR and surrounding magnetosheath (Akhavan-Tafti
et al., 2019). These growing MFRs finally achieve a quasi-equilibrium state and can be convected far downtail
(Eastwood et al., 2012) or disintegrate within or tailward of the cusp (Omidi & Sibeck, 2007). Another possible
fate of MFRs is decay and erosion (H. Hasegawa et al., 2016), however, the mechanism by which MFRs are
dissipated remains vague and lacks in situ evidence.

Mirror mode structures are often observed in the Earth's magnetosheath (Lucek et al., 2001; Tsurutani et al., 1982)
and are generated by the mirror instability associated with temperature anisotropy. They are typically observed as
trains of local magnetic field enhancements or depressions, accompanied by anticorrelated variation of plasma
density (Soucek et al., 2008; Yao et al., 2018). They are non-propagating structures in the plasma rest frame and
convected with the magnetosheath flow (Horbury et al., 2004). Laitinen et al. (2010) suggested that these
magnetosheath mirror mode structures can modulate the outflow velocity of magnetopause reconnection. Based
on global hybrid-Vlasov simulation, Hoilijoki et al. (2017) found that mirror mode structures can change the local
plasma parameters near the reconnection X-line and thus affect the reconnection rate. These studies imply that the
mirror mode structures also play a role in the dayside reconnection.

In this study, we present the first in situ observation of the interaction between MFR and magnetic hole (MH) in
the magnetosheath. Magnetic reconnection occurs between MFR and MH, which leads to the dissipation of the
MFR. We used the data from the Fluxgate Magnetometer (Russell et al., 2016), Electric Double Probes (Ergun
et al., 2016; Lindqvist et al., 2016), and Fast Plasma Investigation (Pollock et al., 2016) of the Magnetospheric
Multiscale (MMS) (Burch, Moore, et al., 2016) mission.

2. Event Overview

Figures 1a—1g show an overview of MMS1 observations from 02:50 to 03:30 UT on 15 November 2015, when the
spacecraft was located at approximately (10.2, —0.1, —0.5) R in the Geocentric Solar Ecliptic (GSE) coordinates.
The average separation of the four MMS spacecraft was ~19 km. The ion and electron energy spectra (Figures 1a
and 1b) were consistent with the features of magnetosheath plasma. During this interval, the magnetic field was
fluctuating and had a significant B, component (Figure 1c). In addition, MMS1 observed a large-scale rotation in
B_ from positive to negative to positive. The general profile of magnetic field variation in the magnetosheath was
almost identical to that observed in the solar wind (Figure 1h), with about 7 min delay relative to the OMNI
observations, which are solar wind conditions at the nose of the bow shock. This indicates that the large-scale
current sheets in the magnetosheath originated from the solar wind. The magnetic field was amplified by a
factor of about 10 after crossing the bow shock.

Examining magnetic field fluctuations in the magnetosheath, we found a series of small-scale MHs in the form of
dips in magnetic field strength. The B, component showed the most significant decrease. Assuming these MHs
were convected with the plasma flow, their size was approximately 400-1,800 km, ~10—43 ion inertial lengths d;
based on the magnetosheath density of ~29 cm™. Inside these MHs, plasma number density increased
(Figure 1d), exhibiting an anticorrelation with magnetic field strength. Figure 1f plots the total, magnetic,
electron, and ion pressures. The variation of plasma thermal pressure (sum of electron and ion pressures) was
anticorrelated with the magnetic pressure, and the increased thermal pressure was compensated by a drop in
magnetic pressure. Total pressure was almost constant across MHs, indicating that the structures were approx-

imately in pressure balance. Figure 1g plots the mirror instability parameter R=%—<l +ﬁ) (A.
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Figure 1. Overview of the event. (a)—(b) Ion and electron energy-time spectra, (c) magnetic field and its magnitude,
(d) electron number density, (e) ion bulk velocity, (f) total, magnetic, electron, and ion pressures, (g) mirror instability

parameter R = % - (1 + t), and (h) solar wind magnetic field. The data are displayed in Geocentric Solar Ecliptic (GSE)

coordinate system.

