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Asymmetric shear flow effects on magnetic field
configuration within oppositely directed solar wind
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[1] We present observations of the nearly oppositely directed solar wind reconnection jets
from the same reconnection X line that swept by the Wind and STEREO-A spacecraft on
11 March 2007. The event was characterized by an external plasma density asymmetry
and a jet-aligned shear flow across the exhausts. A well-defined pair of asymmetric
current sheets bounded both outflow regions. The observed current sheet asymmetries and
differences in the magnitude of the antiparallel magnetic field components within the
two exhausts were consistent with the sense of the shear flow and the predictions from
two-dimensional MHD simulations of reconnection outflows for the Earth’s asymmetric

flank magnetopause.
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1. Introduction

[2] Magnetic reconnection is a universal plasma process
that changes the magnetic field configuration and allows for
a mixing of plasmas from disparate regions initially sepa-
rated by a tangential field discontinuity [Priest and Forbes,
2000]. Asymmetric reconnection commonly occurs at the
Earth’s magnetopause [e.g., Levy et al., 1964; Paschmann et
al., 1979; Sonnerup et al., 1981; Lin and Lee, 1994] which
separates plasmas of different plasma density, temperature,
and field strengths.

[3] The telltale signature of magnetic reconnection in the
solar wind consists of a pair of oppositely directed plasma
jets. A single spacecraft typically samples only one of the
exhausts. The roughly Alfvénic-accelerated outflow plasma
jet is bounded by correlated changes in magnetic field (B)
and velocity (V) on one side and anticorrelated changes in B
and V on the other side of the exhaust.
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[4] Reconnection exhausts have been observed over a
wide range of heliocentric distances (0.3—-5.4 AU) and are
often associated with extended (hundreds of Earth radii)
reconnection X lines [e.g., Gosling et al., 2005, 2006a,
2006b, 2007a; Phan et al., 2006]. Solar wind reconnection
often occurs in current sheets that separate plasmas of
asymmetric density and magnetic field strength [e.g.,
Gosling et al., 2005]. The relatively constant motion of
these current sheets past spacecraft provides ideal condi-
tions for the analysis of their structure.

[s] This report compares in situ observations from
STEREO-A (ST-A) and Wind on opposite sides of an
extended X line in the low-speed solar wind on 11 March
2007 with MHD predictions of asymmetric reconnection
exhausts. The large spatial extent and duration of this event
was discussed in considerable detail by Gosling et al.
[2007b]. In extending this study, we demonstrate that an
external jet-aligned shear flow is an important factor in
determining the asymmetric nature of the pair of current
sheets that bound the outflow and thus the outflow magnetic
field configuration. This has been predicted on the basis of
2-D MHD simulations of asymmetric reconnection exhausts
at the Earth’s flank magnetopause [La Belle-Hamer et al.,
1995]. Our report provides the first direct comparison of
these asymmetric reconnection predictions with solar wind
observations.

2. Wind and STEREO Observations of Opposite
Exhausts

[6] A current sheet with reconnection signatures was
observed in the solar wind on 11 March 2007 by ST-A
(0338-0343 UT), ACE (0526-0528 UT), Wind (0545—
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Figure 1. Five spacecraft GSE positions at the time of

individual exhaust encounters on 11 March 2007. The Zgsg
positions (Ry) of all five spacecraft were —33.7 (ST-A),
—16.8 (Wind), —14.6 (ACE), —6.8 (Geotail), and —25.3
(ST-B). The intersection of the XYgsg plane (0, 0, 1) with
the exhaust cross-product normal at ST-A (see Table 1) is
also shown. The exhaust is carried antisunward by the solar
wind flow (arrow).

0549 UT), Geotail (0641-0647 UT), and STEREO-B
(ST-B) (0858—0901 UT). Figure 1 shows the individual
locations of all five spacecraft in Earth radii (1 Rg =
6378 km) and GSE coordinates when they encountered
the exhaust intersection with the ecliptic plane (tilted solid
line). The five spacecraft were located between Zgsg =
—6.8 Ry (Geotail) and Zgsg = —33.7 Ry (ST-A). All
spacecraft except for ST-A observed a sunward directed
plasma jet.

