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Abstract Flux Transfer Events (FTEs) are transient magnetic flux ropes typically found at the Earth's
magnetopause on the dayside. While it is known that FTEs are generated by magnetic reconnection, it remains
unclear how the details of magnetic reconnection controls their properties. A recent study showed that the
helicity sign of FTEs positively correlates with the east-west (B,) component of the Interplanetary Magnetic
Field (IMF). With data from the Cluster and Magnetospheric Multiscale missions, we performed a statistical
study of 166 quasi force-free FTEs. We focus on their helicity sign and possible association with upstream
solar wind conditions and local magnetic reconnection properties. Using both in situ data and magnetic shear
modeling, we find that FTEs whose helicity sign corresponds to the IMF B are associated with moderate
magnetic shears while those that do not correspond to the IMF B, are associated with higher magnetic shears.
While uncertainty in IMF propagation to the magnetopause may lead to randomness in the determination of the
flux rope core field and helicity, we rather propose that for small IMF B, which corresponds to high shear and
low guide field, the Hall pattern of magnetic reconnection determines the FTE core field and helicity sign. In
that context we explain how the temporal sequence of multiple X-line formation and the reconnection rate are
important in determining the flux rope helicity sign. This work highlights a fundamental connection between
kinetic processes at work in magnetic reconnection and the macroscale structure of FTEs.

Plain Language Summary In the vicinity of the Earth's magnetosphere outer boundary, the
magnetopause, twisted magnetic field structures known as “Flux Transfer Events” (FTEs) are often detected

by spacecraft in-situ. They temporarily connect the solar wind to the Earth's ionosphere, allowing the transfer
of solar wind flux into the magnetosphere. It is known that FTEs are produced as a consequence of magnetic
reconnection, a process that rearranges the topology of sheared magnetic fields, between the shocked solar wind
and the geomagnetic field. However, our understanding of how the microphysics of magnetic reconnection can
lead to the macroscopic structures of FTEs is still limited. We revisit the in-situ observations of FTEs made by
the Cluster and Magnetospheric Multiscale missions. We focus on the twist feature of FTEs as characterized by
their helicity and investigate its relationship to solar wind conditions and possible link to magnetic reconnection
properties. By investigating local magnetic shear conditions around FTE locations, we found that the FTE
helicity is determined by a kinetic feature of magnetic reconnection known as the ‘“Hall magnetic field”. Our
study highlights a close connection between a kinetic process of magnetic reconnection and the global structure
of FTEs, constituting a cross-scale coupling effect in solar-terrestrial interaction.

1. Introduction

Flux Transfer Events (FTEs) are magnetic flux ropes produced at the dayside magnetopause as a consequence
of magnetic reconnection. They were first observed by Russell and Elphic (1978) using magnetic field measure-
ment from ISEE 1 and 2. An FTE is recognised in in-situ spacecraft time-series data as a bipolar variation in the
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magnetic field component normal to the magnetopause (i.e., magnetic field B,). The bipolar signature consists
of a variation of the magnetic field from positive to negative or negative to positive as reported by Russell and
Elphic (1979) and Rijnbeek et al. (1982). For typical FTEs, the bipolar signature is co-located with an enhance-
ment in the magnetic field strength compared to the ambient field (e.g., Paschmann et al., 1982), although this
enhancement may depend on the spacecraft trajectory (e.g., H. Zhang et al., 2010). A less-common type of FTEs,
called crater FTEs (e.g., Farrugia et al., 1988; 2011; LaBelle et al., 1987; Sibeck et al., 2008; Trenchi et al., 2019;
H. Zhang et al., 2010), has dips at the center of the enhanced magnetic field strength; it was suggested to be a
signature of early-stage FTEs (H. Zhang et al., 2010; 2012).

Various mechanisms were suggested to explain the formation of FTEs. Lee and Fu (1985) proposed that an FTE
is created between two reconnection X-lines formed simultaneously on the dayside magnetopause. Using global
magnetohydrodynamics (MHD) simulations, Raeder (2006) showed that FTEs can be generated by sequential,
magnetic reconnection where reconnection X-lines are formed one after the other under a large dipole tilt condition
(e.g., during the winter/summer season on the Northern/Southern hemisphere); Dorelli and Bhattacharjee (2009)
later showed that the dipole tilt is not required to produce FTEs. Other formation mechanisms were also proposed
based on single X-line reconnection due to the nature of unsteady or transient reconnection (e.g., Southwood
et al., 1988; Scholer, 1988). More recently, there are increasing evidence supporting FTE generation due to
multiple X-line reconnection (e.g., Hasegawa et al., 2010; Kieokaew et al., 2021; @ieroset et al., 2011; Trenchi
et al., 2011). After their initial formation, FTEs undergo dynamical evolution due to continuous reconnection
while propagating poleward (e.g., Akhavan-Tafti et al., 2019; Hoilijoki et al., 2019; Hwang et al., 2020; Guo
et al., 2021). Using a 2-D hybrid-Vlasov simulation, Akhavan-Tafti et al. (2020) demonstrated that magnetic
islands (magnetic flux ropes in 3-D) can coalesce, erode, or divide due to reconnection at their periphery during
the evolution. Such dynamical processes were believed to lead to FTE growth after their generation. In this
study, we mainly focus on the FTE generation by the classical scenarios which involve single and multiple X-line
reconnection.

