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Abstract Determining the magnetic field structure, electric currents, and plasma distributions within flux
transfer event (FTE)-type flux ropes is critical to the understanding of their origin, evolution, and dynamics.
Here the Magnetospheric Multiscale mission’s high-resolution magnetic field and plasma measurements
are used to identify FTEs in the vicinity of the subsolar magnetopause. The constant-a flux rope model is used
to identify quasi-force free flux ropes and to infer the size, the core magnetic field strength, the magnetic flux
content, and the spacecraft trajectories through these structures. Our statistical analysis determines a
mean diameter of 1,700 £ 400 km (~30 £ 9 d;) and an average magnetic flux content of 100 + 30 kWb for the
quasi-force free FTEs at the Earth'’s subsolar magnetopause which are smaller than values reported by Cluster
at high latitudes. These observed nonlinear size and magnetic flux content distributions of FTEs appear
consistent with the plasmoid instability theory, which relies on the merging of neighboring, small-scale FTEs
to generate larger structures. The ratio of the perpendicular to parallel components of current density, R),
indicates that our FTEs are magnetically force-free, defined as R, < 1, in their core regions (<0.6 Raux rope)-
Plasma density is shown to be larger in smaller, newly formed FTEs and dropping with increasing FTE size. It is
also shown that parallel ion velocity dominates inside FTEs with largest plasma density. Field-aligned flow
facilitates the evacuation of plasma inside newly formed FTEs, while their core magnetic field strengthens
with increasing FTE size.

1. Introduction

Magnetic reconnection is the underlying physical process responsible for the release of energy stored in
magnetospheric magnetic fields that powers plasma heating and acceleration (e.g., Gonzalez and Parker,
2016; Yamada et al., 2010). Flux transfer events (FTEs) are transient signatures of magnetic reconnection.
FTEs are twisted open flux tubes associated with the transfer of plasma from the magnetosheath into the
magnetosphere. FTEs are identified by a bipolar signature in the component of magnetic field normal to
the magnetopause together with a maximum in the axial component of magnetic field (Rijnbeek et al.,
1984; Russell & Elphic, 1979). The Berchem and Russell (1984) statistical study of ISEE observations concluded
that FTEs are formed at low latitudes and move to the flanks and to high latitudes and toward the flanks due
to the antisunward magnetosheath flow and J x B magnetic tension forces (e.g., Kawano & Russell, 2005;
Omidi & Sibeck, 2007).

According to the magnetohydrodynamic model of magnetic reconnection, low reconnection rates are
expected in highly elongated current sheets (Parker, 1957). However, 2D kinetic simulations have argued that
laminar Sweet-Parker layers such as the magnetopause become unstable to the formation of plasmoids with
increasing Lundquist number, S < Vi Lep 1", where V = B p’”2 is the Alfven speed, L, is the Sweet-Parker
current sheet thickness, and 1 is the resistivity (Daughton et al., 2009; Huang & Bhattacharjee, 2010, 2013).
Plasmoids or magnetic islands are two-dimensional realizations of three-dimensional flux ropes. Plasmoid
instability leads to the formation of secondary plasmoids, which serve to enhance the reconnection rate
(Biskamp, 2000; Loureiro et al., 2007; Manheimer & Lashmore-Davis, 1984). Various studies have assessed
the characteristics and the factors on which plasmoid instability, secondary is land formation, and “fast”
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Figure 1. MMS regions of interest (12 + 22.5" magnetic local time and X > 7 Rg) in GSM coordinates (equatorial plane);
shown in red are the burst-mode intervals where the FPI time resolution is 30 ms for electrons and 150 ms for ions and
FGM sample rate is 128 vectors/s. The gray lines are the spacecraft trajectories during 3 November 2015 through

28 December 2015.

reconnection depend (e.g., Vishniac, 1995a; Eastwood et al., 2007; Bhattacharjee et al., 2009; Cassak et al.,
2009; Cassak & Drake, 2009, Wang et al.,, 2010; Moser & Bellan, 2012; Comisso et al., 2016).

The transition between the slow and fast reconnection regimes is predicted to take place at the ion inertial
length, d; (Simakov & Chacdn, 2008), where the thinning of the Sweet-Parker current layer (electron diffusion
region in the context of kinetic simulations) becomes quickly unstable to plasmoid formation leading to
larger variations in the reconnection rate (Daughton et al., 2006, 2009; Fujimoto, 2006; Karimabadi et al.,
2007; Phan et al,, 2007; Wang et al., 2016). Theoretical kinetic models and resistive magnetohydrodynamic
simulations have been employed to investigate the dynamics and distribution of plasmoids (e.g., Huang &
Bhattacharjee, 2010, 2013; Richard et al., 1989).

Due to the development of tearing mode instability, multiple X-line reconnection, a series of current fila-
ments, can occur. Tearing mode instability is a particular type of resistive instability arising from the decou-
pling of magnetic field lines from the fluid (Furth et al., 1963). Multiple X-line reconnection gives rise to the
generation of multiple flux ropes, which are termed FTEs at the magnetopause (Lee & Fu, 1985). Finn and
Kaw (1977) and Pritchett and Wu (1979) envisioned a configuration in which, due to finite resistivity, coales-
cence instability leads to a merging of multiple plasmoids into a single plasmoid via secondary reconnection
(Wang et al., 2016). For the purposes of this study, the magnetic reconnection occurring between two
merging flux ropes is called “secondary reconnection” (Wang et al., 2016). Fermo et al. (2010) studied in 2D
the role of coalescence in the growth of magnetic islands. Here, coalescence is the merger of two smaller
magnetic islands through reconnection into a single larger island. Fermo et al. (2011) provided observational
evidence, based on Cluster FTE observations, to support this model of magnetic island, or in 3D, flux
rope growth.