[7] Figure 2 presents a 30-min interval of Wind and ST-A
magnetic field [Lepping et al., 1995; Acunia et al., 2008] and
plasma data [Lin et al., 1995; Galvin et al., 2008] centered
at the Wind exhaust region (shaded). The high-resolution
proton density (/,) measured by the Wind Three-
Dimensional Plasma investigation (3DP) instrument [Lin
et al., 1995] was scaled according to N,/0.573 to match the
0000—1200 UT average N, from the Wind Solar Wind
Experiment (SWE) instrument [Ogilvie et al., 1995]. The
scaling was required by the offset of the onboard 3DP
density calibration at this time. The top three panels of
Figure 2 demonstrate that the spacecraft observed oppositely
directed outflows (accelerated solar wind speed at ST-A,
decelerated speed at Wind) and that both spacecraft moved
from a high-density to a low-density region.

[8] The magnetic field and velocity in Figure 2 are shown
in orthogonal (L, M, N) boundary normal components,
where L is a unit vector aligned with the outflow direction,
N is a unit normal of the equilibrium current sheet prior to
reconnection, and M = N x L ‘which is assumed to be
parallel to the X line. These L, M, and N directions were
individually obtained at ST-A and Wind as follows. We first
assume that N = (B; x B,)/|B; x B,|, where B; and B, are
average magnetic field directions before and after the
reconnection exhausts, respectively. We then employ a
minimum variance analysis (MVAB) technique [Sonnerup
and Scheible, 1998] on the 1-s ST-A and the 3-s resolution
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Wind B GSE data across the exhausts to find a maximum
variance direction Lo. An L direction orthogonal to N is
derived as L= L,/|L,|, where L, = Ly — Lj and L

(Lo - N) N. The final ST-A and Wind N, L, and M (GSE)
that we use in Figure 2 to transform the measured magnetic
field and velocity (GSE) are shown in Table 1 together with
the average B; and B, vectors. We also tabulate the
minimum variance MVAB normal N, in Table 1 for
comparison with the cross-product normal N. The angles
between N and —N, were 7.8° (ST-A) and 5.5° (Wind),
respectively. The two L directions which we obtained
individually at Wind and ST-A are only 24.3° apart despite
the large separation between Wind and ST-A (see Figure 1).
This confirms that the two jets at Wind and ST-A were
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Figure 2. Plasma and magnetic field observations in LMN
coordinates at Wind (black) and ST-A (red) on 11 March
2007. The ST-A data were shifted forward in time by 126 min
to match up with the Wind measurements and the plasma
velocity is shown in the solar wind frame of reference. The
shaded region marks the exhaust regions.
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Table 1. Boundary Normal Coordinate System Unit Vectors N, L,
and M for ST-A and Wind®

ST-A

Wind

Ti (UT)  0337:48—0338:00 0544:19-0544:28
T, (UT)  0342:45-0342:57 0548:22-0548:31

B, (nT)  (1.96, —1.29, —1.39) (3.48, 0.54, —2.34)

B, (nT)  (~3.06, —3.96, 2.10) (—0.83, —4.16, 1.17)

NP (—0.5741, 0.0110, —0.8187)  (—0.5395, —0.1274, —0.8323)
L (0.7863, 0.2862, —0.5475)  (0.5874, 0.6513, —0.4805)

\ (0.2283, —0.9581, —0.1730)  (0.6033, —0.7481, —0.2765)
Ny (0.5253, 0.1126, 0.8434) (0.5441, 0.0315, 0.8384)

Lo (0.7958, 0.2860, —0.5338)  (0.6201, 0.6580, —0.4272)
M, (—0.3014, 0.9516, 0.0606)  (—0.5651, 0.7524, 0.3385)

Lo, My and Ny correspond to MVAB maximum, intermediate, and
minimum variance eigenvectors. All vectors are shown in GSE coordinate
system.

"Note that the normals may be + N and + N,.

roughly oppositely directed. We also note that the average
field shear angles between B; and B, (see Table 1) were w =
105° across the exhaust at ST-A and w = 115° at Wind.