An FTE flux rope has a helical, twisted interior (e.g., Cowley, 1982; Russell & Elphic, 1979; Saunders et al., 1984).
Magnetic helicity is an ideal MHD invariant defined as H = IV A - BdV, where A is the magnetic vector poten-
tial, B is the magnetic field, and V is the integration volume. Magnetic helicity is a useful quantity for character-
izing topology of magnetic structures (e.g., Berger & Field, 1984; Berger, 1999; Song & Lysak, 1989; Wright &
Berger, 1990). In particular, the sign of magnetic helicity, namely “handedness”, or “chirality”, has been used to
characterize the sense of the twist in the flux rope interior into right-handed (H = +1) and left-handed (H = —1)
(e.g., Bothmer & Schwenn, 1998; Burlaga, 1988; Lepping et al., 1990). Studies of the helicity sign of magnetic
flux ropes in various environments such as in interplanetary space (e.g., Bothmer & Schwenn, 1998; Dasso
et al., 2003; Leamon et al., 2004; Pal, 2022), planetary magnetospheres (e.g., Martin et al., 2020; Russell, 1990;
Wei et al., 2010), and Earth's magnetosphere (e.g., Eastwood et al., 2012; Kieokaew et al., 2021; H. Zhang
et al., 2010) have led to a better understanding of their origins. The total magnetic helicity, defined in a volume
bounded by perfectly conducting walls, is generally conserved. During magnetic reconnection, the total magnetic
helicity remains conserved as well (e.g., Berger, 1982; Berger, 1984), on time scales shorter than the global diffu-
sion time scale. In this study, we do not calculate the full helicity but merely focus on the sign of magnetic helicity
as obtained from fitting magnetic field data to a constant-alpha force-free flux rope model (e.g., Burlaga, 1988;
Lepping et al., 1990).

Recently, Kieokaew et al. (2021) studied the helicity sign of FTEs and its relationship with the Interplanetary
Magnetic Field (IMF). They found that the helicity sign of most FTEs correlates to the IMF B, polarity, further
revealing a close relationship between solar wind conditions and the formation of FTEs. Based on geometrical
considerations of FTE formation under southward IMF conditions, they hypothesised that the flux rope twist
direction should correspond to the IMF B, orientation. This hypothesis arose from the configuration of magnetic
reconnection in which the IMF B comporient would give a guide field to the reconnecting magnetic field between
the draped, southward IMF and the northward geomagnetic field (Lee & Fu, 1985). In the context of FTE genera-
tion by multiple X-line reconnection, this guide field (IMF B,) orientation would directly determine the core field
and the helicity sign of the flux rope formed between the two X-lines. Under southward IMF, an FTE formed in
between multiple X-line reconnection would have a positive helicity sign if it is formed under IMF B, > 0 (i.e.,
duskward), while it would have a negative helicity sign if it is formed under IMF B < 0 (i.e., dawnward). Using
data from the Magnetospheric MultiScale (MMS) mission, they performed a statistical study of the helicity sign
of FTE flux ropes. They found that the majority of events are consistent with this hypothesis. However, there
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Figure 1. Schematic illustration of FTE formation by multiple X-line reconnection under a significant guide field. This
illustration shows a dawnward and southward IMF leading to a dawnward core field and left-handed flux rope. Panel (a)
shows a view from the dusk side and panel (b) shows a view from the Sun. The FTE flux rope is represented in purple with
arrows indicating the magnetic field direction. Solid blue and red lines represent magnetospheric and magnetosheath field
lines, respectively. Adapted from Kieokaew et al. (2021).

were a significant number of events (14 out of 84) that were not consistent with this hypothesis; they called them
the outliers, and we will keep this definition in the present work. In other words, in some events, a duskward IMF
B, imposed both a duskward core field and a positive helicity, and in others, a dawnward IMF B, imposed both a
dawnward core field and a negative helicity. Figure 1, adapted from Kieokaew et al. (2021), shows a schematic
illustration of a dawnward and southward IMF leading to a dawnkward core field and left-handed flux rope. A
duskward and southward IMF would have led to a duskward core field and a right-handed flux rope, highlight-
ing the one-to-one relationship between the core field orientation and the helicity sign that results from guide
field reconnection in a scenario where the flux rope is formed by multiple X-lines. In another study, Karimabadi
et al. (1999) discussed, based on 2-D and 3-D hybrid simulations, how the core field of flux ropes on the dayside
magnetopause and the magnetotail are controlled by the guide field. Teh, Abdullah, and Hasbi (2014) studied the
core field of two flux ropes observed at the magnetopause under high magnetic shear. They found that the polarity
of the core field of one of the flux ropes is opposite to the guide field produced by reconnection as observed near
the flux ropes. In this work, we expand the statistics of Kieokaew et al. (2021) by including FTE observations
from the Cluster mission. We investigate in particular the FTE population whose helicity sign is inconsistent with
the IMF B, orientation to understand their formation mechanism.

Here, we investigate the structures of FTEs using the sign of magnetic helicity as a tool to better understand their
formation and connection to magnetic reconnection. The outline of this paper is as follows. Section 2 presents
data from the Cluster and MMS missions and the methodology for event selection and flux rope fitting. Section 3
presents an example event from MMS and the statistical analyses of all events. Section 4 discusses our findings.
Finally, Section 5 presents the conclusions and summary.