Simulations and observations have indicated the existence of a more developed reconnection event in the
outflow region of the primary X line (Divin et al., 2007; Sitnov et al., 2009). Kinetic 2D simulations of coales-
cence show that after the collapse of an intermediate X line, neighboring magnetic islands are pushed
together and merge via reconnection to form larger ones (Daughton et al., 2011). This resulting magnetic
island in turn expands by progressively cooling down from the outer layer inwards, until pressure gradient
between the internal and external plasmas is stabilized resulting in a temporarily stable condition (Cazzola
et al,, 2015). This process is repeated, and larger scale islands are formed. Similarly, at the dayside magneto-
pause, multiple FTEs are believed to form due to the reconnection process and evolve into larger structure
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Figure 2. The Eastwood 2016 event. (a) Total magnetic field, (b) magnetic field components in the LMN coordinates, (c) ion
(red) and electron (black) number densities, (d) ion velocity in LMN coordinates, (e) electron velocity in LMN coordinates,
(f) current density components, (g) R, (curlometer technique: blue, one spacecraft FPI current density: red, FPI current
density at the barycenter: green), and (h) plasma beta. (i) A cross-sectional view of a flux rope. The dashed line represents
the trajectory of the spacecraft through the flux rope. The closest approach is indicated by Yy and Rg and Xy are the

flux rope radius and the distance from the closest approach to the edge of the flux rope, respectively. X; and R; increase
incrementally as the spacecraft travels farther toward the edge of the flux rope.( j) Chi-square profile of the second
Eastwood et al. (2016) event. The estimated FTE radius is comparable to that previously reported (~550 km).

over time (Fu & Lee, 1985). Previous studies have determined the size distribution and flux content of FTEs
(e.g., Eastwood et al., 2012, 2016; Fermo et al., 2011; Hasegawa et al., 2006, 2010; Pu et al., 2013; Wang
et al.,, 2005, 2017). These results indicate that FTEs are one to few Earth radii in size and contain 1-10 MWb
in magnetic flux. However, these measurements are mostly gathered at higher altitudes and away from
the subsolar region.

This study employs the Lepping-Burlaga constant-a flux rope model to determine the radius of FTEs and the
impact parameter (IP) of the individual Magnetospheric Multiscale (MMS) trajectories through the flux ropes
observed at the Earth’s subsolar region and evaluates the cogency of this model using the MMS mission’s
high spatial and temporal resolution plasma and field measurements. Physical properties of FTEs are
investigated, and the role of coalescence in FTE growth is emphasized. Our results indicate that (1) small-scale
FTEs are observed at the magnetopause more frequently than previously reported, (2) electric currents inside
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Figure 3. Distribution of the identified FTE data where green indicates the
properties of the events included in this study: impact parameter (IP) smaller
than 0.5 and chi-square values lower than 0.1.

growing FTEs help reduce magnetic forces over time, and (3)
plasma density and core magnetic field are inversely related inside
evolving FTEs.

2. Experimental Approach
2.1. Instrumentation and Data

MMS was launched in 2015, and it consists of four identical satellites
with unprecedented temporal and spatial resolutions (Burch et al.,
2016). MMS orbits at an inclination angle of 28° with geocentric apo-
gee and perigee of 12 and 1.2 R, respectively. The first phase of the
mission targeted the Earth’s dayside magnetopause at low latitudes.
For this phase, regions of interest with radial distances greater than
9 Re were identified during which all instruments are operated at their
fastest cadence, producing burst-mode data.

The four spacecraft were maintained at an average tetrahedron size of
~10 km (~6 electron inertial lengths based on a plasma density of
12 cm™3). The fast plasma experiment (FPIl) data were captured at
30 ms cadence for electrons and 150 ms for ions (Pollock et al., 2016).
FPI moments are constructed from all-sky electron and ion distribu-
tions. The fluxgate magnetometer operates at 128 vectors per second
(Russell et al., 2014).

The subsolar region was targeted to investigate FTEs shortly after they
are generated by reconnection (Fuselier et al.,, 2016). In this study, the
subsolar region is defined as 12 + 22.5' local time and Xgspm > 8 Re.

Figure 1 illustrates the spacecraft trajectories (gray lines) as well as burst-mode intervals (red lines) in the
geocentric solar magnetospheric (GSM) equatorial plane for this region. Model magnetopause minimum
and maximum boundaries are also plotted for reference (Shue et al., 1998). Our study uses the measurements
taken during 55 orbital passes (3 November 2015 to 28 December 2015) and a total of 279 burst-mode inter-
vals. The average burst-mode interval was 2.25 min in duration.

2.2. Method

Flux ropes are identified with their bipolar signature in the normal component of the magnetic field, corre-
sponding to a peak in the axial component of the magnetic field. In LMN coordinates, these components
translate into B; and By, respectively (Russell & Elphic, 1978). The peak in By, insures the presence of a strong
axial magnetic field component, which is the distinctive characteristic distinguishing helical flux ropes from

other similar magnetic structures.