Hasegawa, 1969), with the criterion for instability development being R > 0. This condition was satisfied inside
all the MHs. These signatures imply that the observed MHs were mirror mode structures. The criteria for linear
polarization of mirror mode structures used by Soucek et al. (2008) were also checked. The analysis of eigenvalue
ratios from the minimum variance analysis (MVA) of the magnetic field (Sonnerup & Scheible, 1998) shows that
approximately 55% of MHs were linearly polarized and the others were elliptically polarized. The result that not
all the mirror modes were linearly polarized is consistent with previous studies (Génot et al., 2001). We also
examined the 3-s cadence Wind satellite data (Figure S1 in Supporting Information S1) and found these MHs
were not present upstream of the bow shock, which further suggests that they were generated locally in the
magnetosheath, not from the solar wind.

Except for the MHs, MMS|1 observed three MFRs with increased magnetic field strength, located at ~03:00:30,
~03:02:50, and ~03:25:00 UT respectively. Each of these MFRs is characterized by a bipolar B, signature from
negative to positive accompanied by a peak of B, around its center. Another typical feature of MFR is that the total
pressure peaked at the center of all three MFRs, generating a pressure force pointing radially outward from the
center. The mixture of high-energy plasma from the magnetosphere and low-energy plasma from the magne-
tosheath inside these MFRs indicates that they were generated by magnetopause reconnection. Especially, the
third MFR was probably generated when the magnetosheath B_ was southward between 03:15 and 03:21 UT. The
ion flows associated with these MFRs showed large changes in directions and magnitudes (Figure le). These
three MFRs were all surrounded by numerous MHs, and we will focus on the MFR at ~03:25:00 UT (purple
arrow in Figure 1c) in the following, which was observed to interact with the MH.

WANG ET AL.

30of 13

95U891 SUOLULIOD SAIIER.D 3|qedljdde au Aq peussnob a e sojoilie YO 8sn JO o[ 10j AJeiqiauljuO /8|1 UO (SUONIPUOI-pUE-SW.B)W0D A8 | IM A leIqjpul|uo//:Sdny) SUONIPUOD Pue SWS 1 8Y) 89S *[202/90/02] Uo AeidiTauluo A8 euIlDsUeIya0D Aq 896.0T TOEZ02/620T OT/10p/wod Ao AkeiqjpuljuosgndnBe//sdny wo.y pepeojumod ‘ZT ‘v20Z ‘L008vv6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL107968

(a)

B
(nT)

(b)

V.

(c)

I

(WA M=) (WA M%) (WA m?) (pkA m?) (kms7)

Jx

(d)

(e)

Jy

3
Jz

180 W AN
r“ 1

(9)

Angel
)
©
o

¥ 10®

108
107
108
10?
107
108
10°
10*

¥

i) A

(h)

Angel
)
©
o

keV/(cm? s sr keV)

0]
180T 7
(i)

Angel
)

90 i

Seconds
2015 Nov 15

Figure 2. Details of magnetic flux rope and magnetic holes around it. (a) Magnetic field and its magnitude, (b) ion bulk
velocity, (c) total and electron current density, (d)—(f) three components of current density, and (g)—(i) pitch angle
distributions of low-energy (10-200 eV), mid-energy (0.2-2 keV), and high-energy (2-30 keV) electrons.

3. Interaction Between MFR and MH

Figure 2 shows a zoomed-in view of MFR and MHs around it. The rotation of B, from negative to positive
corresponding to the MFR was evident (Figure 2a). The four-spacecraft timing method (Schwartz, 1998) is
performed to the B, reversal point, and the propagation speed is calculated to be 84.5 km/s along (0.33, 0.08,
—0.94)sg. Thus, the thickness of the MFR is estimated to be 3,380 km, ~80.5 d;. The MFR boundaries are
marked by vertical blue dashed lines based on the B, profile. A much smaller-scale bipolar B, variation from
positive to negative (black arrow in Figure 2a) was observed near the leading edge of the MFR. This signature was
observed by four spacecraft and may represent another small-scale MFR or the periphery of a MFR. The trailing
edge of the MFR was bounded by a MH, with the center indicated by a vertical gray dashed line. The leading part
of the MH was moving at 71.5 km/s along (—0.24, 0.35, —0.90)gsg according to the timing method and had a
width of 465 km, ~11.2 d,. The depth of this MH AB/B was ~0.3.

