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Key Points:

€ The maximum magnetic shear
model predicts a stationary
reconnection Xline in a region
where the magnetosheath ow is
likely to be superAlfvenic

€ Observations of transmitted and
return beams in the low latitude
boundary layer for some restrictive
conditions show that there is a
quasi stationary reconnection Xline
near the predicted location

€ Alternatively, there could be
multiple X lines formed at the
magnetopause and these
observations place constraints on the
formation frequency and motion of
multiple X lines
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Abstract whenthe interplanetary magnetic eld (IMF) is southward and has a substantiaf component,
reconnection at the magnetopause occurs at low latitudes. Under these conditions, the maximum magnetic
shear model for the reconnection Xine at the magnetopause predicts a continuous ke stretching

from the dawn to dusk terminators. During the solstices, the Xne is not at the subsolar point and may be
located in a region where the magnetosheath bulkow is superAlfvenic. For a xed IMF direction, the
maximum shear model also predicts a stationary kne. In response to IMF clock angle changes on the
timescale of minutes, the Xine moves on the same timescale. The stationarity of the reconnectioniKe is
testable observationally under certain, restrictive conditions. This stationarity is tested using observations
from the Magnetospheric Multiscale mission. For two events, the distance from the Magnetospheric
Multiscale spacecraft to the Xine is constant over several minutes (within relatively large error bars) and the
X line is also near the location predicted by the maximum magnetic shear model. Thus, the reconnection
X line at the magnetopause appears to be quasgtationary for constant IMF clock angle. These observations
also place constraints on the formation and motion of multiple Xines at the magnetopause.

1. Introduction

Magnetic reconnection occurs at the Earth's magnetopause for all orientations of the interplanetary mag-
netic eld (IMF). For southward IMF, reconnection occurs equatorward of the Earth's magnetospheric cusps
at the low latitude magnetopause. This reconnection occurs between magnetosheath and magnetospheric

elds along continuous reconnection Xines. The reconnection Xine is envisioned conveniently as a ribbon
stretching across a large part of the dayside magnetopause (Fuselier et al., 2016).

This ribbon is very thin. In the electron diffusion region, that is, in the heart of the Xine where the magne-
tosheath and magnetosphericeld lines break and reconnect, the ribbon thickness is of the order of an elec-
tron inertial length. At the magnetopause, this thickness is of the order of 2 km (e.qg., Fuselier & Lewis, 2011,
Hesse, 2006). The ribbon is also very narrow. The width of the electron diffusion region is of the order of 10
electron inertial lengths, which, at the magnetopause is of the order of 20 km. Compared to its thickness and
width, the ribbon is very, very long. There is observational evidence that reconnectioriXes are many tens

of thousands of km, or equivalently, many Earth radii (R) long (e.g., Fuselier et al., 2002; Petrinec &
Fuselier, 2003; Petrinec et al., 2003; Phan et al., 2000; Trattner et al., 2007a, 2007b).

Depending on the relative strengths of the IMEy|and| Bz|components and the location on the magneto-
pause, the shear angle between the magnetosheath and magnetospheric magnetids at the reconnection

X line is either 180° (antiparallel reconnection) or <180° (component, or guideeld reconnection). One
empirical model that has been very successful in predicting where reconnectionies occur and where
there is antiparallel and component reconnection is the maximum shear reconnection model (Trattner
etal.,2007a, 2007b). This model was developed from a large number of measurements in the Earth's magneto-
spheric cusps and has been tested successfully using in situ observations at the Earth's magnetopause (Dunlop
etal., 2011Fuselier etal., 2011Petrinec et al., 2016Trattner et al., 2012Trattner etal., 2017) and using ener-
getic neutral atom observations to remotely image the magnetospheric cusps (Petrinec et al., 2011). The
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model was used successfully to predict the reconnection diffusion
region encounters by the Magnetospheric Multiscale (MMS) mission
(Fuselier et al., 2016).