2. Data and Methodology
2.1. Data Overview

We utilize data from the Cluster (Escoubet et al., 2001) and MMS (Burch et al., 2016) missions. Cluster made
observations at high latitudes (IZ;| > 5 R;), while MMS made observations at low latitudes (=5 R, < Z;¢, < 5
R;). We take data from Cluster 1 and Cluster 3. For MMS, we take data only from MMS 1 since all the MMS
spacecraft observe identical features across FTE scale size.
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For Cluster, we use the FTE list from Fear et al. (2012). The observations were made between November 2002
and June 2003 during the Cluster dayside season. We performed a visual inspection to determine the FTE time
interval for each event. The criteria for selection are: (a) clear symmetric and bipolar variation of B, (the magnetic
field component perpendicular to the unperturbed magnetopause), and (b) a clear enhancement in the magnetic
field strength. For events observed using MMS, we obtained the list of quasi force-free FTEs from Kieokaew
et al. (2021). This list is a subset of the FTE observations using MMS in 2015-2017 (Phases A and B) compiled
by Fargette et al. (2020).

We use magnetic field measurements from the Flux Gate Magnetometer (FGM; Balogh et al., 2001) instrument
on-board Cluster at 0.2 s resolution in the Geocentric Solar Ecliptic (GSE) coordinate system. Similarly for
MMS, we use magnetic field measurements from the FGM instrument on-board MMS (Russell et al., 2016)
in both burst and survey modes with resolutions of 0.01 s and 0.06 s, respectively. We use plasma moments
consisting of ion bulk flow velocity, ion temperature, and ion number density from the Cluster Ion Spectrometry
Hot Ion Analyser (CIS-HIA; Réme et al., 1997) instrument at about 4s resolution on-board Cluster, and the Fast
Plasma Investigation (FPI; Pollock et al., 2016) measurements in both burst and survey modes with resolutions
of 0.03 s/0.15 s (electrons/ions) and 4.5 s, respectively. Finally, we use solar wind data from the OMNI database
(King & Papitashvili, 2005), where the measurements were taken by the Advanced Composition Explorer (ACE)
and Wind spacecraft and time-shifted to the bow-shock nose, at 5-min resolution.

2.2. FTE Observation

FTEs in spacecraft time-series data often exhibit clear signatures in the boundary normal coordinate system
(LMN) (e.g., Russell & Elphic, 1979). In the LMN system, N is normal to the magnetopause and point-
ing outward from the Earth, M the cross product of N and the north geomagnetic dipole Z,, direction
(M =N X Zgsu), L completes the right-handed orthonormal system. We adopt the magnetopause model
from Shue et al. (1998) for locating the normal direction of the unperturbed magnetopause boundary. The
Shue model describes the shape, size and location of the magnetopause boundary based on the function

XM P
r= ro( 1+C2M> , where r, is the stand-off distance of the magnetopause from the Earth, a,,, is the level of

tail flaring, 6 is the angle between the r,, and r directions. r, and a,,, are empirical functions of the IMF B_ and
), given as ro = [10.22 + 1.29 X tanh (0.184 X (B. + 8.14))] x P, /% and

the solar wind dynamic pressure (P, o

ayp = (0.58 — 0.007 x B) X (1 +0.024 X In(P,,,)).

2.3. Flux Rope Fitting

To obtain the helicity sign of FTE flux ropes, we fit the data to a force-free model derived by Burlaga (1988),
which was originally introduced to describe the magnetic field structure of magnetic clouds in the solar wind. The
model is a solution of the cylindrically symmetric force-free configuration satisfying the equation V X B = aB,
where B is the magnetic field and «a is a constant, found by Lundquist (1950). The solution is found to be:
B, = ByJ(aR) for the axial component, B, = B H/J,(aR) for the tangential component and B, = 0 for the radial
component, where H = +1 is the helicity sign, R is the radial distance from the axis, J;, and J, are the zeroth and
first order Bessel functions of first kind, respectively, and B, is the maximum magnetic field strength inside the
flux rope.

As introduced in Burlaga (1988), the model fitting is done in a local flux rope frame (x,, y , z,) (see Figure S1
of Kieokaew et al. (2021), adapted from Figure 2 of Burlaga (1988)). We use a more adapted frame similar to
that used in Lepping et al. (1990). We take x, to be along the direction opposite to the flux rope motion such
thatx = —V_/IV_|, where V  is the average flow velocity across the flux rope. We define z, = n, where n is the
normal to the model magnetopause and y, completes the right-handed orthonormal system, i.e., y, =z, X x,. The
five parameters describing the flux rope configuration in a local flux rope frame (x,,y , z,) are: (a) 6, € [ — 90°,
90°] the angle between the flux rope axis and the ecliptic plane, (b) ¢, € [0°, 180°] the angle between the axial
direction of the flux rope projected on the ecliptic plane and x,, (c) b, the distance between the spacecraft and the
flux rope motion plane, (d) ¢, the time that corresponds to the closest approach of the flux rope to the spacecraft
and (e) « is a constant. The helicity sign H is determined from magnetic field data. Nevertheless, we confirm
the helicity sign based on the quality of the resulting fit. As not all flux ropes can be assumed force-free, the
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quality of the fit is not always good. Here we select only flux ropes that can be fitted well to the model (i.e., quasi
force-free), and for which there is no ambiguity on the helicity sign. We select 82 events from Cluster and 84 from
MMS. Table S1 of the Supporting Information for this work lists the 82 events from Cluster with their respective
start and end times, their locations in the GSE system and their helicity signs. The MMS events may be found in
Table S1 of Kieokaew et al. (2021).