The transformation from the GSM coordinate system into the LMN coordinate system was achieved via apply-
ing minimum variance analysis of the magnetic field (Sonnerup & Cahill, 1967; Sonnerup & Scheible, 1998;
Teh et al,, 2017; Xiao et al., 2004). Minimum variance analysis was performed on 30’5, 60's, 120 s, and full inter-
vals of burst-mode magnetic field time series data to identify FTEs. Figure 2 provides a sample MMS FTE
observed by the four probes at 13:04:34 UTC on 16 October 2015 at (8.3, 7.1, —4.8) Rg in GSM. During this
encounter, the enhancement in |B| correlated with bipolar perturbation of B, (positive-then-negative).
Eastwood et al. (2016) originally reported the observation of this ion-scale FTE several minutes before
encountering an electron dissipation region (Burch et al,, 2016).

The high time cadence of fluxgate magnetometer together with small-scale tetrahedron and the very accu-
rate and precise positioning knowledge of the MMS spacecraft enable multidimensional spatial gradient
methods (Harvey, 1998). Here we investigate stress balance inside FTEs using the current density computed
by curlometer technique (Dunlop et al., 1990, 2002; Slavin et al., 2003). Current density is also calculated
directly using high-quality FPI data according to the formula J = e (n; v; — n. ve) where n and v are the zeroth
(number density) and first (bulk velocity) plasma moments, respectively. Figures 2c-2e show the plasma
moment profiles. For comparison, the linear barycenteric value of Jgp is calculated with Taylor series
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Figure 4. (a) Distribution of the diameters of 1,098 Cluster flux transfer events
with an exponential tail fit with A5 = 5,280 km to the tail of the distribution
assuming IP = 0 for all crossings (Fermo et al., 2011). (b) A distribution of the
diameters of 55 flux transfer events with IP < 0.5 and x2 < 0.1. The solid red line
is the exponential fit of 1o = 1,670 km. The black dashed curve corresponds to
the FTEs observed by Cluster, as shown in panel a. The green curve is the
exponential fit for the 55 events while assuming IP = 0 for all crossings.

expansion (first-order approximation) of current density with respect to
a reference spacecraft a. The term barycenter refers to the center of
mass of the tetrahedron:

B = By + [VBx(F-ry))] (1
where o indicates the satellite’s number (0 = 1, ..., 4) and VB is the
gradient of the magnetic field vector:

1 _

(VB); = v [Z(#B (Bai-Bsi) (fak-fﬁk)] Ry (2

Here r and N are the position vector and the number of spacecraft,
respectively, and R;} is the inverse of the volumetric tensor:

1 N
R =D s Tk Tai 3

The current density profile, denoted as Jgp, in Figure 2f, is derived from
single-probe plasma measurements (MMS2). The ratio of perpendicular
to parallel components of current density helps analyze stress balance
inside the FTE (Zhao et al., 2016):

Ry = .1/ 4]
where Jy= | J-B| /| B| =Jcos (B andJ, = /[J> — (J;)* = |B
x(JxB)|/|B|. In other words,

Ry=arctan () 4)

In Figure 2g, the blue and green lines are calculated using current den-
sities that are computed from the curlometer technique and all four FPI
measurements at the barycenter, respectively, while the red line only
takes into account the FPI measurements from a single spacecraft.
Small R, along the cross section of this FTE indicates that the structure
is magnetically force-free (i.e, J x B =0).

The force-free flux rope model (Burlaga, 1988; Lepping et al.,, 1990;
Slavin et al.,, 2003) can be applied to gain quantitative information
about the size and flux content of FTEs. The model assumes flux ropes
to be (i) cylindrically symmetric and (i) force-free (Jx B=0and VP =0
where P denotes thermal pressure). Thus, current density, J, is linearly
proportional to magnetic field, B, and the force law has the following
solutions (Lundquist, 1950):

Br =0, Radial component of B
Bp = Jo (ozr') Bo,
BT = J1 (OZI") Bo H

Axial component of B
Tangential component ofB

where Jy and J; are zeroth- and first-order Bessel functions, respectively, and By is the magnitude of the core
field along the axis of flux rope, H is the handedness, and r’ describes the fractional radial distance from the
center of the flux rope, equal to zero at the core and one at the edge. The core of the structure is where the
magnetic field magnitude is most significant, and the edge of the structure refers to the outer boundary of
the flux rope where magnetic field magnitude drops to a minimum and the normal component of the
magnetic field peaks. The value at which J, reaches zero is a constant a = 2.4048.

Previous statistical studies of the size and flux content distribution of FTEs relied on an implicit assumption
that the spacecraft passes through the center of the structure (e.g., Fermo et al,, 2011). Here we employ the
force-free model to infer the IP (i.e., distance from the center of the structure at the closest approach, CA),
radius, peak core magnetic field magnitude, and flux content of FTEs. Appendix A lists the steps for computing
the size and flux content of flux ropes. Figure 2i provides a schematic depiction of an arbitrary pass through a
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Figure 5. a) Positions and size distributions of 55 FTEs in the GSM XY plane. (b) The distribution of the magnetic flux content
of 55 flux transfer events with IP < 0.5 and X2 < 0.1. The solid red line is the exponential fit of ®g ~ 100 kWb.

flux rope by MMS spacecraft. In this figure, Yy is the IP and Ry is the actual flux rope radius. For more detail, see
Appendix A. Figure 2j shows the chi-square profile of observed magnetic field components with respect to a
cylindrically symmetric constant-a flux rope model for the Eastwood et al. (2016) event. The modeled
characteristic radius for this FTE is the radius at which the global extremum of the chi-square profile is located.

3. Results and Discussion
3.1. FTE Size Distribution

During a 2 month dayside phase of MMS (3 November 2015 to 28 December 2015), when MMS sampled the
subsolar magnetopause, 63 FTEs were identified using the visual criteria listed in section 2.2. All FTEs were
required to be detected by all four spacecraft, but this was generally the case due to the small spacecraft
separation. Using the force-free model described in Appendix A, the size and flux content of each FTE
were determined.