The maximum shear model of the reconnection line location predicts
that there is a combination of component and antiparallel reconnec-
tion at the magnetopause when the IMF is southward andBy| |
B;|. Furthermore, there is a seasonal effect that moves the compo-
nent part of the reconnection Xline away from the subsolar region.
The resultis a reconnection Xine con guration similar to that shown
schematically in Figure 1. It shows the magnetopause location of a
component part of the reconnection Xine for + By ~| Bz|near the
December solstice. The component fhe extends over a large fraction
of the dayside magnetopause and is offset from the subsolar region

Figure 1. Schematic view of the component reconnection Kne that forms because of the time of the year (see, Trattner et al., 2007b). The tilt of

when the interplanetary magnetic eld (IMF) is southward, [+By| | Bz,
and the time of year is around the northern hemisphere winter solstice. The
view is from the Sun. Reconnectedeld lines convect away from the com-

the X line and its offset from the subsolar region have important con-
sequences for the ion reconnectionow jets in the low latitude bound-

ponent X line under the tension of the IMF convection. The duskward ary layer (LLBL). In particular, the ow jet associated with the
convection of the orange eld line in the low latitude boundary layer (LLBL) reconnected eld line in orange in Figure 1 is in the dusk direction,
is opposed to the dawnward magnetosheattow. These ow reversals are which is opposite the dawnward magnetosheathow. Thesesplasma

unique to component reconnection at the magnetopause. If this duskward
convection is slow enough, then highvelocity ions that enter the LLBL near
the reconnection site have time to propagate along theeld line to the

ow reversal eventz (Gosling et al., 1990) were recognized as unique
to component reconnection at the magnetopause and, indeed,

ionosphere, mirror, and return to the LLBL. This gure is adapted from Figure 1 is a modi ed version of Figure 1 in Gosling et al. (1990).

Gosling et al. (1990).

During the solstices, the component reconnection Kne is suf ciently

far off the subsolar point such that all or substantial parts of it may be
located in regions where the magnetosheath bulkow velocity at the magnetopause is supé&lfvenic.
Petrinec et al. (2003) investigated the sudpnic to supersonic transition for northward IMF conditions.
They used a relatively simple model of the magnetosheattow past the magnetopause; however, their
results are applicable to a wider range of IMF orientations. In their model, the magnetosheatbw becomes
super Alfvenic of the order of 5 R: away from the subsolar point in either the Y or Z directions. Thus, the
component reconnection Xline is likely in a superAlfvenic ow regime when|+By| | Bz|near the
December or June solstices. The magnetosheatbw radially away from the subsolar point is approximately
perpendicular to this reconnection Xine.

These results raise the question whether the reconnectionlie location remains steady in such a ow
regime, or if the Xline propagates tailward at the bulk ow speed of the magnetosheath plasma (so that
the shear ow across the Xine is small) or, alternatively at approximately the Alfvén speed. In the maxi-
mum shear model, the reconnection line moves along the magnetopause in response to changes in the
IMF, but otherwise it is stationary. Magnetopause crossings near and in the electron diffusion region by
the MMS spacecraft show that the reconnection Kne is in motion (e.g., Burch et al., 2016; Cassak et al.,
2017; Lavraud et al., 2016)). The MMS spacecraft at the magnetopause are moving@ar/s while the mag-
netopause moves radially in and out at ~20 km/s. Thus, the spacecraft cross the magnetopause because the
boundary sweeps over the relatively stationary spacecraft. The reconnection diffusion region also sweeps
past the spacecraft at speeds tangential to the magnetopause that are often much greater than the in and
out motion of the magnetopause. Reconnection de speeds of ~100 km/s are not uncommon (Burch
et al., 2016; Pritchard et al., 2019). However, the spacecraft usually reside in the diffusion region and asso-
ciated magnetopause boundary layers for a few seconds. These brief diffusion region encounters are not suf-
cient to determine if the reconnection Xline motion along the magnetopause is sustained for a sigruant
period of time (e.g., many minutes).

Up to this point, the discussion has focused on a single, primarylXe. There is also observational evidence

of multiple, secondary Xlines at the magnetopause (e.g., Fuselier et al., 2011; Hasegawa et al., 2010; Pu et al.,
2005; Trattner etal., 2012; Vines et al., 2017; Wang et al., 2007; Wilder et al., 2014;). Observations discussed in
sections 3 and 4 place constraints on the formation and motion of multiple khes. These constraints are pre-
sented in the interpretation section.
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The purpose of this paper is to investigate the location and possible motion of thdide on a timescale longer

than several seconds. Two magnetopause crossings by the MMS spacecraft are used in this investigation.
These two crossings occurred near the December solstice when IMByt+ | Bg|(i.e., the IMF conditions