3. Event Illustration and Statistical Analyses
3.1. Event Overview

Figure 2 shows an example of an FTE, detected by MMS1 on November 5%, 2015, between 14:07:07 and
14:07:44 UT. It shows a 10-min interval (top) and a zoom-in (1-min interval; bottom). Panels (a) and (a’) present
the magnetic field in the GSE coordinate system and its magnitude |BI. Panel (b’) presents the components of the
magnetic field in the (x,, y,, z,) frame. Panel (b) shows the components of the ion velocity in the GSE coordinate
system. Panel (c) displays the ion number density. Panel (d) shows the ion temperature in the direction parallel
and perpendicular to the magnetic field. Panel (e) presents the ion energy spectrogram. The bipolar signature of
the flux rope is visible in panels (a) as shaded in gray, but it is most clearly seen in panel (b’) where the B, compo-
nent rotates from negative to positive. We also observe an enhancement in the magnetic field strength in panel (a)
and (a’) during this bipolar variation. In addition, we also observe a slight increase in the temperature in panel (d)
during the flux rope interval. The dashed lines in panel (b’) represent the flux rope model fit during the flux rope
time interval. In this case, the better fit was found for H = —1. Therefore, this flux rope twist is categorized as
left-handed (LH). To understand the local conditions surrounding this flux rope, we also characterize the adjacent
magnetospheric and magnetosheath regions as follows. The region highlighted in red in panels (a) to (e) shows
the magnetosphere region adjacent to the flux rope, which is marked between 14:13:45 and 14:14:00 UT. This
region is identified by an almost instantaneous drop in the ion number density seen in panel (c) co-located with
a dropout in the fluxes of low energy (<1 keV) ions, and with intense fluxes of higher energy ions (>1 keV) that
is distinct from the surrounding regions. The region highlighted in green shows the magnetosheath region most
adjacent to the flux rope, between 14:06:40 and 14:06:55 UT. This region is identified with the larger density
and lower temperature.

3.2. Spatial Distribution

Figure 3 shows the spatial distribution of all the events in the GSE coordinate system. Crosses represent RH
(H = +1) flux ropes and triangles represents LH (H = —1) flux ropes. Panel (a) shows a projection in the
Yor — Zggr Plane as viewed from the Sun (positive X;,,), and panel (b) is a projection in the X, — Y, plane
as viewed from the north (positive Z,), with the approximate magnetopause boundary using the average IMF
B, and Pd)'n from the Shue model. The MMS events are located in the low latitude region, while Cluster events
are located at higher latitudes and further from the nose. There are more events on the dusk side (positive Yg;)
than on the dawn side. From our investigation, these events are often found downstream of quasi-perpendicular
shocks, where the magnetosheath data are often more laminar (which lead to an easier identification of FTEs).
Nevertheless, there is no spatial preferences for the RH and LH flux ropes as they appear to be distributed almost
uniformly across the planes.

3.3. Solar Wind Conditions

To revisit the correlation between the IMF B, and the FTE helcity sign, we analyse the IMF conditions preceding
the detection of the FTEs, which would affect the local conditions in which magnetic reconnection takes place
on the dayside magnetopause. As OMNI data provide solar wind conditions at the nose of the bowshock, we
estimate the propagation time of the solar wind flow to be approximately 15 min to cross the magnetosheath and
reach the magnetopause. The results are not sensitive with intervals between 15 and 30 min.

Figure 4 shows the distribution of the 15-min averaged IMF clock angles (6., = arctan(B /B,)) preceding the
events in polar histograms. Panel (a) shows the distribution for RH events and panel (b) shows the distribution
for LH events. Positive IMF clock angles (0° < 6, < 180°) correspond to duskward IMF B, while the negative
IMF clock angles (—180° < 6, < 0°) correspond to dawnward IMF B,. Figure 4 shows that the majority of RH
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Figure 2. MMS observations of an FTE shown for a 10-min interval (top; panels (a) to (¢)) and a 1-min interval (bottom;
panels (a’) and (b’)). The FTE is highlighted in gray in the top panels. Panels (a) show the magnetic field in the GSE
coordinate system. Panels (b), (c), (d) show the ion bulk velocity in the GSE coordinate system, the ion number density, and
the ion temperature, respectively. Panel (e) shows the ion energy spectogram. The green and red shaded regions mark the
adjacent magnetosheath and magnetospheric regions to the FTE, respectively. Panels (a’) and (b’) show the zoom-in of the
panels (a) in GSE and (x,, y,, z,) coordinates system, respectively.

events are preceded by positive IMF clock angles (IMF B > 0) as seen in panel (a), while the majority of the
LH events are preceded by negative IMF clock angles (IMF B, < 0) as seen in panel (b). This group where the
FTE helicity sign corresponds to the IMF B, is referred as the regular group. This group is consistent with a flux

rope generation by the multiple X-line reconnection scenario as explained in Kieokaew et al. (2021). However, in

Figure 4, there are some events where the helicity sign does not correspond to the IMF B, for both RH events and

LH events. This group, in which we call the “outliers”, constitutes 21% of all events. We distinguish the spatial

distribution of the outlier group with the red color in Figure 3, while the regular group is presented in blue.
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Figure 3. Spatial distribution of the FTEs in the GSE coordinate system in the (a) Y-Z and (b) X-Y planes. The RH (H = +1)
events are denoted by crosses and the LH (H = —1) events are denoted by triangles. We distinguish the outlier events (in red)
and regulars (in blue). The solid black line in panel (b) represents the magnetopause boundary from the Shue model with
7o=9.8 Ryand a,, = 5.6.

