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Abstract Multispacecraft measurements from the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) mission are used to probe the spatial extent of an X line at the dayside
magnetopause. A case study from 21 April 2014 is presented where two THEMIS spacecraft have a
near-simultaneous encounter with the equatorial dayside magnetopause separated by 3.9 Earth radii.
Both spacecraft observe similar steady inflow conditions with southward interplanetary magnetic field
and a high magnetic shear angle at the magnetopause (133°) boundary. One spacecraft observes clear
fluid and kinetic signatures of active magnetic reconnection, while the other spacecraft does not observe
reconnection. The predicted location of reconnection across the magnetopause is found using several
theoretical models and a Block Adaptive Tree Solarwind Roe-type Upwind Scheme (BATS-R-US) MHD
simulation. Each model predicts a continuous X line passing close to the two spacecraft, suggesting both
would observe reconnection, if active. Using the constraints of the multipoint measurements, the extent or
length L of the reconnection is estimated to be 2.4<L <5.2 hin local time or 6 <L <14 R,.

1. Introduction

The behavior and structure of magnetic reconnection has been often studied in the plane of reconnection;
however, the structure of the process in the direction normal to the reconnection plane has received less
attention. For southward interplanetary magnetic field (IMF), and applications at the Earth’s magnetopause,
the extent in the direction normal to the reconnection plane corresponds to the extent of reconnection in
local time. Whether the X line is continuous or patchy and what controls the extent of an X line at the dayside
magnetopause remain open questions that are of importance both for solar wind-magnetospheric coupling
and for our fundamental understanding of the reconnection process.

One possibility is that reconnection could be a spatially continuous and extended process. Multipoint mea-
surements in the solar wind have shown evidence for spatially continuous reconnection [Phan et al., 2006a;
Gosling et al., 2007a] extending as much as 4x10° km [Gosling et al., 2007b]. Consistent with measurements
in the solar wind, extended X lines have also been inferred from spacecraft at the Earth’s magnetopause.
Simultaneous detection by spacecraft with separation of multiple hours in local time provides evidence for an
extended and potentially continuous X line across the dayside magnetopause [Phan et al., 2000, 2006b; Dunlop
et al., 2011; Walsh et al., 2014; Hasegawa et al., 2016]. Similar conclusions of a long extended X line across
the magnetopause have also been made based auroral observations [Fuselier et al., 2002]. Although possibly
continuous, the length of an X line at the magnetopause may vary. lonosphere signatures of magnetopause
reconnection suggest the length, or local time extent of an X line can vary, possibly due to solar wind drivers
or the boundary conditions of the magnetopause current sheet [Milan et al., 2016].

Within global MHD models an extended X line or magnetic separator is commonly reported. Studies designed
to identify the position and extent of an X line in MHD have employed a number of techniques such as identi-
fying a separator where magnetic topologies meet [Laitinen et al., 2007; Dorelli and Bhattacharjee, 2008; Komar
etal., 2013; Hoilijoki et al., 2014] and monitoring where magnetosheath magnetic field lines convect through
the magnetopause boundary [Ouellette et al., 2010]. This extended reconnection may be in the form of a single
line, or it may be a line that bifurcates and recombines [Glocer et al., 2016]. A consistent feature in these models
is that reconnection occurs continuously across the dayside magnetopause.

WALSH ET AL.

SPATIAL RECONNECTION 1


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0001-7426-5413
http://orcid.org/0000-0001-5850-7507
http://dx.doi.org/10.1002/2017GL073379

@AG U Geophysical Research Letters 10.1002/2017GL073379

T T T T Alternatively, reconnection could occur over an
] extended region but in discontinuous patches
along a current sheet [Shay et al., 2003]. Alexeev et al.
[1998] suggested reconnection may be initiated by
a localized current density-driven instability and
could occur in multiple patches along the dayside
magnetopause. Flux transfer events (FTEs) gener-
ated by bursts of localized reconnection [Russell and
Elphic, 1979] may also be consistent with spatially
localized patches or discontinuous reconnection
occurring over an extended region. Patchy and spa-
tially localized reconnection has been suggested to
describe the nature of reconnection in a number
] ofregionsincluding the magnetopause [Newell and

1  Meng, 1991] as well as the solar corona [Linton and
5 0 5 410 Longcope, 2006]. A connection between a localized
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Figure 1. Orbit of the ThA and ThD spacecraft on 21 April tion is initiated in a patch and spreads to a larger

2014 in GSM coordinates. The solid circle indicates the
locations where the spacecraft encounter the magnetopause
near 11:55 UT. The magnetopause is drawn from the Shue

et al. [1998] model.

extended X line [e.g., Milan et al., 2000; Huba and
Rudakov, 2002; Lapenta et al., 2006].