The interaction between MFR and MH can be seen from the sharp rotation of B, and B_ at ~03:25:15 UT, differing
from the gradual variation of B, at the leading edge at ~03:24:40 UT. A thin current sheet, corresponding to the
sharp change of magnetic field, is expected at the interface of MFR and MH. A sketch of the spacecraft trajectory
through MFR, MH, and the current sheet between them is shown in Figure 4a. We found that B, and B, increased
in magnitude on approach to the current sheet center from both sides. It could be caused by the magnetic field
pileup as a result of compression. The B, and IBI showed a significant drop just before the second vertical blue
dashed line inside this interface current sheet, suggesting magnetic energy dissipation therein.

Figure 2c plots the total and electron current density intensities. Here, the current density is calculated from J = N e
(V; — V) where N, is the electron number density (assuming a quasi-neutral proton plasma), e is the elementary
charge, and V; and V, are the ion and electron bulk velocities. The electron current density is calculated from
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J. = =N, eV,.. Many well-separated current spikes, that is, the filamentary currents (Eastwood et al., 2016; S. M.
Wang et al., 2020, 2023), were observed inside the MFR. The current density was strong, larger than 1 pA/m? in
some filamentary currents that were mainly supplied by the electron currents. Figures 2d—2f plot three components
of J, respectively. Inside the MFR, currents in all three directions showed isolated spikes. The J, component, which
was roughly along the MFR axis, was stronger than J, and J,. Especially, some negative J, spikes, for example, at
~03:24:45 and ~03:24:52 UT, and some positive J, spikes, for example, at ~03:24:57 and ~03:25:08 UT, cor-
responded to the visible small-scale fluctuations of the magnetic fields in Figure 2a, which may reveal localized
distortion or twist of magnetic field lines inside the MFR (C. Huang et al., 2017; Q. M. Lu et al., 2023).

The current density |J| inside the MH at ~03:25:20 UT was weak, but slightly larger than those inside other MHs,
for example, at ~03:24:00 (a complete crossing of this MH was not covered by burst-mode data) and ~03:25:27
UT. The increase of IJ| inside this MH was mainly due to the interaction between MFR and MH, since |JI was
more significant closer to the trailing edge of the MFR. At the interface current sheet between MFR and MH, a
large current spike up to 1.6 pA/m? (orange arrow in Figure 2¢) was detected. This current was dominated by =J,,
contrary to the primarily positive J, inside the MFR.

Figures 2g-2i present pitch angle distributions of low-energy (10-200 eV), mid-energy (0.2-2 keV), and high-
energy (2-30 keV) electrons. For the MFR, electron pitch angle distributions were energy-dependent. The
low-energy and mid-energy electrons were mostly counter-streaming, while the high-energy electrons were
concentrated in 0°-90° pitch angles, suggesting an open magnetic field topology connecting the southern
magnetosphere to the magnetosheath (Fear et al., 2007; Pu et al., 2013). This open field line geometry allows the
escape of magnetosphere energetic electrons into the magnetosheath. For the MH at ~03:25:20 UT, electron
fluxes peaked in the direction perpendicular to the magnetic field (Figures 2g and 2h). In contrast, pitch angle
spectra in the MH at ~03:25:27 UT showed the donut shape (J. H. Li et al., 2021; Yao et al., 2018). Note that there
were almost no high-energy electrons inside the MHs at ~03:24:00 UT and ~03:25:27 UT (Figure 2i), which
suggests that their field lines were not connected to the magnetosphere. For the MH at ~03:25:20 UT, however,
MMS observed visible enhancements of mid-energy and high-energy electron fluxes (purple arrows in Figures 2h
and 2i). These electrons were mainly along 0° pitch angle, indicating that the magnetic topology in the leading
part of the MH was changed from typical magnetosheath field lines (with neither end connected to the magne-
tosphere) to open field lines with one end connected to the southern magnetosphere. This is strong evidence that
MEFR and MH were interacting, causing magnetic reconnection at their interface.