To investigate the solar wind conditions that might control the regular and outlier events, we also investigate other
parameters such as the ion bulk velocity, ion number density, Mach number, and ion temperature. We do not find
a correlation between those upstream parameters and the flux rope helicity sign. To investigate local effects,
we investigate the conditions at the magnetopause where the FTEs may be generated. In particular, we focus on
the local magnetic shear properties between the magnetosheath and the magnetospheric magnetic fields in the
vicinity of the FTEs.

3.4. Local Magnetic Shear Properties

As there is no clear correlation between the upstream solar wind parameters and the helicity sign of the outlier
group, we now shift our focus to investigate local magnetopause properties. We employ two approaches to deter-
mine the local magnetic shear. First, we explore the model proposed by Trattner et al. (2007) that estimates the
local shear angle across the magnetopause surface by assuming a draping of the IMF and the local flow (Cooling
et al., 2001). For a given averaged IMF clock angle for each FTE, we obtain a spatial distribution of the magnetic
shear on the magnetopause surface. Figure 5 shows the local, 2-D magnetic shear angle map for a given IMF
clock angle at 225.5° (IMF cone angle at 99° and dipole tilt angle at — 8°) on the magnetopause in the (¥,

(a) Right-handed FR (b) Left-handed FR
0° 0°

-90°

+180° +180°

Figure 4. Distribution of the averaged IMF clock angle for (a) RH events, (b) LH events.
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Figure 5. The magnetic shear angle map at the magnetopause surface projected onto the Y-Z plane of the GSM coordinate
system. The map is obtained for the event in Figure 2 on November 5%, 2015 at 14:07:07 UT produced using the averaged
IMF clock angle (at 225.5°) preceding the event. The color scale represents the local magnetic shear angle from 0° (dark
purple; no shear) to 180° (red; highest shear). The black cross marks the FTE location. The black circle denotes the

terminator (X, = 0).

Z ) Plane on November 5, 2015, at 14:07:07 UT; the black cross (at Y = 5.5 R, Z = —3.4 RE) locates the posi-
tion of the FTE. This approach allows us to model local magnetic shear at the FTE location, which may indicate
the local condition in which the FTE is formed, e.g., by magnetic reconnection near the location of the FTE.
Figure 6 shows a histogram of the distribution of the magnetic shear angle modeled at the FTE location for all
166 events. We categorize the data into the regular and outlier groups, represented by solid black and dashed red
lines, respectively. We find that the majority of the outlier group has large magnetic shears with the events being
mainly around 150°. In contrast, we find that the regular flux ropes have a broader distribution centered around

moderate magnetic shear angles.

T T T T T T T T
f7! Local shear angle (Outlier group) H

77! Model shear angle (Outlier group)
0.3 [ 3 Model shear angle (Regular group)

0.2}
ot | 1 k== ]

ool e
0 25 50 7 100 125 150 175
Shear angle (°)

Figure 6. Distributions of the magnetic shear angle associated with the
FTEs. The distributions of regular and outlier groups obtained from the
model (Trattner et al., 2007) are shown with black solid and red dashed lines,
respectively. The distribution of the outlier group obtained from in-situ data
is shown in blue dashed line. The distributions are normalized to the total
number of each group.

To check whether the magnetic shear angles from the model are consistent
with the observed shear properties, we also obtain local shear angles using
the data surrounding the outlier flux ropes. The procedure is as follows. We
select two regions, one in the magnetosphere and one in the magnetosheath.
The magnetosphere has low density but high temperature, while the magne-
tosheath has a larger density and lower temperature. We avoid strong current
layers, regions with jets, accelerated particles or other flux ropes, throughout
the selection process. We find that most of the flux ropes are found on the
magnetosheath side in the observations. We select a magnetosheath region
and a magnetosphere region that are adjacent or close to the studied flux
rope. The magnetosphere is generally found from 1-min to 1-hour away
from the flux rope (Figure 2). We calculate the shear angle by calculating
Bsp - Bgp
1Bspl| Byl
sphere, and B, is the magnetic field vector in the magnetosheath. The results
are also shown in Figure 6 as denoted by the dashed blue line. The magnetic

arccos( ), where B, is the magnetic field vector in the magneto-

shear angles obtained from this alternative method are consistent with the
results from the modeling.
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4. Discussion

We have investigated the helicity sign of 166 quasi force-free FTEs, with 82 from Cluster and 84 from MMS
observations. We found that the helicity sign of most events is ordered by the IMF By polarity, and so that positive
IMF clock angles correspond to duskward IMF B, while negative IMF clock angles (—180° < 6, < 0°) corre-
spond to dawnward IMF B,. We also found that 21% of the events have a helicity sign that does not correspond to
the expected IMF By polafity. Our findings are consistent with the main results of Kieokaew et al. (2021), where
right-handed FTEs are associated with positive IMF B, and left-handed FTEs are associated with negative IMF
B,. To investigate the local conditions associated with the FTE formation, we analysed the magnetic shear angle
uéing both modeling and in-situ data at the FTE locations. We found that the majority of the outlier FTEs (those
whose expected helicity does not correspond to the IMF B, polarity) are located in generally higher magnetic
shear regions. )

As a first simple explanation, for a given small IMF B, the determination of the core field and helicity sign at low
guide field (e.g., for high shears) may be more random because of the uncertainties in mapping the IMF observa-
tions to the magnetopause (making the helicity - IMF B relation less clear at low guide field). In the absence or
the presence of a finite low guide field, Karimabadi et al. (1999) demonstrated using hybrid simulations that the
Hall magnetic field plays a key role in determining the core field of flux ropes. Similar to their conclusions, we
propose that the core field and associated helicity sign of outlier FTEs are explained by the interplay between the
Hall and guide fields (e.g., Aunai et al., 2011), during low guide field conditions, rather than just randomness,
as explained next.