Reconnection could also occur in the form of multi-
ple extended X lines. The presence of multiple X lines
along the dayside magnetopause with similar local times and different latitudes was initially proposed as
a generation mechanism for flux transfer events (FTEs) [Lee and Fu, 1985; Sonnerup, 1987]. This geometry is
commonly observed in global MHD [Raeder, 2006; Dorelli and Bhattacharjee, 2009] as well as hybrid simula-
tions [Sibeck and Omidi, 2012; Pfau-Kempf et al., 2016]. It has also been observed in a number of spacecraft
measurements [Hasegawa et al., 2010; Jieroset et al., 2011; Zhang et al., 2012; Wilder et al., 2014].

In this paper, spacecraft measurements from the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) mission are analyzed to estimate the local time extent of magnetopause reconnection.
The spacecraft measurements are placed into the context of conceptual models for comparison and support
reconnection occurring as either an X line with a limited spatial extent or one that is spatially discontinuous
and patchy in nature.

2, Multipoint Measurements

Simultaneous multipoint measurements at the Earth’s dayside magnetopause were made by the THEMIS
(Th)A and ThD spacecraft [Angelopoulos, 2008] on 21 April 2014. The two spacecraft were on the dayside, dawn
of local noon with 3.9 R, spatial separation, and 1.4 h separation in local time. Both spacecraft were near the
magnetic equator. Figure 1 displays the orbits and location of the two spacecraft during the period of interest.

Measurements from the spacecraft are presented in Figure 2. The magnetic field values are from the fluxgate
magnetometer (FGM) [Auster et al., 2008], while the particle measurements and plasma moments are from the
electrostatic analyzer (ESA) [McFadden et al., 2008]. Onboard calculations of the plasma moments from ESA
are used for analysis of both spacecraft. Bulk flow and magnetic field coordinates are presented in boundary
normal coordinates (LMN) where L is along the outflow direction, M is along the X line, and N is the current
sheet normal. The coordinate system was identified through minimum variance of the magnetic field (MVAB)
[Sonnerup and Cabhill, 1967]. As each spacecraft passed from the magnetosheath into the magnetosphere, the
density decreased, the magnetic field rotated, and the ion spectra changed.

The density and magnetic field values in the magnetosheath were similar at the two spacecraft. The density
for both spacecraft was near 10 cm~3 and 0.4 cm~3 in the magnetosheath and magnetosphere, respectively. In
the magnetosheath the magnetic field was primarily in the reconnecting field direction (B;) but with some By,
component. The spacecraft observed a magnetic field rotation of 133° and 136° at ThA and ThD, respectively.
Although there were a number of similarities, the bulk flow along the magnetopause (M direction) was close
to 100 km/s higher at ThD than at ThA. Lastly, the dipole tilt during the encounter was 15°.
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Figure 2. Measurements from ThA and ThD at the dayside magnetopause for the same 3.5 min time period. (a and e)
Display ion energy spectra, (b and f) ion density, (c and g) bulk flow, and (d and h) magnetic field.

2.1. ThA: Active Magnetic Reconnection
ThA (left side of Figure 2) crosses the magnetopause boundary layer at 11:55:36 UT. While passing through
the boundary, the spacecraft measures both fluid and kinetic signatures of reconnection.

AVgpserved = V2 — V4 M

- 1-— a,q = 1- a, N
AVPredicted == HoPr BZ 1— a - B1 )

For asymmetric reconnection at the magnetopause, the largest flow acceleration occurs across the tangential
discontinuity. The Walén relation (equation (2)) is based on the conservation of momentum through the
boundary and describes the predicted flow from a tangential stress balance across this boundary [Paschmann
et al, 1986] and thus a condition which should be satisfied if reconnection is occurring. In equation (2),
a=(p; - P )Ho/B? is the anisotropy factor calculated from the difference between the parallel and perpen-
dicular pressures, where y is the magnetic permeability of vacuum and B is the magnetic field. The subscript
“1” denotes the inflow side, while “2” denotes the outflow jet region. In the case of asymmetric reconnection,
where the density is much greater in the magnetosheath, the inflow is primarily from the magnetosheath side
[Cassak and Shay, 2007] which is used as value “1.” The reference value from the magnetosheath was obtained
from a 10 s period just outside the boundary encounter (11:54:20-11:54:30 UT).