Our approach takes into account the trajectory of the spacecraft with respect to the center of the FTE.
Previous studies of FTEs have been limited by the uncertainty associated with assuming that the spacecraft
goes straight through the center of the FTE along the surface of the magnetopause. That assumption is espe-
cially prone to error for large IPs (i.e., trajectories passing farther away from the center of the FTE). Here we

70
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Figure 6. a) Bin-averaged (bin width: BW = 500 km) exponential fit of the FTEs’ averaged number density and size. (b) Bin-
averaged (bin width: BW = 1 nT) linear regression of the FTEs’ averaged number density and modeled core magnetic field.
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Figure 7. a) Probability distribution function of R,. The blue indicates values that are computed using the curlometer
technique while green signifies FPI measurement of current density at the barycenter. (b) Cumulative distribution
function of R, from the curlometer technique (blue), FPI measurements at the barycenter (green), and single-spacecraft FPI
measurements (gray). The red diamonds are the average values for the four FPI measurements.

have constrained our selection criteria to only include FTEs with IP smaller than 0.5 (IP <0.5) and the Pearson'’s
chi-square test value below x2§0.1. Figure 3 summarizes the distributions of IP and chi-square parameters for
the 63 FTEs detected in the MMS burst-mode intervals. Of these events, eight had IPs larger than 0.5 and
chi-square fit values larger than 0.1, thus were eliminated from our study.

Figure 4a is a histogram of the size distribution of 1098 FTEs observed by Cluster mission between 2001 and
2003 where the assumption was that the Cluster spacecraft trajectories intersected the central axis (i.e., IP = 0)
(Fermo et al., 2011; Wang et al., 2005). The black dashed curve is an exponential fit of nominal diameter of
5,300 km. Figure 4b demonstrates the histogram of the normalized size distribution of MMS observations
of the 55 FTEs that met all our criteria. As previously indicated, the FTE size is determined using the force-free
model. The red curve corresponds to an exponential fit with the nominal diameter of 1,700 + 400 km and
30 £ 9 d;, where d; is the average ion inertial length inside each FTE. The black dashed curve represents
the results from the Cluster observations. The MMS spacecraft observe small-scale FTEs at the subsolar mag-
netopause more frequently than Cluster satellites at high latitudes. This results in a decaying exponential fit
whose mean is at least three times smaller than previously reported. It is important to note that the IP =0
assumption underestimates both the diameter and the strength of the magnetic field in the core. The green
curve corresponds to MMS observations assuming IP = 0 for all crossings. As expected, this assumption
results in a mean diameter that is artificially lower than the actual value.

The relative size distribution of the 55 FTEs at the subsolar region are depicted in Figure 5a. The circles illus-
trate the diameter and the spatial distribution of the events in the equatorial plane. The mean diameter is
1,700 km, which corresponds to ~30 ion inertial lengths. lon-scale FTEs are observed at the subsolar region
shortly after they are formed by reconnection. On the other hand, massive FTEs are observed farther away
from the subsolar magnetopause. Figure 5b shows a histogram of the magnetic flux content of all FTEs.
Flux content is calculated using the modeled values of core magnetic field and FTE radius (see
Appendix A-viii). The exponential decay fit (red curve) has a mean of 100 + 30 kWb. This average flux content
is nearly 3 orders of magnitude smaller than previously reported.

The larger FTEs, on average, contain less plasma and are likely “older.” In Figure 6a, plasma density, N, is aver-
aged across the cross section of individual FTEs and plotted against diameter. The 55 events are grouped into
(bin width [BW] = 500 km) bins, and the error bars are graphical representations of the variability of averaged

plasma data within each bin (6ean= G/\/ﬁ, where n is the number of events in each bin). Large FTEs are

observed away from the subsolar magnetopause and are the result of multiple X-line reconnection (e.g.,
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Figure 8. Bin-averaged (bin width: BW = 500 km) (a) orthogonal linear regres-
sion of the FTEs’ averaged net magnetic force (J X B) and diameter and
(b) exponential fit of the FTEs’ averaged magnetic pressure gradient and diameter.

MMS: Hwang et al., 2016; THEMIS and Cluster: Hasegawa et al., 2006,
2010; Liu et al., 2008; Eastwood et al., 2012; and Double Star: Trenchi
et al, 2011).

The average plasma density drops with increasing core magnetic field
strength inside FTEs. Figure 6b depicts averaged plasma density inside
individual FTEs binned (BW = 1 nT) and plotted against modeled core
magnetic field values (using the force-free flux rope model). The x
intercept of the linear fit in Figure 6b indicates that there is an
upper threshold on the core magnetic field (|B|core < 120 nT) at the
dayside magnetopause. Flux ropes rely on plasmas to carry
electric current for their existence; hence, flux ropes cannot exist
beyond the above threshold where plasma density drops to zero.
The y intercepts in Figures 6a and 6b determine that in the absence
of flux ropes (i.e., A— 0 or |B|core — 0), plasma density rises to typical
subsolar magnetopause plasma density (N ~ 30-50 cm™>; Escoubet
et al, 1997).

