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[1] During 26–27 November 2000 a complex interplanetary coronal mass ejection,
composed of four flux ropes, was detected by Wind and ACE at 1 AU. We identify two
Petschek‐like exhaust events within the interiors of the second and third flux ropes,
respectively. In the first event, Wind and ACE detected an exhaust at the same side from
the reconnection site, which was associated with a large‐scale bifurcated current sheet
with a spatial width of ∼10,000 ion inertial lengths and the magnetic shear was 155°. In
the second event, the two spacecraft observed the oppositely directed exhausts from a
single reconnection X line. The exhausts were also related to a large‐scale current sheet
with a spatial width of ∼3000 ion inertial lengths and a shear angle of about 135°. The
two exhaust events resulted from fast and quasi‐stationary reconnection. The related
current sheets were both flat on the scale of a few hundred Earth radii and located close to
the centers of subflux ropes. The decrease of radial expansion speed of each flux rope
might account for the formation of the two current sheets. Reconnections at the centers of
flux ropes may change the entire topology of the flux ropes and may fragment them
into smaller ones.
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1. Introduction

[2] Magnetic reconnection is a universal plasma dissipa-
tion process which converts magnetic energy into particle
energy and changes the magnetic field topology. Recon-
nection at the magnetopause and magnetotail plays an
important role in the Earth space weather system, and has
been confirmed by many direct in situ observations [e.g.,
Mozer et al., 2002; Vaivads et al., 2004; Øieroset et al.,
2001].
[3] Recently, many reconnection observations in the solar

wind were reported [e.g., Gosling et al., 2005b; Davis et al.,
2006; Phan et al., 2006]. A large number of these recon-
nection events have been found to be associated with
interplanetary coronal mass ejections (ICMEs). These ICME‐
related reconnection reports together with simulation results
in the solar wind can be classified into three types based on
the occurrence locations: (1) between ICMEs and ambient
solar wind [Schmidt and Cargill, 2003;Gosling et al., 2007b;
Gosling and Szabo, 2008]; (2) between ICME and ICME
[Lugaz et al., 2005]; (3) within the interior of ICMEs
[Gosling et al., 2007b; Gosling and Szabo, 2008].

[4] ICMEs, the interplanetary manifestations of CMEs,
have two subsets according to the magnetic field signatures,
i.e., magnetic clouds (MCs), characterized by their high
magnetic field magnitude, the rotation of the magnetic field
direction and low proton temperature [Burlaga et al., 1981],
and non‐MC‐like ICMEs. Some complex non‐MC‐like
ICMEs could be conglomerates of several individual ICMEs
[Zurbuchen and Richardson, 2006] or consist of several flux
tubes [Fainberg et al., 1996]. A complex ICME consisting
of several substructures could contain all the three types of
these ICME‐associated reconnection events mentioned
above. Therefore, reconnection in this area may have a good
possibility to occur and to be detected.
[5] Gosling et al. [2005b] showed the direct evidence

for identification of Petschek‐like magnetic reconnection
[Petschek, 1964] exhausts in the solar wind, i.e., jetting
plasma emanating from reconnection sites and bounded by
pairs of back‐to‐back rotational discontinuities, or observa-
tionally, a pair of correlated (anticorrelated) and antic-
orrelated (correlated) variations inB andV at the edges of the
exhaust. Using the direct evidence, many X line exhausts
were reported [e.g., Gosling, 2007, Gosling et al., 2007a,
2007b]. In most multispacecraft observations of reconnec-
tion exhausts, the different spacecraft detect only one of
the predicted pair of exhausts from a given reconnection X
line [Phan et al., 2009]. However, Davis et al. [2006] and
Gosling et al. [2007a] have reported multispacecraft
observations of the oppositely directed jets from X lines.
In this paper, we report two in situ dual spacecraft detections
of Petschek‐like exhaust events, including an oppositely
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directed jets event, within a complex ICME at 1 AU.
Observations show that the two reconnection events are
component merging, quasi steady and fast reconnection,
which are consistent with the previous results, and they are
associated with two large‐scale current sheets close to the
centers of the sub flux ropes. Reconnections across these
near‐center current sheets may have a special consequence
as discussed below.