[v] The MVAB technique was applied on the 0544—
0549 UT Wind magnetic field data and resulted in eigen-
values [A3, A\r, A\{] =[0.0512, 0.4079, 5.4183] where \; is
the eigenvalue for the minimum variance direction. The
corresponding times and eigenvalues for the ST-A data were
0337-0344 UT and [ A3, Az, A;] =[0.0352, 0.4551, 4.7043].
The eigenvalues are well separated and indicate high-quality
Lo and Ny MVAB directions. However, we refrain from
using the MVAB normals on the basis of the general
stability of cross-product normals over all field shear angles
[Knetter et al., 2004] and since the ST-A cross-product
normal resulted in a better overall timing of the exhausts at
all five spacecraft than if we used the ST-A MVAB normal.
The predicted timings of the exhausts on the basis of Az; =
ARy - N/V - Nare displayed in Table 2 for reference. Here
we used an average solar wind velocity V = (—304, -8,
—24) km/s (GSE) on the basis of the mean 20-min average
velocity prior to the exhaust encounters at all spacecraft
except Geotail. Table 2 compares the predicted arrival times
t; and t, using the ST-A cross-product normal (N) and the
MVAB normal (Np), respectively. We note that the space-
craft timings reported by Gosling et al. [2007b] for this
event, which predicted shorter delay times than were
observed, were obtained using an incorrect ST-A MVAB
normal.

[10] We recently investigated the applicability of the
MVAB normals for seven narrow solar wind exhausts
observed by the Wind spacecraft on 19 and 20 November
2007 [Gosling and Szabo, 2008]. The field shear angles
across these exhausts ranged from as low as w = 14° to w =
118°. Despite a limited data set, it was clear that the cross-
product normals (N) resulted in small average By within all
seven exhausts, while the MVAB normals (Np) resulted in
large average By below a critical shear angle despite large
intermediate-to-minimum eigenvalue ratios A,/A3. The tran-
sition occurred for shear angles 47° < w < 71° which is
consistent with the w > 60° reported by Knetter et al.
[2004].

[11] Given the directions of the external magnetic fields,
the oppositely directed exhausts, and the direction of the
cross-product normals (see Table 1), we expect a generally
northward (Bz > 0) or By < 0 normal field within the
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antisunward (ST-A) exhaust and a southward GSE field
(Bz < 0) or By > 0 normal field within the sunward (Wind)
exhaust. This situation only seemed to be satisfied toward
the low-density side of both exhaust regions (see Figure 2).
Signs of By opposite to the prediction were found toward
the high-density sides of both exhaust reglons As a com-
parison, the —N, MVAB normals resulted in signs of By
which were opposite to the expectation throughout both
exhaust regions.

[12] Figure 2 shows the L component of the Alfvén
velocity V. = B;/ VP and the M component of the current
sheet density (Jy,) from Ampere’s law. Here, po/y, = (0B;/
ON — OBy/OL). This can be approximated as pioJys = (AB;/
AN — ABN/AL) = (ABL/AIVN — ABN/AtVL), where VN
and V; are the solar wind velocity components in the Wind
and ST-A spacecraft frames of reference (see Figure 2). A
clear two-step B; decrease was observed at both spacecraft
as they moved across the exhaust from B; > 0 to B, < 0.
ST-A observed an average B; = —2.9 nT within the anti-
sunward exhaust while Wind measured B; = —0.6 nT within
the sunward exhaust. The AB; changes at opposite exhaust
boundaries correspond to a stronger out-of-plane current
density J,, = 0.83 nA/m” on the high-density side as ST-A
entered the exhaust while Wind detected a stronger Jy =
0.55 nA/m? as it exited into the low- densny region. The
weaker Jy, of the boundmg current sheet pair was 0.28 nA/m>
for ST-A and 0.26 nA/m* for Wind. The asymmetric J,,
locations on opposite sides of the respective plasma jets at
ST-A and Wind coincided with the location of maximum
shear flow AV, between the exhaust and the adjacent
region.

[13] Wind observed a narrow flow deceleration event at
0551:30 UT after the main exhaust encounter. This second
feature had all the characteristics of a partial reentry into the
same exhaust and suggests a local deviation of the geometry
of the exhaust boundaries from infinite flat planes [Gosling
et al.,2007a, 2007b; Lin et al., 2009]. ST-A did not observe
a clear partial reentry feature after the main exhaust.
However, the B; component suggests that ST-A did observe
two partial events before the exhaust transition. The bipolar
Jys feature at a partial event is an analysis artifact arising

Table 2. Observed and Predicted Arrival Times for 11 March
2007 Solar Wind Exhaust

b c

lobs 41 153 lobs—11 lobs—12

Spacecraft Pair® (min) (min) (min) (min) (min)
1,2 108.0 118.8 73.1 —10.8 349
1,3 127.0 129.7 90.7 2.7 36.3
1,4 183.5 186.7 144.1 3.2 394
1,5 320.5 318.6 264.1 1.9 56.4
2,3 19.0 10.9 17.6 8.1 1.4
2,4 75.5 67.9 71.0 7.6 4.5
2,5 212.5 199.8 191.0 12.7 21.5
3,4 56.5 57.0 53.4 —0.5 3.1
3,5 193.5 188.9 173.4 4.6 20.1
4,5 137.0 131.9 120.0 5.1 17.0