Our findings in Figure 6 show that the outlier flux ropes (shown in red and in blue) are mostly characterised by
high magnetic shears (125°-180°), while the regular flux ropes (shown in black) show a broad distribution with a
maximum value around moderate magnetic shears (~100°). This finding suggests that the core field and helicity
sign of flux ropes is affected by the local magnetic shear properties in their vicinity. Assuming the magnetic shear
at the FTE generation site is not too different from that at their observed locations, we may consider a core field
and thus helicity generation mechanism as follows. In the presence of a significant guide field, e.g., at moderate
shear angle, the core field and the helicity sign of the generated FTE are likely determined by the guide field of
magnetic reconnection (e.g., Karimabadi et al., 1999). Since the IMF B, is the main component that provides
the reconnection guide field under southward IMF conditions, the helicfty sign of the produced FTE therefore
corresponds to the IMF B, polarity. This mechanism may explain the regular flux ropes found in our study and
in Kieokaew et al. (2021). In the presence of a weak guide field, e.g., at higher magnetic shear, however, the
determination of the FTE core field and helicity appears less clear. We now explain in more details how the Hall
physics of magnetic reconnection in the absence of guide field may determines the core field and helicity sign of
FTE flux ropes.

Near the X-line of anti-parallel magnetic reconnection, i.e., in the ion diffusion region, the Hall electric field is
produced as ions meander around the magnetic null while electrons remain frozen-in. Under symmetric inflow
conditions, this Hall electric field drags out the newly reconnected magnetic fields and produces a quadrupolar
pattern in the out-of-plane (guide field) direction (e.g., Borg et al., 2005; Denton et al., 2016; Mandt et al., 1994;
Nagai et al., 2001). At the dayside magnetopause, magnetic reconnection is asymmetric due to the denser plasma
in the magnetosheath. Thus, the Hall field pattern on the magnetosheath side dominates and leads to a more
bipolar Hall pattern (e.g., Eastwood et al., 2013; Karimabadi et al., 1999; Y. C. Zhang et al., 2017). Since the
outlier events are mostly found for high magnetic shears, we expect that their core field, and in turn their helicity,
is determined by the Hall field, consistent with previous works by Karimabadi et al. (1999), Teh, Abdullah, and
Hasbi (2014) and Teh, Nakamura, et al. (2014).

To summarize the process explained above, Figure 7 shows a schematic of FTE flux rope generation in asym-
metric magnetic reconnection under magnetopause-like conditions. Panel (a) shows conditions without a guide
field, i.e., anti-parallel reconnection, while panel (b) shows the conditions with a guide field, i.e., component
reconnection. The solid black lines denote the projection of magnetic field lines and the dashed black lines denote
the separatrices, with black arrows indicating their directions. We mark the plasma inflow with an orange arrow
and the plasma outflows with green arrows. The Hall pattern is represented by the circles with crosses or dots on
the separatrices indicating the in- and out- of-plane magnetic field directions, respectively. In panel (a), the guide
field is absent (or weak), and the Hall magnetic field pattern is more dominant on the magnetosheath side than
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Figure 7. Schematic illustration of (a) anti-parallel and (b) component or guide field magnetic reconnection. Solid black
lines represent the magnetic field lines and the dashed black lines represent the separatrices. Blue and red circles represent the
Hall pattern, with their sizes corresponding to the magnitude of the Hall field which is stronger in the magnetosheath side due
to the asymmetry in the inflow plasma density. In panel (b), the purple circle represents the guide field. The thicker circles
represent the flux ropes generated in the reconnection exhausts. Green arrows represent the reconnection outflow, while
orange arrows represent the inflow. We note that these illustrations focus on the role of the Hall field at the dominant X-line
and thus do not represent the complete FTE helicity generation that involves multiple X-line reconnection (see text).

the magnetospheric side due to the denser plasma (Mozer & Hull, 2010); we denote this dominant Hall field with
the bigger circles. In this case, the Hall pattern on the magnetosheath side determines the core field of the flux
ropes, and in turn the helicity; they are represented by the thick blue and red circles. In panel (b), however, the
presence of a significant guide field reverses the effect of the Hall field and/or, to first order, adds up with it to
determine the core field and helicity of the FTEs. They are illustrated with purple circles, e.g., for inward guide
field. In brief, these simplified scenarios explain how the FTEs generate their core fields under anti-parallel (high
shear) and component (moderate shear) magnetic reconnection (Karimabadi et al., 1999), leading to helicity
signs as reported in our study. To further support this scenario, we include results from the simulation previously
published by Chen et al. (2020) as outlined next.