and time of year discussed above). For these two crossings, it is shown that the MMS observations are con-
sistent with a quasistationary, component reconnection Xine and is likely located in a superAlfvenic ow
regime. The term quasktationary is de ned here as remaining at a xed distance from the spacecraft (within
some uncertainty that is dened from the observations) for several minutes. While the ke may move
around this xed distance within this fairly large uncertainty, it does not appear to move in a consistent man-
ner away from (or toward) the spacecraft. Section 2 describes the instrumentation and method used to deter-
mine the stationarity of the Xline. Section 3 and 4 describe the observations from thest and second
magnetopause crossings, respectively. Section 5 describes the interpretation of the observations and the con-
clusions. The interpretation section is divided into two sulsections in order to discuss separately the single

X line and multiple X line interpretations.

2. Instrumentation and Method

Observations in this paper are from the MMS spacecraft at the magnetopause. Single spacecraft observations
are suf cient for this study and MMS3 observations are used here. The Fast Plasma Investigation/Dual
Electron Spectrometer (FPI/DES; Pollock et al., 2016) observations are used to help identify the plasma
regions encountered by the spacecraft. Hot Plasma Composition Analyzer (HPCA, Young et al., 2016) and
magnetic eld (MAG; Russell et al., 2016) observations are used to determine pitch angle distributions in
the LLBL. Finally, WIND observations (Lepping et al., 1995; Ogilvie et al., 1995) are used to determine the
upstream conditions for the magnetopause encounters.

The distance to the reconnection site is determined by employing a proven technique that utilizes ion popu-
lations observed in reconnection boundary layers such as the plasma sheet boundary layer, LLBL or magne-
tospheric cusps (e.g., Fuselier et al., 1992; Fuselier et al., 2000; Onsager et al., 1990; Onsager & Fuselier, 1994;
Phillips etal., 1993; Trattner et al., 2007a, 2007b). In these boundary layers, there is a tifneight or velocity

Iter effect that produces populations with distinct lonspeed cutoff velocities. Considering the orangesld
line in Figure 1, if the convection of the reconnectedeld line from the X line is slow enough, then a space-
craft at the subsolar point in the LLBL observes two ion populations propagating in opposite directions along
the magnetic eld. This requirement on the eld line convection speed is explained further in the observa-
tions section. The rst population, propagating antiparallel to the orange magneticeld line, is the magne-
tosheath population that entered the magnetosphere on opereld lines poleward of the spacecraft. The
second population, propagating parallel to the orange magnetield line, is the magnetosheath population
that entered the magnetosphere, propagated to the ionosphere, mirrored, and returned to the spacecraft. The
low speed cutoffs of both the entering and mirrored populations represent the particles arriving at the space-
craft from near the reconnection site. Since these particles left the reconnection site at the same time, the pro-
pagation times from the site to the spacecraft are equal. The two equations that describe the distance,
velocity, and common propagation time of the two populations are solved for the distance to the reconnec-
tion site (see, Onsager et al., 1990) giving:

Ve
1 S
XR Ya Xy ¥ Vb 1)

In equation (1), Xg is the distance from the spacecraft to the reconnection sit&,, is the distance from the

spacecraft to the mirror point in the ionosphereyg is the cutoff speed along the magneticeld of the earth-

ward propagating population, andvy, is the cutoff speed along the magneticeld of the return, or mirrored

population. In practice, Xy, is determined from a model magnetosphericeld like the Tsyganenko model
eld (Tsyganenko1995) used here.

3. Observations: 7 December 2016 Magnetopause Crossing

The MMS3 spacecraft crossed the magnetopause several times on 7 December 2016 starting at approximately
0519 UT. The spacecraft was very near the subsolar point. The IMF clock angle was 125Bynaas relatively
small compared to the total eld strength (Bx|/|B|= 0.4).
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Figure 2. 30 min of data surrounding several magnetopause crossings near the subsolar point. (panels a through e): The
omni directional electron ux, the omni directional H*  ux, the H density, the H velocity, Bzgsw and the computed
distance from the spacecraft to the Xne. The black vertical lines show the location of complete magnetopause

crossings, and the black triangle in panel (b) shows the time of alBvelocity distribution in Figure 3. The spacecraft goesin
and out of the low latitude boundary layer (LLBL) over a 24min time interval from 0500 UT to 0524 UT. Every time itisin

the LLBL, the computed distance from the spacecraft to the e remains within 6.8+3 Rg. That is, the Xline is
quasistationary, uctuating around a more or less xed distance from the spacecraft, but never moving in a consistent
fashion away (or toward) the spacecraft.