3.2. Magnetic Force-Balance Inside FTEs

Forces across a force-free structure must be balance. The MMS high-
resolution FPI plasma measurements complement multispacecraft
analysis techniques in assessing our force-free selection criteria. In
particular, R, the ratio of perpendicular component of current density
to the parallel component, is examined. In Figure 7a, the normalized
probability distribution functions of R, computed at the barycenter
from particle moments (<FPI>; green) and curlometer technique
(CURL; blue) for all observed data points are plotted. Here we assume
structures with R; < 1 to be force-free. This assumption is mathemati-
cally equivalent to arctan(6,g) < 1 or kn - n/4 < 0,8 < kit + n/4 ; where
k is an integer (e.g., Zhao et al., 2016). Figure 7b shows the normalized
cumulative distribution function of R,. The ratio is calculated using the
current density components from the curlometer technique at the
barycenter (CURL). FPI current density components are also used to
calculate the ratio at the barycenter (<FPI>), at individual spacecraft
(FPI 1 S/C), and via averaging the four-spacecraft FPI measurements
(AVG). The four methods unanimously indicate that, in general, 60%
of the cross section of FTEs is force-free. Our findings indicate that
all FTEs are force-free near the core and non-force free in the outer
boundary (>0.6 Raux rope)- The ratio, R;, from the current density calcu-
lated via averaging the four-spacecraft FPI measurements (AVG), in
Figure 7b, is in good agreement with ratios from both CURL
and <FPI>.

Figure 8a shows the evolution of the Hall term (i.e, net magnetic force) as a function of FTE diameter.
Averaged |J x B| is computed at the barycenter of individual FTEs and binned and plotted against FTE
diameter. It indicates that FTEs become more magnetically force-free as they grow larger (i.e., age). In other
words, small-scale FTEs must grow via adiabatic expansion or nonadiabatic mechanisms (i.e., coalescence) in
order to re-arrange magnetic field lines and reach lower energy state. Figure 8b illustrates a first-order
approximation of magnetic pressure gradient force across each FTE:

Bzore_Bidge
VP e _edge
2uoRer

where B, and B.qgqe are the (force-free) modeled core magnetic field and the FTE boundary magnetic field
magnitude, respectively, and Rrg is the modeled FTE radius. The plotted values are grouped into 500 km bins.
Hence, the exponential fit here indicates that magnetic pressure gradient drops with increasing FTE size. That
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Figure 9. Orthogonal linear regression of the parallel components of curlometer

f with time via strong (oppositely directed) magnetic curvature force:
' JxB = —VPy, + (BV)B/u,

. Here the second term on the right-hand side is the magnetic curvature
force. Furthermore, we conclude that FTEs become magnetically force
free (x intercept in Figure 8a) beyond ~9,000 km.

Previous studies have investigated the reliability of the curlometer
technique in measuring current density in different plasma regimes
. (Ergun et al., 2016; Graham et al.,, 2016; Perri et al., 2017). In particular,
Graham et al. (2016) concluded that in the absence of sharp spatial gra-
dients (i.e., subproton-scale structures), the parallel components of cur-
rent density for both CURL and AVG are largely congruent. Figure 9
shows a scatter plot of all data points for parallel components of
Jecure and J_ppi~ (indicated by gray plus signs). The red line specifies

1.5 the orthogonal linear regression fit and indicates that there is very
good agreement (correlation coefficient ~ 0.95) between the curl-
ometer technique current density and the current density derived from
plasma moments at the barycenter. In theory, a purely force-free struc-

and barycenter FPI current densities of all 70 FTE data points. The black ture lacks any sharp spatial gra.dlents; therefore, Jjj curL = Jjj < FP!> =
dotted line indicates unity correlation coefficient. (1/N) 3 {(JFpl)i'Bi/|Bi‘}r where i = 1, ..., N. However, our observations
|

show that curlometer Jj gives slightly larger values than those com-
puted using FPI moments at the barycenter, especially at higher magnitudes. The small y intercept, in
Figure 9, casts out the existence of any significant sources of (systematic or random) error in computing cur-
rent density using either techniques.

3.3. Case Study

Figure 10 summarizes the physical quantities of three ion-scale FTE-type flux ropes. Table 1 lists the coordi-
nate transformation (geocentric solar equatorial to LMN) eigenvalues (1) and eigenvectors for all events. FTE
axes are all in the y direction, consistent with Owen et al. (2008), indicating that FTEs move duskward (dawn-
ward) due to J x B force exerted by magnetosheath flow. Knowledge of the IP enables spatial characterization
of physical properties of FTEs. Impact parameter varies between 0 and 1, where IP = 0 at the core of the struc-
ture and IP = 1 at the edges. As listed in Figure 11, Events 1-3 are classified by IP: low (IP<0.1), medium
(0.1 < IP<0.3), and high (0.3 < IP<0.5) IPs.

Event 1 was captured on 16 November 2015 at 02:56:31 UT. During this event, the four MMS spacecraft
crossed the magnetopause into the magnetosheath with average separation of 12 km and the tetrahedron
quality factor ~0.7, which compares the structure to a regular tetrahedron (Fuselier et al., 2016). The cross sec-
tion of the structure was estimated to be 700 km, using the force-free model assuming an estimated local
flow velocity v; ~ 185 km/s. This scale length is equivalent to 10 ion inertial lengths (d; = c/wgi~70 km). The
spacecraft crossed nearly through the core of the structure (IP = 0.06; x*>~2 x 1073). The core magnetic field
was found to be |B|core ~ 49 NT, which corresponds to 9 kWb total magnetic flux content.

On 15 November 2015 at 03:24:35 UT (Event 2) an ion-scale FTE was observed in the Earth’s subsolar region.
This event was 700 km in diameter (v; ~ 180 km/s; IP = 0.24; x°~9 x 10%). With a modeled core B strength of
56 nT, this FTE contained about 10 kWb magnetic flux.