4. Reconnection Signatures in the Current Sheet Formed Between MFR and MH

To identify signatures of magnetic reconnection in the current sheet, the data are transformed into a current sheet
boundary normal (LMN) coordinate system. Here N is determined by the maximum gradient direction of the
magnetic field using the minimum directional derivative (MDD) method (Shi et al., 2005, 2019); M = N x L/,
where L’ is the maximum variance direction from the MVA method, and L = M X N. The magnetic field data
during the interval 03:25:16.0-03:25:16.3 UT is used for MDD and MV A methods.

Figure 3 shows MMS4 observations of the current sheet between MFR and MH in the LMN coordinate system.
Here, L = (—0.815, —0.054, 0.576)gsg, M = (—0.124, —0.956, —0.266)gsg, and N = (0.565, —0.288, 0.773)gsE-
The magnetic field B; gradually reversed from about —40 nT (trailing part of the MFR) to about 15 nT (leading
part of the MH) in Figure 3a. The speed of this current sheet is estimated to be 102 km/s along the normal di-
rection, suggesting a width of about 214 km (between the first and third vertical dashed lines), ~4.2 d;. The guide
field B,, just outside the current sheet was about —35 nT, comparable to B;. The density ratio across the current
sheet was approximately 2.4 (10.7 cm™ on the low-density side whereas 26.2 cm™ on the high-density side). The
high asymmetries in the magnetic field and plasma between the two sides indicate an asymmetric current sheet. At
the leading edge of this current sheet, the ion flow V;; increased from an ambient value of —20 to about 80 km/s at
~03:25:14.5 UT (Figure 3c). This positive V;; enhancement was observed simultaneously with a negative B,
intensification. The anticorrelated variations in three components of the magnetic field and ion velocity (Figure
S2 in Supporting Information S1) suggest this V;; enhancement was consistent with the Alfvénic fluctuation
propagating parallel to the background magnetic field. Considering the whole current sheet between the first and
third vertical dashed lines, B; and V;; shows an anticorrelated change in B; < 0 side and correlated change in
B; > 0 side. Just at the B, reversal, MMS observed a shallow dip of V,;, with AV;; & —20 km/s, relative to a
background flow. The change in B; — V;; correlation and negative enhancement of V;, within the B; reversal
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Figure 3. MMS4 observation of the reconnecting current sheet in the LMN coordinate system. Here L = (—0.815, —0.054,
0.576)gsgs M = (—=0.124, —0.956, —0.266)ggg, and N = (0.565, —0.288, 0.773)5qg. (a) Magnetic field and its magnitude,
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velocity, electron and ion perpendicular velocities, (g) current density, (h) electric field in the frame of the current sheet,
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electron velocity distributions in the plane perpendicular to the magnetic field.
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region suggest MMS crossed the negative ion exhaust of the reconnecting current sheet, as shown in Figure 4b.
This negative outflow was about 0.2 V,,, where V,, = 114 km/s is the hybrid Alfvén speed derived in asymmetric
reconnection Vi = BB, (B + BLZ)/(,qulBLz + No/’zBLl) (Cassak & Shay, 2007), where subscripts 1 and 2
denote two sides of the current sheet.