The Walén relation provides a test of the magnitude as well as the direction of the bulk flow. The ratio between
magnitude of the observed (| AV,peveq|) and the predicted velocity (| AV, egicreq|) is 0.9 (Where 1.0 would be an
exact match). The angle between the two vectors is 5°, both consistent with a reconnecting magnetopause.
The observed jet in the reconnecting component is in the —L direction indicating the spacecraft is “below” or
south of the reconnection location.

The particle signatures are also consistent with active reconnection. As magnetosheath particles encounter
newly opened magnetic field lines at the magnetopause, they can enter the magnetosphere or reflect at the
boundary. In the Earth reference frame, only particles with parallel velocity greater than the de Hoffman-Teller
velocity pass through the boundary. This effect results in the commonly reported “D-shaped” velocity distri-
bution on the magnetosphere side of the boundary [Cowley, 1982]. The evolution of the particle distribution
as the spacecraft passed through the boundary is presented in Figure 3. Figure 3 presents a similar time period
as Figure 2 but includes velocity distributions during the crossing for both spacecraft. Figure 3 (bottom row)
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Figure 3. Observations from ThA and ThD while passing through the magnetopause are shown. The time period and format are similar to Figure 2 with ion

velocity distribution functions provided.

ThA observes clear D-shaped distributions.

corresponding to ThA provides clear examples of D-shaped distributions, indicative of an active reconnecting
Xline.

2.2, ThD: Nonreconnection Boundary

ThD passes from the magnetosheath to the magnetosphere at 11:56:07 UT, roughly 30 s after ThA. Measure-
ments from ThD during the boundary crossing are given in Figure 2 (right). Once again the encounter is iden-
tified through changes in the ion energy spectra, a decrease in density, and a rotation of the magnetic field.

One visible difference between the two magnetopause crossing is the bulk flow at the boundary. ThA
observed a clear, large-amplitude jet in the —V, direction. ThD measured a small enhancement in the +V,
direction. To test whether this small enhancement may be consistent with a reconnecting boundary, the
plasma parameters were once again tested with the Walén relation. The minimum angle during the crossing
period between the predicted and measured velocity was 29° and corresponded to a ratio of the measured
to predicted velocity magnitude of 0.2 occurring at 11:56:05. A value of 0.2 is far below the predicted flow and
is not consistent with active reconnection.

A second test of the occurrence of reconnection is the velocity distribution functions. Figure 3 (top row)
presents several particle distributions showing the evolution as the spacecraft passes through the boundary.
The distributions transition from the dense cooler distribution in the magnetosheath to the hot, more tenuous
distribution within the magnetosphere with no evidence for local magnetic reconnection. If ThD was passing
very close to or through the diffusion region of the X line, one would not expect the jet velocity to have reached
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Figure 4. Predicted reconnection location positions (grey lines). The blue and red colored circles represent the

positions of ThA and ThD respectively. Each panel displays the prediction from a different reconnection identifier,

(a) the magnetic separator method, (b) the maximum magnetic shear, (c) magnetopause current density, (d) maximized

asymmetric outflow speed, () maximized reconnection rate, and (f) angle of bisection models. The thinner grey line

is the terminator. Plasma parameters used in the reconnection models were obtained from a BATS-R-US MHD model

with observed solar wind measurements.

full speed and thus would not satisfy the Walén relation. One would, however, still expect to see signatures in
the ion distribution functions [Phan et al., 2016; Burch and Phan, 2016] which are not observed here.

Another difference between measurements at the two spacecraft is the bulk flow along the magnetopause
boundary. Within the magnetosheath it is generally thought that the bulk flow approaches stagnation
near the subsolar point but increases speed with distance down tail. ThA was closer to the subsolar point
and observed flow along the magnetopause V,, ~100 km/s. ThD was several R, downtail and observed
V), =200 km/s, consistent with this understanding. Although we do not directly investigate the potential driver
which may have impeded reconnection, we note that shear flows have been shown to impact the reconnec-
tion process. In the M direction, perpendicular to the reconnecting plane, flow has been shown to increase the
dynamic nature of the system, potentially triggering waves along the boundary interwoven with reconnection
[Ma et al., 2014a, 2014b].