All four satellites sampled the outer boundary of a medium-size FTE (Event 3) on 7 December 2015. Similar to
Events 1 and 2, this structure was only 1.5 s in duration corresponding to 1,500 km in diameter and magnetic
flux content of 40 kWb (IP = 0.4; x*>~2 x 107). The FTE was driven by a strong anti-sunward magnetosheath
flow (v; ~ 340 km/s).

Plasma density and plasma beta dip at the CA. Figure 10 depicts plasma density profiles across the cross
section of the FTE. The drop is most significant (30%) closest to the core of the structure (IP<0.1). Near
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Figure 10. The flux rope-like FTEs (Event1-3): (a) magnetic field magnitude, (b) observed (solid lines) and modeled magnetic field components (dashed lines) in LMN
coordinates, (c) ion density, (d) ion parallel and perpendicular velocity components, (e) electron parallel and perpendicular velocity components, (f) single
spacecraft FPI current density, (g) R, (curlometer: blue, single-spacecraft FPI: red, and barycenter FPI: green), and (h) plasma beta (all four satellites).

the core of FTEs, strengthening magnetic field together with a dip in plasma density results in a drop in the
plasma beta profile. This indicates that magnetic pressure plays a greater role in driving the evolution of the
structure closer to the core (i.e.,, magnetic pressure gradient force), while thermal pressure is dominant at
the edges of FTEs. Weaker plasma beta observed at the core of the FTE is linked to the out-of-plane
guide magnetic field (Karimabadi et al., 1999; Liu et al., 2009) and is believed to inhibit the development

of anisotropic velocity distributions and subsequent instabilities (i.e., Weibel instability (Weibel, 1959))
(Schoeffler et al., 2011).

Table 1

Geocentric Solar Equatorial (GSE) to LMN Coordinate Transformation for Three lon-Scale Flux Transfer Event-Type Flux Ropes

Event no. M Ao A3 L (GSE) M (GSE) N (GSE)

1 86.2 9.8 0.1 (0.723, —0.045, —0.690) (—0.151, 0.963, —0.222) (0.675, 0.264, —0.689)
2 2704 20.2 0.6 (—0.997, —0.046, 0.065) (0.061, —0.966, 0.250) (0.051, 0.253, 0.966)

3 105.2 6.3 0.03 (—0.966, 0.135, 0.221) (—0.086, —0.972, 0.218) (0.244, 0.192, 0.951)
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Figure 11. Example low, middle, and high impact parameter trajectories through the structure.

Plasma beta (the ratio of the plasma pressure to the magnetic pressure) is suggested to play a role in deter-
mining the extent of plasma energization during flux rope formation (e.g., Phan et al., 2010). Magnetic recon-
nection is credited for spawning significant changes in the particle distribution function for § < 0.1 (Li et al.,
2017) and is shown to be less proficient in plasmas with relatively large B (B < 0.1) (Drake et al., 2006, 2010;
Hoshino et al., 2001; Oka et al., 2010). Simulations have also attributed flux rope’s shape, core magnetic field
strengths, and evolution to plasma beta (Karimabadi et al., 1999; Schoeffler et al., 2011). Plasma beta drops
with both increasing FTE size and FTE core magnetic field. In Figure 12, the mean plasma beta values are com-
puted per FTE and are binned and plotted against both FTE diameter and the modeled core magnetic field
magnitude. Here the plasma beta dropping with increasing FTE size is an order of magnitude faster than the
drop with strengthening core magnetic field. This indicates that plasma pressure must be dropping with
much faster rate than the rate with which magnetic pressure increases inside evolving FTEs. This is consistent
with the hypothesis that FTEs grow force-free via driving out plasma while their core magnetic field strength-
ens (Ma et al., 1994).

lons inside densely populated FTEs are evacuated by a dominantly parallel ion velocity, while ions inside less
populated FTEs remain “trapped” (i.e., V| < V,) due to increasing perpendicular ion velocity (Paschmann et al.,
1982; Schindler, 1979). The red shaded area in Figure 13 indicates that the parallel ion velocity dominates
inside FTEs with larger plasma densities (see Zhang et al., 2010). Inside FTEs with lower plasma density, ion
velocity is prominently perpendicular to the local magnetic field configuration, indicating that ions are

10 , : :
® S55FTEs-BW =05 ® S55FTEs-BW=1.0
B =7.40e 4% B = 19.60 ¢ 0042 Bl
8 k
°
() k
[s=N
4 k
2 k
0 ‘
0 2 4 6 8 10 0 %0
A 1107 km] Bl [nT]
core
(@) ()

Figure 12. Bin-averaged exponential fit of the FTEs' averaged plasma beta and (a) FTE size (BW = 500 km) and (b) FTE mod-
eled core magnetic field magnitude.
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trapped inside the flux rope (Speiser & Williams, 1982). This is reminiscent
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para perp of the betatron acceleration inside evolving magnetic flux ropes (e.g., Fu

—Vipm =-001x+95.76 et al, 2011, 2013; Retind et al.,, 2008). In this view, the internal and exter-
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nal forces result in a net force that can accelerate particles via betatron
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L

acceleration perpendicular to the local magnetic field (Zhao et al.,
2017). The population with smaller pitch angles accelerated parallel to
_ the magnetic field upon “opening” of the field lines has already been
evacuated leaving particles with large pitch angles behind. Future study
will further investigate the composition and pitch angle distribution of

2 points -> cold populations inside FTEs.
100 l ~ Pop

Current density is enhanced and is predominantly field-aligned in the
core regions of FTEs. At low IP, current density reaches a peak at the CA
at which point the parallel component of current density dominates.