The present study corroborates previous work on FTE core field generation as a result of the Hall pattern. While
to our knowledge our study is the first statistical analyses of in-situ observations of this process, previous simu-
lations by Karimabadi et al. (1999) originally proposed such a mechanism. Figure 8 shows simulation results
from the MHD with embedded particle-in-cell (MHD-EPIC) model with a purely southward IMF condition (no
guide field) published by Chen et al. (2020). The color scale shows the out-of-plane magnetic field intensity (B,
component) projected onto the X — Z plane of the GSM system, i.e., as viewed from the dawn side. Panels (a) and
(b) show the time evolution of FTE generation due to sequential reconnection X-line formation. The box delin-
eated by a black line represents the region that is simulated using the PIC code to include the kinetic physics of
magnetic reconnection. Here, panel (a) shows the first reconnection X-line formation as marked by a red star. The
polarity of B, north and south of the X-line shows negative and positive values, respectively. This bipolar B, vari-
ation is the bipolar Hall pattern produced as a consequence of asymmetric reconnection with the denser plasma
in the magnetosheath side. Panel (b) shows the simulation about 7 min later when the first X-line has propagated
northward while the second and the third reconnection X-lines sequentially appear as marked with gray stars.

DAHANI ET AL.

10 of 15



A7t |

M\\JI Journal of Geophysical Research: Space Physics 10.1029/2022JA030686
(@) JJ
= * i 20
7j5 81.0 0
N 40
20
0
-10 ¢
: st 20
10
-40

Time = 1h40m40s

Time = 1h48m00s 7 8 9 10 11

Figure 8. The evolution of the dayside magnetopause using a global MHD simulation embedded with PIC code for the area delineated by a black square. The
simulation shows the magnetic field B, component in the X — Z plane in the GSM coordinate system as viewed from the dawn side. Panel (a) shows a snapshot where
a reconnection X-line is first formed as marked by a red star. Panel (b) shows a snapshot around 7 min later of panel (a) where the second and third X-lines, marked
by gray stars, are now formed. Panel (c) shows a zoom-in of an FTE formation between the first and the second X-lines. Panel (d) shows a zoom-in of another FTE
formation between the second and the third X-lines.

Between the first and second X-lines in panel (b), as zoomed-in in panel (c), an FTE bounded by a white contour
forms. The key observation here is that the core field of this FTE retains the Hall pattern of the two X-lines.
In other words, panel (c) illustrates an example of how an FTE generates its core field from the Hall magnetic
field of magnetic reconnection. Additionally, panel (d) shows a zoom-in of the second and third X-lines. Here,
another FTE with the same core field as generated by the initial Hall perturbation is also being formed. Despite
the Hall magnetic field perturbation, the formation of the FTEs follows the standard mechanism proposed by
Raeder (2006) under large dipole tilt angle, where an FTE can be generated between multiple X-lines. Based on
our statistical results and this simulation work, we conclude that the outlier FTE core fields and ensuing helicity
are determined from the Hall magnetic field of magnetic reconnection for a weak guide field condition. In brief,
the Hall magnetic field leads to the core field and thus the helicity sign of FTEs in the absence of a guide field.

In magnetic reconnection, the Hall field intensity is likely determined by the inflow plasma properties (e.g., Le
et al., 2009), and the Hall structure may be controlled by the Alfvén speed profile in asymmetric reconnection
(Dai, 2018). The properties of reconnection Hall field may consequently control the core field of FTEs in a low
guide field environment, a possibility that deserves to be investigated in the future. In Figure 6, we find that the
outlier flux rope becomes dominant over the regular flux rope distribution for magnetic shears higher than about
125°. This behavior suggests that the Hall field starts to dominate over the guide field in determining the final
flux rope helicity at about such a value. To first order, assuming a symmetric magnetic field (such that for the
same reconnecting field component the guide field is the same on both sides of the reconnecting current sheet), a
shear angle of 125° corresponds to a ratio between the guide field and reconnecting field of about 0.5. For lower
guide field, the effect of the Hall magnetic field thus becomes statistically dominant. This is an approximation,
and depending on local conditions, as well as remote conditions near the initial reconnection site, the exact value
of the magnetic shear at which a given effect becomes dominant may vary. Our analysis in Figure 6 also shows a
small but non-negligible number of FTEs with small shear angles. It is thus possible that these FTEs have prop-
agated from elsewhere where the local conditions have a higher shear, further showing that the suggestive shear
value of ~125° for separating the effects of the Hall and guide fields is very approximate.

The generation of FTEs by multiple X-lines is not just an assumption in our study (see Figure 1 and Section 1)
as it is in fact the only valid paradigm to interpret our results. Indeed, considering the role of the Hall magnetic
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field in determining both the core field and helicity sign of flux ropes, under low guide field, the single X-line
formation mechanism would always create a left-handed flux rope northward of the reconnection site and a
right-handed flux rope southward of the reconnection site, as shown in Figure 7a. If it were the case, this would
lead to a systematic north-south dichotomy in left-handed and right-handed flux ropes for the outlier group
(which occur for low guide field), while this is not observed in-situ. In particular this trend is not observed in
Figure 3 where the red crosses and triangles denote the outlier flux ropes (respectively right- and left-handed).
Our findings thus support the idea that FTE flux ropes are produced through a multiple X-line mechanism.