During the crossing of this current sheet, B,, increased from about —35 nT to about —15 nT, and then decreased to
about —45 nT before finally returning to the background field of —35 nT. This B,, variation is consistent with the
asymmetric and bipolar Hall magnetic field on negative exhaust side of the reconnection with a high guide field
(Eastwood et al., 2010). The positive Hall magnetic field was restricted within the negative B; side and associated
with the reversal of electron flow V,; from positive to negative (Figure 3d). This positive V,; at the leading edge
of the positive Hall magnetic field region was up to 700 km/s (~6.1 V) and could be the electron inflow at the
separatrix region. In this inflow, the perpendicular electron velocity V, , in Figure 3e was almost equal to E X B
drift velocity (mainly from EyB,,), but its value (~150 km/s) was smaller than the total inflow velocity. Thus the
electron inflow was a combination of E X B drift velocity and field-aligned flow. Furthermore, the negative V,;
was measured at the trailing edge of the positive Hall magnetic field and corresponded to the outflowing electrons.
These positive and negative electron flows shown by red arrows in Figure 4b constitute the Hall electron current
system on the negative exhaust side. The change of J; in Figure 3g also supports this current system. Figure 3h
plots the electric field in the frame of the current sheet E = E,;,¢ + V¢ X B, where E;;,,¢ is the electric field
measured by MMS and V. is the velocity of the current sheet frame relative to the MMS. The normal electric
field E, was mainly positive (up to 30 mV/m), that is, pointing toward the center of the current sheet, and was
concentrated between 03:25:14.6 and 03:25:15.5 UT. This E,, was consistent with the unipolar Hall electric field
in asymmetric reconnection. Conspicuously, a large negative dip of E,, was observed just prior to the Hall electric
field. These magnetic and electric field observations provide evidence that MMS was crossing the ion diffusion
region. This is also confirmed by the deviation between ion velocity and E X B drift velocity (Figures 3e and 3f),
indicating that the ions were decoupled from the magnetic field.

Figure 3i shows the energy dissipation in the electron frame J - E' = J - (E + V, X B) (Zenitani et al., 2011). In the
region with strong E) (03:25:14.5-03:25:15.0 UT), J - E’ was large (Eriksson et al., 2016; Wilder et al., 2018) and
dominated by the perpendicular term, whereas around the midplane where B, = 0, J - E’ had comparable con-
tributions from the perpendicular and parallel terms. Note that an isolated J) ), peak was observed inside an
electron current layer (shaded region) at ~03:25:15.3 UT. Positive J - E’ indicates that the magnetic energy was
dissipated and converted into plasma energy. The ion and electron temperatures were both increased inside this
current sheet (Figure 3j), where ions were mainly heated in the perpendicular direction whereas electrons were
heated in the parallel direction.

Figures 3k—3m present 2-D cuts of electron velocity distributions in the plane perpendicular to the magnetic field.
The crescent-shaped electron distribution was distinct (Figure 3k) in the large E, region which should be close to
the separatrix. This crescent persisted into the exhaust region (Figure 31) but was not visible after about 03:25:15.5
UT. This variation of the velocity distribution along the spacecraft trajectory (mainly in the N direction) reveals
the association between the crescent-shaped distribution and E,, (Bessho et al., 2016; Burch, Torbert, et al., 2016;
X. M. Li et al., 2019). Near the midplane where E,, was small, the electron distribution became gyrotropic
(Figure 3m).

As mentioned above, an unusual electron current layer (shaded region) with positive J; £} peak was detected near
the reversal point of bipolar V,, at ~03:25:15.3 UT. The presence of E} (not shown) implies that the electron
frozen-in condition E 4+ V, X B = 0 was violated therein. The width of this current layer was about 15.3 km, ~0.3
d;, much narrower than the exhaust region. The J,, within this current layer was negative, opposite to regular J,,,
for example, around the midplane where positive J,, was up to 1.2 pA/m> which supports the reversal of
reconnecting magnetic fields. The negative J,, was caused by the localized decrease of V,,, strength. Here V,;,
was almost equal to E X B drift velocity (V,,, & EyB;) in Figure 3f, and thus a local dip of Ey to ~1.3 mV/m
observed at ~03:25:15.30 UT caused the reduced strength of V,;,. Furthermore, high-speed electron flow V,; was
detected within this current layer. Its speed was as large as ~350 km/s, ~3.1 V,. Since E,, was about 5 mV/m at
~03:25:15.27 UT where the largest V,, was observed, the L component of E X B drift velocity contributed only
approximately 20% to V,;. Therefore, this positive V,; was mainly field-aligned. The electric fields E; and E,,
also showed localized variations in this current layer. The E,, (E;) had a negative dip (positive peak) bounded by a
positive peak (negative dip) within the shaded region. The positive J - E’ inside this current layer was mainly
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caused by the high-speed electron jet (J,) and parallel electric field in the L direction (E}). In contrast, Jy,E), was
negative inside this current layer. Combining these observations, this J,, < 0 current layer embedded in the large-
scale current sheet involves a few typical properties of the electron diffusion region (EDR) such as non-frozen-in
electrons, positive J - E’, and crescent-shaped electron distribution. However, the opposite out-of-plane current
implies that the current layer was not the inner region of the EDR. Considering that this current layer was detected
inside a much broader reconnection exhaust, this electron dissipation channel likely extends to the X-line, similar
to an elongated EDR extending into the exhaust region (Le et al., 2013; Shay et al., 2007), as shown by the purple
bar in Figure 4b.