0 E | However, farther away from the core, current density is, in general, small
with comparable parallel and perpendicular components (with localized
variabilities), as shown in Figure 10.3.f (Farrugia et al., 2016). Average cur-

0 ' ' ' ' : rent density across each FTE (BW = 500 km) is shown to be inversely pro-
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N [cm™]

Figure 13. Bin-averaged (BW = 5 cm ™~

FTEs' averaged number density and parallel (red diamond) and perpendi-
cular ion velocities. Parallel and perpendicular ion flows dominate in the
shaded red and blue patches, respectively.

portional to FTE size. The decaying exponential fit in Figure 14a indicates
that current density decreases with increasing FTE diameter, while mag-
netic field strengthen has a direct relationship with FTE size (or age), as

3
) indicated in Figure 14b.

linear regressions between the
In summary, Figures 12-14 demonstrate that in order for the FTEs to
reach their lowest energy states, the excess plasma must be evacuated
along the magnetic field, which are signified by parallel flows and field-
aligned current densities, while the core magnetic field strengthens (Chen et al., 2017; Ma et al., 1994;
Saunders et al., 1984; Zhang et al., 2010). From this perspective, the weakening magnetic pressure gradient
and the strengthening core magnetic field imply that the magnetic pressure must increase with increasing
FTE size while thermal pressure drops (Farrugia et al., 1988). FTEs are force-free in their core regions. As
discussed above, 60% of the cross section of FTEs are force-free. While near the core of the structure magnetic
forces cancel out one another, as shown in Figure 10.1.g, nonzero net forces at the edges of the FTE drive the
evolution of the FTE and are responsible for the large R, observed across Event 3.

4. Conclusions

In this study, we analyzed 55 quasi-force free FTEs observed during 2 months of MMS’s Phase-A when the
four spacecraft were at near the subsolar magnetopause. These events were identified on the basis of their
bipolar B;, strong core magnetic field signatures, and further screened using the Lepping-Burlaga
constant-a flux rope model. The fitting of the MMS magnetic field measurements to this force-free model also
allowed us to determine the IP of the spacecraft trajectory relative to the central axis of the flux rope as well as
the radius, core magnetic field intensity, and magnetic flux content of the FTEs. Only FTEs with MMS IPs less
than 50% of the radius of the structure were considered. The size and magnetic flux content distributions of
the 55 FTEs satisfying this selection criteria fit decaying exponentials and indicate a nominal diameter of
1,700 km (equivalent to ~30 ion inertial lengths) and a mean magnetic flux content of 100 kWb. This diameter
is by a factor of 3—-7 smaller than the value reported by Fermo et al. (2011) and Wang et al. (2005) based upon
three years of Cluster data collected at the high-latitude magnetopause and low-latitude flanks. The observed
nonlinear distributions appear consistent with the plasmoid instability theory where coalescence plays a
significant role in generating large-scale FTEs (e.g., Daughton et al., 2009; Fermo et al., 2010; Huang &
Bhattacharjee, 2010; Loureiro et al, 2007; Samtaney et al., 2009; Shibata & Tanuma, 2001; Uzdensky
etal, 2010).

The difference in the nominal diameter of FTEs at the Earth’s dayside magnetopause between MMS and
Cluster observations is almost certainly due to their different orbits. Other contributing factors include differ-
ent dynamic pressures at the two regions (Cluster low-latitude flanks and high-latitude magnetopause and
MMS subsolar magnetopause), solar activity cycle for the two studies (Cluster 2001-2003 and MMS 2015),
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Figure 14. Bin-averaged (BW = 500 km) (a) exponential fit between the FTEs'
averaged (single-spacecraft FPI) current density magnitude and (b) linear
regression between the modeled core magnetic field magnitude and the

FTE size.

and different sample sizes (Cluster 1,098 events and MMS 55 events).
Our observations indicate that the ion-scale FTEs observed by MMS in
the subsolar region must form locally only a short time before they
are detected. These small, newly formed FTEs are then advected away
from the subsolar region toward the flanks and high-latitude regions by
the antisunward magnetosheath flow. During this process, FTEs are
thought to grow and evolve into larger structures through the coales-
cence of smaller flux ropes into larger ones (Fermo et al,, 2011).

The Cluster’s orbit had a perigee of 4 Rg and an apogee of 19.6 Rg with a
90° inclination angle. The plane of Cluster’s orbit precesses clockwise
looking down from the north, and during planned phases, the space-
craft extends outside of the magnetopause during which FTEs can be
observed. MMS was launched into a 28° inclination orbit with geo-
centric perigee and apogee of 1.2 Rg and 12 Rg, respectively. Cluster
FTEs are observed at both the high-latitude magnetopause and low-
latitude flanks for both southward and northward IMF, while the FTEs
reported in this study have been observed at the subsolar region where
FTEs are believed to be originally formed (Kawano & Russell, 19973;
Berchem & Russell, 1984; Daly et al., 1984; Russell et al., 1985). Hence,
Cluster’s polar orbit may have contributed to the observation of domi-
nantly larger FTEs. Other missions surveying the magnetopause, such
as THEMIS and Double Star, have reported the presence of large-scale
FTEs (one to few Earth radii in diameter) farther away from the subsolar
magnetopause. In addition, although Cluster is well equipped to detect
small-scale FTEs (subsecond duration) with its high time cadence mag-
netic field measurements, the spacecraft lacks the high time-resolution
MMS/FPI measurements to confidently identify these structures.