2.3. Model Predictions for X line Position

Predicted locations of reconnection across the magnetopause from several models were calculated for com-
parison with the spacecraft measurements. If the models predict reconnection to be occurring far from the
position of the spacecraft, one would not anticipate to observe signatures of the process. Alternatively, if
the models consistently predict reconnection to be occurring near the position of both spacecraft, it could
be evidence for a spatially limited or discontinuous process since only one of the two spacecraft observes
reconnection.

Figure 4 displays the results from the magnetic separator [Komar et al., 2013] technique, the maximum mag-
netic shear [Trattner et al., 2007], magnetopause current density [Alexeev et al., 1998], maximized asymmetric
outflow speed [Swisdak and Drake, 2007], maximized reconnection rate, and the angle of bisection [Moore
etal., 2002] reconnection models. The plasma and field parameters used for model inputs were obtained from
a global Block Adaptive Tree Solarwind Roe-type Upwind Scheme (BATS-R-US) [Powell et al., 1999; Gombosi
et al., 2000; De Zeeuw et al., 2000] MHD simulation run at NASA’s Community Coordinated Modeling Center
(CCMC) with the Space Weather Modeling Framework[Téth et al., 2005]. Further description of the process to
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identify the reconnection separator for the models is provided in Komar et al. [2013]. The simulation was run
with spacecraft observed solar wind measurements obtained from ThB sitting upstream in the solar wind and
time propagated to the magnetopause, IMF By, =[4.0,3.3, =3.9] nT,n=2.0 cm—3, V = [-563, —27, 27] km/s.

Although there is some variation in the predicted locations from the models displayed in Figure 4, the loca-
tions of both ThA and ThD are within several Earth radii of each model spanning across the magnetopause.
Due to the proximity, if reconnection was active along the full local time extent of the reconnection lines, one
would expect a probe in the positions of the spacecraft to have measured signatures of the process. Although
global MHD models have inherent limitations, the models tested provide relatively consistent predictions
and the boundary crossing occurred during steady southward IMF, both supporting the idea that reconnec-
tion would be occurring along the dayside magnetopause if active. The absence of reconnection signatures
at ThD indicates that reconnection was not occurring at this local time during the magnetopause boundary
encounter.

3. Discussion

The spacecraft alignment and near-simultaneous magnetopause encounters allow the spatial properties of
magnetic reconnection to be probed. ThA measured active reconnection along the dayside magnetopause
at 10.8 h MLT. Just dawnward at 9.4 h MLT ThD observed no signatures of active reconnection. These obser-
vations provide constraints on the properties of reconnection along the dayside boundary. Several models
capable of generating the observed signatures are explored in the context of the presented measurements.

3.1. Model 1: Patchy Reconnection

The first scenario is one of many discrete patches of reconnection. In this model reconnection may be active at
a number of discontinuous locations or patches across the magnetopause [e.g., Kan, 1988; Nishida, 1989; Shay
et al., 2003]. These patches could be small and localized or have some finite extension in local time. In some
places along the boundary there could be multiple patches of reconnection at similar local times but different
latitudes, while at other local times there may be only a single patch giving the impression of a single X line
to a localized observer. ThA measures signatures of reconnection, but 3.9 R; away at ThD no reconnection is
measured, consistent with a possible outcome from this model.

3.2. Model 2: Spatially Limited X line

Rather than discontinuous patches of reconnection as described in the previous model, reconnection could
be a continuous process that only spans a short local time portion of the dayside magnetopause. In the con-
text of these spacecraft measurements, the X line would be relatively limited in spatial extent. Using both
spacecraft to constrain our estimate, and assuming reconnection extends the same distance on both sides
of the subsolar point, the length L of the X line is 2.4 < L <5.2 hiin local time or 6 < L < 14 R;. This result is
fairly limited compared to other studies, some suggest that the magnetopause X line may span 44 R [Dunlop
etal, 2011] or 40 R in length [Phan et al., 2000]. It should be noted that estimates of very long X lines at the
magnetopause are typically based on spacecraft measurements at two points and require the assumption
that reconnection is continuous between the two locations. Alternatively, reconnection could be discontin-
uous across the boundary, as described in the previous model, which would reduce the length of the X line
significantly. Itis also be noted that the assumption of reconnection being symmetric about the subsolar point
is not directly based on the measurements presented but has been used in previous studies [Phan et al., 2000]
and allows for an estimate of the local time extent.