5. Discussion and Conclusions

In this study, we report simultaneous MMS observations of MFR and MHs in the magnetosheath. The observed
MFR could be generated by magnetopause reconnection since its magnetic field lines were connected to the
magnetosphere. Previous studies have shown that the occurrence of MFRs at dayside magnetopause mainly
corresponds to southward interplanetary magnetic field (Berchem & Russell, 1984; Kuo et al., 1995). In our
event, the MFR existed in primarily northward magnetosheath magnetic field. However, a brief southward B, in
the magnetosheath was observed prior to the MFR. This southward B, may cause the formation of the MFR.
Previous statistical studies revealed that magnetosheath MFRs and magnetospheric MFRs can be the same
physical phenomenon at the dayside magnetopause, with magnetosheath MFRs having more occurrence fre-
quency (Kuo et al., 1995). This was possibly caused by the motion of MFRs sunward into the magnetosheath due
to stronger curvature forces in the magnetosphere than in the magnetosheath. An intriguing question is whether
these MFRs will dissipate in the turbulent magnetosheath environment. If this is the case, such dissipation could
affect the transfer of mass, momentum, and energy from the solar wind into the magnetosphere.

A typical example of the dissipation of MFR occurs in the magnetotail. Slavin et al. (2003) first proposed that
earthward-moving MFRs in the plasma sheet could dissipate quickly due to the reconnection with the northward
geomagnetic field. This reconnection causes the southward B in the leading edge of MFR to dissipate and may
explain some signatures of dipolarization fronts (Fu et al., 2012; Runov et al., 2011). This process has been
studied by global hybrid simulations (S. Lu et al., 2015) and demonstrated by spacecraft observations (Man
etal., 2018; Poh et al., 2019). However, the dissipation of MFRs at the dayside magnetopause is rarely observed.

In this paper, we provide a new scenario for the evolution of MFRs generated near the subsolar magnetopause.
Based on the statistical study by Y. L. Wang et al. (2005), these MFRs could have a motion from inside the
magnetopause toward the magnetosheath when propagating to the high-latitude magnetopause. The magneto-
sheath part of the MFRs can interact with the surrounding MHs through reconnection, which causes the magnetic
fields of the MFRs to dissipate or erode. Given that the magnetosheath is permeated with large numbers of MHs
(Balikhin et al., 2009; S. Y. Huang et al., 2017; Liu et al., 2019; Yao et al., 2017) where the plasma properties are in
general favorable for excitation of mirror instability, MFRs can dissipate through reconnection with multiple MHs.
On the other hand, the MHs that were abundant in the magnetosheath can merge into the magnetopause through this
reconnection. Based on MMS observations, we provide direct evidence of reconnection between MFR and MH,
which has a pivotal role in this scenario. Recent numerical studies have found the coexistence of MFRs at the
magnetopause and mirror mode MHs in the magnetosheath (Z. F. Guo et al., 2020; Hoilijoki et al., 2017), which
supports this scenario. In these simulations, however, the interaction between MFRs and MHs is not found. The
ultimate fate of these MFRs is to disintegrate in the cusp (Omidi & Sibeck, 2007). Our results provide another fate in
which MFRs can dissipate in the magnetosheath through reconnection with MHs. This process is somewhat similar
to the magnetic cloud erosion by reconnection with the ambient interplanetary magnetic field (Dasso et al., 2006;
Ruffenach et al., 2012; R. S. Wang et al., 2023).