Current density, J, is by definition parallel to the local magnetic field in a
force-free flux rope. Electric current may be determined using the
curlometer technique or directly from plasma ion and electron mea-
surements. We found that, on average, 60% of the cross section of all
FTEs are, to a first-order approximation, magnetically force-free.
Furthermore, the two current density calculation techniques were
juxtaposed to confirm the reliability of the curlometer technique at
the subsolar region. It is shown that in the presence of sharp
temporal or spatial magnetic field gradients, the curlometer technique
computes slightly larger electric current density than that derived from
FPI measurements.

Our inference of an IP for each FTE encounter enables the structure and
the evolution of FTEs to be studied as a function of distance from the

core. Three ion-scale FTE-type flux ropes with different IPs were investigated, and the following conclusions

are drawn:

i) Plasma density and plasma beta dip at the core of a quasi-force free FTE-type flux rope, inhibiting instabil-
ities (i.e., sausage or kink-mode instabilities).
i) The FTE core magnetic field strengthens as plasma is evacuated.
iii) FTEs are magnetically force-free at the core, which is due to the predominately field-aligned current

density.

iv) Current density peaks at the core of the structure. In addition, current density decreases with increasing

FTE size.

It is also shown that plasma density and plasma beta drop with increasing FTE size and with increasing FTE
core magnetic field strength. Electric current density also plummets with increasing structure size. These
trends suggest that the factors affecting the force balance inside FTEs change as FTEs evolve. This
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includes changing the dimension and morphology of the field lines (expansion or contraction; Drake et al.,
2006) as well as the escape of plasma on the field lines at the time of FTE formation. The variations in
plasma moments and magnetic and thermal forces as a function of FTE size and IP are the subjects of
future work.

Force-free flux ropes represent the minimum energy state for helical magnetic fields and mark the end
point of their evolution (Priest, 1990). Weakening current density indicates that the structure is becoming
more magnetically force-free as it ages (J x B — 0), while the decrease in plasma density with increasing
FTE size corresponds to the vanishing of the thermal pressure gradient forces (VP — 0). A future study will
investigate forces inside (Zhao et al., 2016) and outside of FTEs (Pritchett, 1992; Pritchett & Wu, 1979). Lastly,
previous studies have concluded that FTEs extend on one side up through the magnetosheath and connect
to the solar wind, while their other end reaches into the polar ionosphere (Fear et al., 2007, 2008, 2010;
Owen et al, 2008; Varsani et al., 2014). Further work aims to study the evolution in the magnetic
connectivity of FTEs as a function of size and IP, using MMS’'s high time resolution charged
particle moments.

Appendix A

The steps involved in determining the size and flux content of FTEs from the Lepping-Burlaga constant-a flux
rope model are as follows:

i) To enable comparison of FTE observation with modeled values, observation magnetic field data are
transformed from LMN to (radial-axial-tangential) RAT coordinate system:

BA‘ obsrv = BM/|B|5

B obsry = [BL/W]2 + [BN/‘Bl]Z.

ii) The CAis defined as the point across the structure where By _ opsrv reaches the peak magnitude. At CA, the
ratio:

Yo — Ba obsv
/ Ro — / Br, obsrv

is used to determine the IP. The IP is the fractional distance that the spacecraft has passed from the flux rope
core at CA, where Yy is the distance from the flux rope center and Ry is the radius of the flux rope, both of
which are unknown at this point.

iii) The velocity of the FTE is that of total ion velocity as measured by FPI outside the structure (Vo ~ V). The
spacecraft are assumed stationary (i.e., Vo » Vs,c). The distance, Xo, between the edge of the flux rope and
the CAis Xy = Vto, where tg is the time it takes the spacecraft to traverse from the edge of the flux rope to
the CA:

1
to = /2 Atpeak-to-peak-

Here Atpeak-to-peak IS the duration of the flux rope.

iv) Axial and tangential components of observed magnetic field data are incrementally stepped through in
order to compute X;. Increments are equivalent to the resolution of the magnetic field measurements (i.e.,
128 vectors/s).

v) For increasing values of X; (from 0 to Xp), the fractional radial distance, r, is calculated using the
Pythagorean theorem normalized with the flux rope radius Ry:

RG=X5+ Y5

and,

== ) (1)
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where IP and Rg are constants. Ba_model and Br_model are the modeled components of magnetic field:

B = Jo (0 (/0 )+ (/) )
B model = J1 a\/(V°/R0>2 + (Xi/Ro)2 BoH

assuming By and H are equal to unity, for simplicity. The actual value of By will be determined later.

vi) Chi-square statistical test (i.e., goodness of fit) is applied to compare observed and modeled values of B
and By

N
X2 = 1/N Z [(BA, modeI'BA, obsrv)2 + (BT, modeI'BT, obsrv)z}
i=1

where N is the number of data points.

vii) The flux rope radius, R, resulting in the minimization of x? represents the best fit for the force-free flux
rope model (i.e, Ri = Ry at min(x?). At this point, IP is used to determine the absolute value of Y,.
Similarly, the flux rope’s core field strength, By, at CA is

B, obsrv
BO - BM ( he /BA‘mode\>

Figure 2j represents the chi-square profile of the ion-scale FTE. The curve has a minimum at Ry ~ 430 km.

viii) Determination of Ry and B, enables estimating the flux transported across the dayside magnetopause
by a given FTE (Eastwood et al.,, 2012):

CD:(M)L(OL).

o
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