Figure 2 shows 30 min of data from MMS3 for magnetopause crossings under conditions similar to those dis-
cussed in the introduction. Panels (a) through (f) show the ommirectional electron ux, the omni
directional H* ux, the H" density, the three components of the H velocity, the B, component of the
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magnetic eld in GSM coordinates, and the distance to the lhe calcu-
lated from Equation (1). The three nearly complete magnetopause cross-
ings are identi ed by solid vertical lines and there are several partial
crossings in between and after the three crossings that are not idergd.
Finally, there is a regional identi er bar above panel (a).

The spacecraft starts in the magnetosphere, spends nearly 20 min entering
and exiting the LLBL from the magnetosphere. During this 2énin inter-
val, the solar wind IMF clock angle varied by only £5°. MMS3 crosses the
magnetopause rst at 0519 UT, where theB; component rotates from
positive to negative, and then crosses the boundary two more times after
that, before ending up in the magnetosheath at the end of the time period.
The multiple intervals in the LLBL, where the density is intermediate
Earthward H/VE between. t.he magnetogheath and mqgnetospheric densities and _thé H
Beam Vz velocities are negative and very high, are used here to determine the

., Retun distance to the reconnection site over ~24 min.
VM Beam

N Figure 3 shows a detailed M velocity space distribution from the LLBL
interval marked by the triangle in the omnidirectional H* ux in panel
(2b). The 2D cut in the 3 D velocity distribution in Figure 3 is in the frame
where the ow velocity perpendicular to the magnetic eld (both averaged
over 10 s) is zero. Below the B cut is a 1D cut parallel to the magnetic

. e . eld alongv =0.
Figure 3. H Velocity distribution in the low latitude boundary layer 9

(LLBL) from the time period in Figure 2. TheV) V. distribution in the top The 2 D cut contains four populations. The rst population has the highest
panel is shown in the frame of reference where the velocity perpendicularto ,y and is propagating antiparallel to the magneticeld. It is responsible

the magnetic eld is zero. The population propagating antiparallel to the . A -
magnetic eld at ~200 km/s is the magnetosheath population propagating for the Vz, high speed ows in Figure 2d. This is the magnetosheath

toward the ionosphere. The D cut in this population in the bottom panelis Population that entered the LLBL along reconnectedeld lines. The per-
tted with a Maxwellian and the cutoff velocity is labeled/g. The population ~ pendicular temperature of this population is considerably larger than the

propagating parallel to the magnetic eld at ~700 km/s is the part of the parallel temperature and the population has a lovgpeed cutoff.
magnetosheath population that propagated to the ionosphere, mirrored, and

returned to the spacecraft. This population is alsot with a Maxwellian The antiparallel propagating population is t with a Maxwellian in the
and the cutoff velocity is labeled/)y. The cutoff velocities of the earthward  bottom panel and the lowspeed cutoff is labeled/g. The cutoff velocity
and mirrored populations are used to calculate the distance from the was determined using a previous process (Fuselier et al., 2000; Trattner

spacecraft fo the reconnection site. et al., 2007a, 2007b). whereby the population igted with a Maxwellian

and cutoff velocity is de ned to be at a ux level that is 1/e from the peak
on the lower velocity half of the population. The uncertainty in the cutoff velocity is dened as half the velo-
city difference between the peak and the cutoff velocity.

The second population is very cold and at nearero parallel velocity. It is the lowenergy magnetospheric ion
population. This population is also seen in the magnetosphere in Figure 2 at for example, 0501:30 UT in
panel (2b). In the boundary layer, for example, at the black triangle in Figure 2 in panel (2b), this population
has gained energy in the direction perpendicular to the magnetieeld and is no longer at low energy in the
spacecraft frame.

The third population is the high energy ring current. This population has low uxes, is nearly isotropic, and
extends frompV|> 700 km/s in Figure 2. This population was on closedeld lines in the magnetosphere but is
now on open eld lines in the LLBL.