Although spacecraft-based studies have often found an X line at the magnetopause to be extended across
large regions of the dayside or further, ground-based measurements have often led researchers to conclude
reconnection may be spatially limited, extending only a few hours in local time or several R;.. Using auroral and
ground-based radar measurements to determine the spatial extent of a reconnection-generated flux transfer
event, Milan et al. [2016] found the local time extent to be 2 h, consistent with the lower end of the 2.4-5.2 h
extent estimated from the measurements here. Other studies have identified flow bursts in the ionosphere
corresponding to a reconnecting region and concluded these correspond to just fractions of an hour in local
time at the magnetopause [Oksavik et al., 2004, 2005].

3.3. Model 3: Rapid Bursts
The last model considered here describes reconnection as spatially extended but rapidly turning on and off.
In this model, active reconnection spanned across the magnetopause when ThA passed through the boundary.

WALSH ET AL.

SPATIAL RECONNECTION 6



@AG U Geophysical Research Letters

10.1002/2017GL073379

Acknowledgments

Support was given by the NASA grants
NNX16AJ73G and NNX16AD91G.
Support for Y.P-K. is provided by

the Academy of Finland (SA-Vlasov
grant 267144) and ERC consolidator
grant ERC-CoG-682068-PRESTISSIMO.
The authors acknowledge use of the
SPEDAS analysis software. Data used
in this study are openly accessible
from http://themis.ssl.berkeley.edu/.
Simulations were performed at the
Community Coordinated Modeling
Center at Goddard Space Flight Center
through their public Runs on Request
system (http://ccmc.gsfc.nasa.gov).
The CCMC is a multiagency partnership
between NASA, AFMC, AFOSR, AFRL,
AFWA, NOAA, NSF, and ONR. The
BATS-R-US Model was developed by
the Center for Space Environment
Modeling at the University of
Michigan. The analysis presented here
was made possible via the Kameleon
software package provided by the
Community Coordinated Modeling
Center at NASA Goddard Space

Flight Center (http://ccmc.gsfc.
nasa.gov). Software Developers are

M. M. Maddox, D. H. Berrios, and

L. Rastaetter. The simulation data used
to produce the results of this paper are
publicly available for free from CCMC.

After the encounter by ThA, the process rapidly turned itself off before ThD arrived, roughly 30 s later. Although
near simultaneous, since there is a short time difference between the two magnetopause encounters, there
remains the possibility for some temporal ambiguity. One requirement of this temporal model is for recon-
nection to halt and for signatures to disperse in a short period of time. A second requirement of this model is
that the process must be turned off due to some intrinsic property of reconnection since the solar wind, and
therefore the external driving, does not introduce much variation. Steady measurements of density, inflow
velocity, and magnetic field magnitude and direction were observed during this period. Although variability
in the position and efficiency of reconnection is observed, even for steady inputs, for southward IMF, the
“death” of an X line is typically reported to be caused by the structure convecting tailward along the mag-
netopause away from the subsolar point rather than switching off on the dayside magnetopause [Sibeck and
Omidi, 2012; Glocer et al., 2016; Hoilijoki et al., 2017]. With a spatial separation between the two spacecraft of
3.9 Rg, and assuming the X line is moving at the speed of the magnetosheath flow (~200 km/s), it would take
more than 2 min for the X line to move from ThA past ThD along the magnetopause. Since ThD encountered
the magnetopause just 30 s later and did not observe active reconnection, an extended X line moving tailward
is not consistent with the observations. For these reasons, we conclude that a spatial model (either Model 1
or Model 2) is more likely to describe the observations.

4. Conclusion

Multipoint spacecraft measurements are presented to study the spatial properties of magnetic reconnection.
A case study is presented with two THEMIS spacecraft within the dayside magnetopause boundary layer with
3.9 R; separation. ThA measured both fluid and kinetic signatures of magnetic reconnection, while ThD did
not measure active reconnection. A comparison with several reconnection models predicted that both space-
craft were within several Earth radii of reconnection at the magnetopause indicating both should observe
the process if it was indeed occurring. The measurements constrain the local length of reconnection at the
magnetopause. Applying the assumption that reconnection is symmetric about the subsolar point, the extent
or length L of the reconnection during this eventis 2.4< L <5.2 hiin local time or 6 < L <14 R;.
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