So far our discussion on the role of the Hall magnetic field in determining the core field neglected the fact that we
are adopting multiple X-line reconnection as a formation mechanism of FTEs. There should be two distinct Hall
patterns that would be present at the two X-lines surrounding the FTE flux rope, and that may affect the inter-
nal magnetic structure of the FTE. In other words, the Hall pattern is present in the exhausts of the two X-lines
surrounding the FTE flux rope. In a low guide field scenario, one of the two Hall signatures may determine the
core field of the FTE flux rope. But this raises the question of which X-line is dominant or which X-line controls
the core field and helicity sign of the flux rope. Different parameters could come into play to determine which
X-line Hall field become dominant. In particular, the simulation shown in Figure 8 suggests that the initial X-line
Hall pattern may be dominant. Indeed, the Hall pattern of the initial X-line (represented by a red star in Figure 8)
gives the core field and helicity sign of the FTEs generated later in the simulation, as shown in Figures 8c and 8d.
Thus the temporal sequence of X-line formation should play an important role in the determination of the flux
rope core field and the helicity sign. Nevertheless, this conclusion comes from only one simulation. More dedi-
cated studies are required to confirm whether this conclusion is general. In particular, one may expect that, in
addition to the temporal sequence, the reconnection rate at each X-line may have an impact on which Hall field
pattern may eventually dominate the flux rope topology. Moreover, we note that an FTE formation may be a
continuous process where dynamical processes such as coalescence, erosion, and division due to active magnetic
reconnection can influence FTE structures (e.g., Akhavan-Tafti et al., 2019; 2020). The core field of an FTE may
thus be an accumulative effect of multiple reconnection with a varying reconnection rate depending on solar wind
conditions, as well as the complex FTE evolution due to ongoing reconnection. All these aspects deserve to be
further investigated but they are beyond the scope of our study.

5. Summary and Conclusions

We performed a statistical study of the helicity sign of 166 quasi force-free FTEs, 82 of which were observed by
Cluster, and 84 by MMS. We found that the helicity sign of the majority of the events corresponds to the IMF B,
polarity; this population is called the regular group. However, we also found that the helicity sign of a significant
number of events (21% of the total events) does not correspond to the IMF B, polarity; this population is called
the outlier group. To better understand the formation of regular and outlier FTEs, we investigated the local prop-
erties of the magnetopause surrounding the FTE locations. In particular, we modeled, based on the Maximum
Magnetic Shear model by Trattner et al. (2007), the local magnetic shear angle for each FTE. We found that the
regular group shows a spread distribution with a maximum value around moderate shear angles. For moderate
and low shear angles, the guide field expected at the reconnection sites, where FTEs were formed, would control
the core field of FTEs, and thus the helicity sign. This situation is consistent with the fact that the IMF B, controls
the helicity sign of the regular group as the IMF B, represents the main component that provides the reconnection
guide field (Kieokaew et al., 2021). For the outlier group, in addition to the model, we have investigated the shear
angle using in-situ data surrounding each outlier FTE. We found that they are observed at higher magnetic shear
locations meaning lower guide field closer to the reconnection sites. In this case, it is less clear what controls
the core field of the outlier FTEs. In particular, there are higher uncertainties on the IMF mapping and therefore
a higher randomness may be expected in the determination of helicity and core field under low guide field at
the reconnection site. However, under such conditions, another physical process may be at work. Using hybrid
simulations, Karimabadi et al. (1999) originally demonstrated that the Hall effect in the reconnection site may
control the core field of FTEs. They also discussed that plasma f and the presence of a pre-existing guide field are
two important controlling parameters of the Hall-generated field. Our statistical analyses here are consistent with
their results regarding the control of the FTE core field by the Hall field in a low guide-field (i.e., high magnetic
shear) environment.
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At the magnetopause, anti-parallel magnetic reconnection is typically triggered under asymmetric plasma condi-
tions. In this case, the Hall magnetic field has a strongly skewed quadrupolar pattern, so that the pattern looks
mostly bipolar with the Hall field in the two exhausts having opposite out-of-plane orientations (Figure 7). We
propose that this bipolar Hall pattern in turn controls the core field of FTE flux ropes, and thus, controls their
helicity sign. The effect was shown using the results from a global MHD simulation with embedded PIC code
(Chen et al., 2020), reproduced here in Figure 8. Our study also supports the multiple X-line mechanism for the
process to produce FTEs as we do not observe any north-south dichotomy for the right-handed and left-handed
flux ropes for the outlier group, which occurs for low guide field, while under such conditions a generation
mechanism based on a single X-line would suggest such a dichotomy between hemispheres. The presence of two
X-lines in the vicinity of FTE flux ropes means the existence of two distinct Hall patterns from the two X-lines
surrounding the FTE, but only one of them should dominate and determine the core field and helicity of FTEs.
For instance, in the case of Figure 8 we find that the initial X-line is dominant and thus the temporal sequence of
X-line formation appears to play an important role in determining the dominant Hall effect on subsequent FTE
formation. Future work should look into this temporal sequence of X-line formation, and its contribution in deter-
mining the dominant Hall field. Of course, attention should also be given to the reconnection rate which should
also come into play, in addition to the temporal sequence. Furthermore, the dynamical, complex FTE evolution
due to ongoing reconnection at the surrounding X-lines may influence the FTE structures as they propagate.
This work highlights an important aspect of the fundamental interconnection between kinetic scale processes of
magnetic reconnection and the macroscale structures of FTEs.
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MMS, Cluster and OMNI data are available online at https://lasp.colorado.edu/mms/sdc/public/, https://csa.esac.
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