“Spacecraft GSE positions (R): (1) Rgta = (626.46, —550.99, —33.69) at
0338:00 UT; (2) Race = (232.47, 38.25, —14.59) at 0526:00 UT; (3)
Rwing = (199.06, —55.47, —16.77) at 0545:00 UT; (4) RGeotail = (4.01,
—27.82, —6.79) at 0641:30 UT; (5) Rsrp = (—386.66, 119.17, —25.34) at
0858:30 UT. A

"Prediction using ST-A N = (-0.5741, 0.0110, —0.8187).

“Prediction using ST-A Ny = (0.5253, 0.1126, 0.8434).
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Figure 3. (a) ST-A and (b) Wind observations of total
magnetic field strength, plasma density, jet-aligned B;
magnetic field component, and V; flow in the solar wind
frame of reference at the time of the respective reconnection
exhausts. Red lines in the V; panel show the predicted V.
speed from the Walén relation.

from the advancement of time in the forward direction only
when applying Ampere’s law.

[14] Figure 3 shows the observed total magnetic field
strength, V7 in the solar wind frame, as well as the relevant
N, and B; quantities for the Walén relation [e.g., Sonnerup
et al., 1981; Paschmann et al., 1986]. ST-A (Wind) obser-
vations are shown in Figure 3a (Figure 3b). The red lines in
the 7, panels display the predicted velocity change AV, on
the basis of V;, = Vi + AV, where Vyq is the reference
speed adjacent to the exhaust. Here, AV, = +/p,/ 1t(Br/p —
Byo/po), where p = N,m, is the proton mass density and
adjacent reference values are indicated as py and B7y. Two
separate predictions were performed toward the exhaust
center from either side of the exhausts using a V;, before
or after the event. The Walén relation was clearly satisfied
across each exhaust boundary for both ST-A and Wind. This
confirms that the observed magnetic field rotations were
associated with an Alfvénic flow acceleration as expected
for magnetic reconnection [e.g., Paschmann et al., 1986].
The estimated reconnection electric fields (E,, = —VyB;)
were 0.005 mV/m at Wind and 0.015 mV/m adjacent to the
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ST-A exhaust (see Figure 2) as compared to the 0.03 mV/m
reported by Phan et al. [2006].

3. Simulation Predictions of Asymmetric
Reconnection

[15] La Belle-Hamer et al. [1995] examined the effects of
a jet-aligned shear flow and an asymmetric plasma density
on the structure of the pair of current sheets that bound a
reconnection exhaust. They used a 2-D MHD code and
normalized parameters suitable for the Earth’s flank mag-
netopause to conclude that density asymmetry and flow
shear compete with one another in determining the location
of the stronger boundary current sheet.

[16] Figure 4 reproduces several normalized quantities
obtained by La Belle-Hamer et al. [1995] along normal
trajectories through the oppositely directed (V}) reconnec-
tion exhausts. Here, (x, y, z) correspond to the (—N, L, —M)
components shown in Figure 2. Two asymmetric plasma
density cases are compared that illustrate the expected
differences for exhausts with and without a shear flow.
The zero shear flow case (left) yields a stronger out-of-plane
current sheet density (J;) on the high-density side of both
exhaust regions [e.g., Karimabadi et al., 1999]. In the fluid
picture, a larger plasma inertia and a correspondingly lower
Alfvén speed require a stronger J x B force on the high-
density side to match the exhaust outflow speed from the
low-density side [La Belle-Hamer et al., 1995]. A contin-
uous change of the velocity across the exhaust is required
by the frozen-in condition of the magnetic field and plasma
flow outside the reconnection diffusion region. We note that
identical B, magnetic field component signatures were
obtained within the opposite exhaust regions (top and
bottom) in the zero shear flow case.