The fourth population is the return beam, propagating parallel to the magneticeld at a velocity of about 700
km/s. These ions entered the LLBL along opereld lines, propagated antiparallel to the magneticeld to the
ionosphere, mirrored, and returned to the spacecraft parallel to the magnetield. Like the earthward pro-
pagating magnetosheath population, the perpendicular temperature of this population is also much larger
than the parallel temperature. This population is alsot with a Maxwellian in the bottom panel and the
low speed cutoff is labele®),. The higher velocity part of this population merges with the ring current popu-
lation. However, the uxes of this return beam are about the same as theixes in the magnetosheath M
population antiparallel to the magnetic eld at the same energy and thesauxes are about a factor of 5 higher
than the ring current population at parallel velocities <800 km/s.
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The distance from the spacecraft to the reconnection site is computed
from (1) usingVg|= 160£38 km/s,|V\y|= 535+£56 km/s, and Xy = 9.45

Rg. As de ned above, the uncertainties in the velocities are one half of
the velocity between the peak and 1/e of the peak. The distance from

&é"’z the spacecraft to the ionosphere along the magnetield was determined
Mean Q«®+,\‘>° from the Tsyganenko magnetic eld model and the spacecraft location.
w& With these numbers and uncertainties, the distance from the spacecraft
to the reconnection site for the 10 s time period in Figure 3 was 8+3:R
MMS The relatively large uncertainty in the distance is due to relatively large

uncertainties in the cutoff velocities. Nonetheless, (1) yields the best esti-
mates of the distance when the spacecraft is approximately haify
between the reconnection site and the mirror point, as it is in the example
in Figure 3. When the spacecraft is very close to the ionospheric mirror
point and relatively far away from the reconnection site\fg|~|Vv|and
the denominator in (1) approaches zero with very large uncertainties.
When the spacecraft is very close to the reconnection site and relatively
far away from the ionospheric mirror point,Vg| [Vuland there are insuf-
cient uxes of magnetosheath ions at high velocities to determingj].

Figure 4. Modeled magnetic shear angle at the magnetopause projected intoEauivalently, unfjer these condit.ions, there are irllsuf:ient number of
the Y Zgsmplane for the time interval in Figure 2. The interplanetary magnetosheath ions that have high enough velocity to propagate to the
magnetic eld conditions that were used to produce this shear angle map arejonosphere and return before the reconnectedeld line convects past the

shown at the bottom. Red regions in th

and violet regions show low magnetic shear. The blue line shows the loca-
tion of the X line predicted by the maximum shear model. The mean dis-

e map show high magnetic shear  gpacecraft. This is the usual condition at the magnetopause for spacecraft
crossings near the subsolar point, except under the special, nsatstice

tance from the Magnetospheric Multiscale spacecraft to theliie conditions for the event in Figure 3 and outlined in the introduction. The

determined from the ion populations in

the lowlatitude boundary layer, is ~ ability to observed a return beam thus depends on the convection speed

shown by the grey dot. The predicted and observed distances are consistertf the reconnected eld line and the distances from the reconnection X

with one another.

line and the mirror point. These are the quantities that determine if the
convection speed of the reconnecteceld line is *slow enough’.

The velocity distribution in Figure 3 is representative of velocity distributions observed in the LLBL from
0500 to 0524 UT in Figure 2. None of the populations in the LLBL exhibit the characteristics described above
that indicate that the spacecraft is far from or close to the reconnection site. The bottom panel in Figure 2
shows the calculated distance to the reconnection site for all of the $0LLBL distributions observed by
MMS3/HPCA. There are relatively large uncertainties in the distance. However, taken as a group, they show
that the reconnection site never moves consistently away from the spacecraft over the 24 min of observations
in the LLBL. Assuming that the reconnection site distance is simplyuctuating around a xed location, the
weighted mean of the reconnection distances is 6.8+3RThis distance and uncertainty are shown by the
blue dashed lines in the bottom panel in Figure 2.

Figure 4 shows how this mean distance to the reconnectionlXe is related to the predicted location of the

X line from the maximum shear model. Plotted in Figure 4 are the model magnetic shear angles between the
draped magnetosheath and magnetospheri@lds on the magnetopause surface. The view is from the Sun
and the shear angles are projected into thé Zgsy plane. The black circle is the terminator. The maximum
shear model predicts the reconnection Xne extends from beyond the dawn terminator along the ridge of
magnetic shear angles = 180° (i.e., antiparallel reconnection). TheliKe cuts across the dayside magneto-
pause well above the subsolar point and connects with the antiparallel ridge on the duskside. The observed
mean distance to the reconnection site is 6.3+3dRand, within the uncertainties, this mean distance is con-
sistent with the location of the predicted Xline.