It should be noted that the southward B, of the MFR would have antiparallel magnetic fields with magnetosheath
northward B regardless of the presence of MHs. Therefore, the reconnection between MFR and magnetosheath
magnetic field is expected and could also dissipate the MFR. The necessary condition for this reconnection
triggering is the compression to form a thin current sheet (Phan, Paschmann, et al., 2007). In our event, the MFR
mainly moves along the —Z;; direction, therefore the convective compression due to the flows in the mag-
netosheath (Z. Guo et al., 2021; Pang et al., 2010) could be weak, which may restrict the thinning of the current
sheet to trigger reconnection if only magnetosheath magnetic field is considered. For the current sheet between
MEFR and MH in our event, the local magnetic field enhancement was observed on both sides of the current sheet,
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Figure 4. 2-D sketches summarizing the main structures and processes observed by the MMS. (a) A sketch of the spacecraft
trajectory through magnetic flux rope, magnetic hole, and the current sheet between them, and (b) a sketch of the spacecraft
trajectory through the reconnecting current sheet.

which is favorable for the formation of a thin current sheet. Therefore the MH may be important in triggering the
reconnection at the boundary of the MFR. One potential reason is the magnetic field configuration of the MH as
shown in Figure 4a. The evidence that supports this conjecture is the reconnecting magnetic field B; in our event
is along the (—0.815, —0.054, 0.576)5sg direction, dominated by the Xz direction, not the Z g direction.
Another possible reason is the propagating property of the MH (Yao et al., 2020). The MH in our event was 1-D,
with leading part moving earthward and trailing part moving sunward (Figure S3 in Supporting Information S1),
implying an expanding nature, which is favorable for the compression of the current sheet between MH and MFR.

At the interface of MFR and MH, MMS crossed a current sheet in which typical reconnection signatures were
observed. This reconnection event is a typical asymmetric reconnection with a high guide field (Eriksson
et al., 2016; Wilder et al., 2018). A noteworthy point is that an elongated EDR embedded in the reconnection
exhaust was detected. This elongated EDR has some different features from previous studies (Hwang et al., 2017,
Phan, Drake, et al., 2007; S. M. Wang et al., 2021; Zhong et al., 2020), for example, positive J - E’ (a combination
of positive J; E; and negative Jj,E),) and anomalous out-of-plane current. These results are important comple-
ments to the reconnection study in different regimes.

WANG ET AL.

9of 13

5UO1T SUOWILIOD) BAIRER.D 3|ged|dde ay) Aq pausenob afe sajonte YO ‘3N JO S3|NJ J0j AreiqiauluQ A8|IAA UO (SUORIPUOD-PUR-SWIBYWO0D A3 | 1M Afeiq 1 BUUO//SANY) SUOIIPUOD pUe WS | 8Y} 89S [7202/90/02] Uo AriqiTauluQ A1 euiyDaueIyooD Aq 896/0T 19€202/620T 0T/I0p/Wod A |im Areiqiputjuo'sgndnBe;/sdny wouy pepeojumoq ‘2T ‘v202 ‘Z008v76T



ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL107968

Acknowledgments

We thank the entire MMS team for
providing such excellent and well
calibrated data that permits this study. This
work is supported by the National Science
Foundation of China (NSFC) Grants
(41922030, 42174181, and 42174187), the
Project funded by China Postdoctoral
Science Foundation (2023M743356), the
Postdoctoral Fellowship Program of CPSF,
the Fundamental Research Funds for the
Central Universities, and the Xiaomi
Young Talents Program.

In conclusion, the paper presents an in situ observation of reconnection between MFR and MH in the magne-
tosheath. This reconnection can cause the MFR to dissipate, and also the MH to merge into the magnetopause.
Such a process may not be rare since they are both common structures in the magnetosheath. Future studies,
especially numerical simulations, are needed to reveal their roles in the coupling between the solar wind and the
magnetosphere.
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