[17] The finite shear flow case (right) illustrates an
important deviation from a zero shear flow. Here, 2V}
corresponds to the total change in jet-aligned V), flow (shear)
across the exhaust. V) was normalized by the Alfvén speed
at infinity. A stronger J. now occurs at the low-density
boundary of one outflow region (top right), while J,
intensified at the high-density boundary for the opposite
exhaust (bottom right). These changes are consistent with
the location of the maximum shear flow AV, between the
exhaust and the adjacent region on different sides of the X
line. A larger xy-plane J x B force (due to J,) is required by
the larger plasma flow velocity difference AV, = AV,
because of the additional shear where V,,, = B,/, /ji,p is the
jet-aligned component of the Alfvén velocity. The exhaust
B, magnitude will therefore be different on opposite sides of
the X line since the external B, and mass density p are
assumed fixed and /). = 0B,/0x(0B,/0y is negligible).

4. Discussion and Summary

[18] The solar wind reconnection exhaust that swept by
ST-A and Wind on 11 March 2007 provides a rare obser-
vation of two oppositely directed plasma jets from a
common X line in the presence of an asymmetric plasma
density and a jet-aligned AV} shear flow. The normalized
La Belle-Hamer et al. [1995] results of the simulated
behavior of J., V], and B,, for oppositely directed reconnec-
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field (jet-aligned B,, solid line; normal B,, dashed

line), current density (J;), Alfvén and plasma velocity (V,,, solid line; V}, dashed line), pressure (P, solid
line), and plasma density (p, dashed line) through the oppositely directed V), jets from a 2-D MHD
simulation. Values are normalized to the asymptotic magnetic field and density at infinity. A (left) zero

shear flow case and a (right) finite shear flow case

are compared, showing the (top) antisunward and

(bottom) sunward jets. Reproduced from La Belle-Hamer et al. [1995].

tion exhausts (see Figure 4) in the presence of shear flow
and plasma asymmetry also displayed very good agreement
with the observed Jj, asymmetry of the 11 March 2007 X
line and the observed differences of the B, magnetic field
components within the exhausts.

[19] For a given plasma density asymmetry and assum-
ing a satisfied Walén relation [Sonnerup et al., 1981],

La Belle-Hamer et al. [1995] predicted that the shear
flow would dominate over the density asymmetry in deter-
mining the Jy, structure above a threshold shear velocity
AV =1\Vyr2| — |Vara|- Here, V4 ; is the L component of
the Alfvén velocity in the adjacent low-density (i = 2) and
high-density (i = 1) regions. The Walén relation was indeed
satisfied across both exhaust boundaries at both ST-A and
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Table 3. Average V; and V; in the Solar Wind Frame of Reference Before and After the ST-A and Wind Exhausts

Spacecraft High-Density Time (UT) Low-Density Time (UT) V., (km/s) V., (km/s) Vi q (km/s) Vo (km/s)  AVE (km/s)  AVF (km/s)
ST-A? 0542:00-0543:00 0548:30-0549:30 5.6 —6.2 16.8 —49.2 11.8 324
Wind 0544:20-0544:40 0548:25-0548:40 2.4 —6.4 30.6 -37.5 8.7 6.8
ST-A® 0536:00-0538:00 0555:00—-0557:00 13.2 —7.2 25.1 —43.8 20.4 18.7

“Time intervals adjacent to ST-A exhaust. Times are in the Wind frame of reference and include the 126-min time shift.

"Time intervals far from ST-A exhaust.

Wind (see Figure 3) and the observed total shear flow AV}
across the Wind exhaust satisfied AV/ > AV as shown
in Table 3. A stronger J,, on the low-density side at Wind
is therefore consistent with the MHD shear flow predictions.
The AV; < AV adjacent to the ST-A jet (see Table 3)
would suggest a plasma density—dominated situation.
However, if observed values well upstream and downstream
of the ST-A jet are used instead, one finds a shear flow—
dominated situation, i.e., AVZ > AV As shown in Figure 4,
both cases are consistent with a stronger J, on the high-
density side.

[20] To the best of our knowledge, this is the first time that
the normalized La Belle-Hamer et al. [1995] MHD simula-
tion predictions of asymmetric reconnection have been
successfully tested against in situ observations that require
exhaust information from the oppositely directed jets and
their adjacent regions. The successful comparison suggests
that the same physics is involved in determining the structure
of the exhaust boundary current sheets at reconnection jets in
both the solar wind and at the Earth’s flank magnetopause
when shear flow and density asymmetries are present.

[21] A finite shear flow that results in a stronger J, of the
bounding current sheet pair on the low-density side of
reconnection exhausts (see Figures 2 and 4) also explains
the magnitude of the B; magnetic field component within
oppositely directed exhausts at Wind and ST-A on 11 March
2007.
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