4. Observations: 29 December 2016 Magnetopause Crossings

The MMS3 spacecraft crossed the magnetopause twice on 29 December 2016 at approximately 0358:30 UT
and 0403:45 UT. The spacecraft was close to the subsolar point, but not as close as with the 7 December
2016 event in section 3. The IMF clock angle was 96°am) was nearly 0. During the time interval in
Figure 5, the solar wind IMF clock angle varied by only +5°.
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MMS3 HPCA FPI FGM 29 Dec 2016
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Figure 5. 10 min of data surrounding two magnetopause crossings relatively near the subsolar point. The format and panel
identi cation are the same as in Figure 2. The black vertical lines show the location of complete magnetopause crossings
and the black triangle in panel (b) shows the time of a ® velocity distribution in Figure 6. The spacecraft crosses the
magnetopause at 0358:30 UT and spends a brief time in the magnetosphere. From 0400:30 UT itis continuously in the low
latitude boundary layer. While in the lowlatitude boundary layer, the computed distance from the spacecraft to the

X line remains within 7.8+3 Re. That is, the Xline is quasistationary, uctuating around a more or less xed distance

from the spacecraft, but never moving in a consistent fashion away (or toward) the spacecraft.

Figure 5 shows 10 min of data from MMS3 for the two magnetopause crossings. The conditions were similar
to the crossings in Figure 2 and the format is the same as in Figure 2. The two complete magnetopause
crossings are identied by solid vertical lines. The rst crossing at 0358:30 UT from the magnetosheath to
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the magnetosphere is rapid, the boundary is thin, and the interval in the
boundary layer is too short for HPCA to make a complete measurement.
The spacecraft spends approximately one and a half minutes in the mag-
netosphere. The magnetosphere is characterized by high energy electrons
and protons in panels (5a) and (5b). It then transitions into a nearly Bin

long LLBL interval. It crosses the magnetopause at 0403:45 UT and reen-
ters the magnetosheath at the end of the interval in Figure 5.

The black triangle in Figure 5 shows the time when the F distribution in

the LLBL in Figure 6 was measured. This distribution is representative of
the other LLBL distributions observed from 0400:30 UT to 0403 UT. The
format is the same as that of Figure 3. In Figure 6, the antiparallel propa-
gating population is the magnetosheath population that entered the LLBL

Earthward H/VE on open eld lines and is propagating toward the ionosphere. This popu-

Beam lation is responsible for the large, negativ®/z velocity in Figure 5c. The
H Return ring current population is at velocities greater than about 1200 km/s and
Vu Beam has very low density in this event. There is a clear return beam from the
N

ionosphere propagating parallel to the magneticeld. Similar to the popu-
lations in Figure 3, the earthward and return beams aret with
Maxwellians and the two cutoff velocitiesVg and V), are labeled in the
bottom panel of Figure 6.

. The distance from the spacecraft to the reconnection site is computed
Figure 6. H™ Velocity distribution in the low latitude boundary layer . - " - " -
(LLBL) from the time period in Figure 5. The format is the same as in from (1? usingMel %38_64 km/s, V| ) 626+95 km/s, and Xy = 11.06
Figure 3. The population propagating antiparallel to the magneticeld at _RE' As in the event in S?Ct'on 3, the distance from the Spacecraﬂ‘to the
~250 km/s is the magnetosheath population propagating toward the iono- ionosphere was determined from the Tsyganenko 1990 magnetield
sphere. The 1D cut in this population in the bottom panel is tted with a model and the spacecraft location. Using (1) and these numbers and

_Maxwell:larlm a”‘:]the C“toﬁvekl’gity is;ggek'e‘j ¥. T:e pOp“':‘tLO” propagat- yncertainties, the distance from the spacecraft to the reconnection site
Ing paralle to the magnetlc eld at ~ m/s is the par’[ of the magne- . . . .
tosheath population that propagated to the ionosphere, mirrored, and for the 10s time period in Figure 5 was 6.2+4 B

returned to the spacecraft. This population is alsot with a Maxwellian and  The distances to the reconnection site computed from all of the measured
the cutoff velocity is labeledVy,. The cutoff velocities of the earthward and 3D distributions in the LLBL interval are shown in the panel (5e) in
mirrored populations are used to calculate the distance from the spacecraft _. . . .
to the reconnection site. Flgu.re 5.. Although the LLBL llnt.erval is c9n3|derably shor.ter tljan. the
one in Figure 2, the result is similar. That is, the reconnection site is far
away from the spacecraft with a weighted mean distance of 7.8+3 Bnd is at a more or less xed distance
from the spacecratft.

The location of the Xline relative to the spacecraft and the predicted Xne are shown in Figure 7. The for-
mat is the same as Figure 4. In this event, the predictedlXe and the measured mean distance agree within
1 of one another. However, Trattner et al. (2018) showed that the reconnectioriiXe often deviates sooner
from the antiparallel ridge running from past the dawn terminator aZgsy= 4 Rgin Figure 7. If the event
in Figure 7 is one of these types of events, then the predictediXe would be closer to the dawn terminator at
Zssw= 0 and the predicted and measured distances would be closer than df one another. These details
notwithstanding, Figures 5 and 7, show that MMS3 was quite far from a quastiationary Xline.

5. Interpretation
5.1. Single X line

When the IMF is southward and|#By| | Bg|, the maximum shear reconnection model predicts a single,
component reconnection Xine that stretches across the dayside magnetopause at approximately a 45° angle
with respect to theY Zggy plane. Around the solstices, this component Xne is still at approximately the
same angle with respect to theY Zggy plane, but the line does not pass through the subsolar point.
Instead, it crosses the noon meridian in the afggy ~ 5 to 10 R: for the winter solstice andZgspy~ 5 to

10 R: for the summer solstice. The location of this component K¥ne near the winter solstice for these
IMF conditions is shown schematically in Figure 1 and for two spect events in Figures 4 and 7.
Figures 1, 4, and 7, are for IMF By conditions. For IMF By conditions, the component reconnection
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line is mirrored about the noon meridian. Under the conditions in
Figures 4 and 7, a large fraction of the component reconnection X
line may be in a region where the bulk ow speed is supeAlfvenic
in the magnetosheath adjacent to the magnetopause and thiew is
perpendicular to the reconnection Xine. These high ow speeds
raise the question of whether the reconnection Xne, once formed,
will remain stationary or will move tailward with the magnetosheath
or near the Alfvén speed.

One interpretation for the two events presented in Figures 2, 3, and 4
and 5, 6, and 7 is that there is a primary Xine formed at approxi-
mately the predicted distance from the spacecraft. Furthermore, the
X line remains quasistationary for long periods of time (i.e., a mini-
mum of several minutes) even though the Xine is in a region where
the magnetosheath ow is perpendicular to the Xline and the ow is
super Alfvenic. For the second event (Figures 5, 6, and 7), the Alfvén
speed at the spacecraft was ~110 km/s and thew speed in the mag-
netosheath at the predicted reconnection Xne location, from the
gas dynamic model (Spreiter & Stahara, 1985), was ~1.35 times the

Figure 7. Modeled magnetic shear angle at the magnetopause projected into theAlfven speed. If the Xline was moving dawnward and tailward at this
Y Zgsmplane for the time interval in Figure 5. The format is the same as in Alfvén speed, then in the ~3 min of observations of the ¥ne location

Figure 4. The mean distance from the MMS spacecraft to theli)Xe, determined  jn Figure 5, the distance from the spacecraft to the kne should have

from the ion populations in the low latitude boundary layer, is shown by the grey increased by
dot. The predicted and observed distances are within df one another.

~4 R. If the X line was moving at the magnetosheath
speed, then the distance from the spacecraft to thelXe should have
increased by ~5.4 R

The contrast between the observed distance to thelike and its possible motion is much more dramatic for

the rstevent (Figures 2, 3, and 4). For this event, the Alfvén speed was ~230 km/s at the spacecraft and the
ow speed in the magnetosheath was ~1.35 times the Alfvén speed at the location of tHm& If the X line

were moving dawnward and tailward at this higher Alfven speed, then in the ~24 min of observation of the

X line location in Figure 2, the distance from the spacecraft to the khe should have increased by ~63 R At

this distance, MMS3 would have observed th&, ~ Vg (i.e., the spacecraft was close to the ionospheric mir-

ror point and very far from the reconnection Xline). There were no LLBL distributions that showed these

cutoff velocities.

The interpretation of a single, quasstationary X line has some limitations. First, the use of the entering and
return beams to calculate the distance to the Kne requires restrictive conditions. As such, there are few
MMS observations where the spacecraft is at the subsolar magnetopause near the December solstice and
the IMF clock angle is steady with|By| | Bz|. Thus, the results from the two events presented here are
likely to be representative of the other times under the same conditions; however, identifying more events

is problematic.

5.2. Multiple X Lines

The interpretation of the single, primary Xline described in the section 5.1 is not unique. In particular the
observations described here do not rule out multiple Xnes at the magnetopause. However, these observa-
tions place important constraints on the formation and motion of additional Xines.

The rstimportant constraint is that secondary Xines do not form southward of the spacecraft location and
those that form northward of the spacecraft do not propagate southward such that they pass over the space-
craft. If either of these conditions were to occur, then countestreaming ion populations (one from each
reconnection Xline) with nearly equal uxes would be observed in the LLBL. No such distributions were
observed in these two events.

There is a second important constraint on the formation and propagation of ies northward (away from)
the spacecraft. Consider the following scenario: The primary e forms at the predicted location and
moves northward/tailward. A short time later, a new Xline forms in the original location and moves in
the same direction. The combination of the rst and second Xines produces a ux transfer event (FTE).
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This scenario is essentially the same as that described by Raeder (2006, 2009) and Hasegawa et al. (2010). In
particular, Hasegawa et al. (2010) show observational evidence of multipldies from an event with large
dipole tilt and their Figure 2 is a pictorial representation of the formation and motion of the FTE described
above. In addition to these simulations and observations, Pu et al. (2005) reported multiplex ropes at the
high latitude northern cusp for a January 2001 event (i.e., near the winter solstice) during a southward IMF
interval. Wang et al. (2007) reported an FTE propagating on th@nk magnetopause at northern latitudes in

a January 2005 event (also near the winter solstice) during an interval when the IMF was southward and had
alargeBy component. Finally, Wilder et al. (2014) reported a tailward retreating ¥ne at high latitudes dur-

ing an event when the IMF was northward and they also reported the formation of a new e equatorward

of the retreating one. While all of these observations and simulations suggest the formation of multiple
X lines, none of them con rm that the primary X line reforms in the same position as the one that retreats
northward/tailward. However, this must happen if this scenario is to be consistent with the observations in
Figures 2 and 5.

The observations in this paper also place constraints on the size of the FTE that is formed by the sequen-
tial creation of two X lines. If the time period between the formation of the rst X line, its tailward pro-
pagation, and formation of the second Xine is short enough, then the computed distance from the
spacecraft to the reconnection Xne will remain within one standard deviation of the mean in
Figures 2 and 5. The time between formation, propagation, and formation of the secondiie is limited

to approximately the time that the Xline moves 1 (or 3 Rg). For the second event, the Xine moving at

150 km/s (1.35 times the 110 km/s Alfven speed) would propagate 8 R 2 minutes. Thus, the maximum
reformation time is 2 minutes and the maximum distance between the two fes is 3 R:. It is probably a
coincidence that the estimated size of the FTE reported by Hasegawa et al. (2010) is alsog=3Bwever,

the similarities in the size estimates from very different techniques suggests that FTEs may have a
maximum size of a few R at the dayside magnetopause.

6. Final Conclusions

Although it is argued here that the Xline remains quasistationary or rapidly reforms in the same location,
the unanswered question is why this should be the case. For the singldiixe interpretation, one possibility is
that the component reconnection line does not exist in isolation. As Figures 4 and 7 show, the maximum
shear model predicts that the Xine is continuous, stretching from beyond the dawn terminator to beyond
the dusk terminator. In particular, the component part of the Xine is linked to the antiparallel parts on
the anks of the magnetopause. It may be that the component part of theliXe cannot move tailward
and away from the subsolar point because this motion would require sigrdant changes in the location of
antiparallel parts of the Xline. There may be similar constraints on the southward motion of multiple Xines

at the magnetopause.
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