2. Observations and Analysis

2.1. A Complex ICME on 26–27 November 2000

[6] Figure 1 displays a complex structure (between “A”
and “B”) during 26–27 November 2000 observed by ACE
and Wind. This structure has been discussed in several
papers. Burlaga et al. [2002] considered it as a part of a
“complex ejecta” [Burlaga et al., 2001] which were asso-
ciated with several successive CMEs that interacted between
the Sun and Earth. Wang et al. [2002] identified it to be a
multiple magnetic cloud, which contained 4 subclouds
bounded by five red dashed lines. However, Cane and
Richardson [2003] did not relate it to any ICME when
summarizing the ICMEs in the near‐Earth solar wind during
1996–2002. Since a complex ICME could be related to

successive CMEs as well as a single complicated non‐MC‐
like ICME, we basically believe that it is a complex ICME
detected here, based on the signatures of an apparent leading
fast shock (marked by “S” in the “Vp” panel), enhancement
of field strength (relative to the solar wind) and a large
smooth rotation of field direction. The nonmonotonic
decreasing speed and clear hierarchies of the magnetic field
magnitude imply that this complex ICME is composed of
several substructures. We roughly agree with that the
complex ICME consists of four substructures with their
boundaries marked by the red dashed lines in Figure 1,
because the magnetic field strength, plasma speed, proton
density and temperature consistently change at the edges of
the substructures. However, each substructure is character-
ized by small‐scale (∼hours), not depressed proton density
and high proton temperature besides the enhanced magnetic
field strength and relative smooth rotation of magnetic field
direction, which indicate the substructures forming the
complex ICME may be small‐scale flux ropes [Moldwin
et al., 1995, 2000] rather than individual MCs, according
to the criteria for the definition of the MCs.
[7] From Figure 1, we can see that both ACE and Wind

measurements show similar strong fluctuations, including
discontinuities and local current sheets, throughout the

Figure 1. Observations by Wind and ACE in GSE from 26 November (0400 UT) to 27 November
(2000 UT) 2000. (top to bottom) Magnetic field strength Bt, magnetic latitude �, magnetic azimuth �,
proton speed Vp, proton density Np, and proton temperature Tp. Vertical dashed lines denote the boundaries
of each substructure. The two red shadows denote the current sheets where exhausts are embedded.
The ACE measurements are shifted by +24 min.
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entire complex ICME. The red vertical shadows indicate the
current sheets into which the exhausts are embedded. They
are well inside the second and third flux rope, respectively.
In the red shadows, we can find a drop in the field strength
and corresponding abrupt changes in the magnetic azimuth
and latitude angles as well as enhancements in plasma
density and temperature and increase or decrease of the
plasma speed (suggesting reconnection jets). Interest-
ingly, during a short interval of about 4.5 h, i.e., from
26 November 2140 UT to 27 November 0210 UT, there
are two X line exhaust events observed in association
with large‐scale current sheets close to the centers of the sub
flux ropes.

2.2. Event 26 November 2000

[8] Figure 2 shows selected plasma and magnetic field
data from ACE (left) and Wind (right) in GSE coordinates
around the same bifurcated current sheet on 26 November
2000. At 2121–2140 UT, ACE first crossed the current sheet
at [224.9, 35.1, −16.9] RE GSE. Then, about 20 min later
(2141–2154 UT), Wind spacecraft encountered the same
current sheet at the location of [77.8, 92.6, −0.3] RE GSE,
downstream of ACE. We use the average bulk speed timing
spacecraft traversal time to estimate the spatial width of the
current sheet, which exceeds 6.8 × 105 km (∼10000 ion
inertial lengths).
[9] Figures 2a, 2d, and 2e exhibit a big drop (∼50% at

Wind) in the magnetic field strength and strong enhance-
ments in proton density and temperature (relative to the

ambient plasma). It should be pointed out that there is a big
jump of a factor of 4 in proton density across the exhaust,
indicating an asymmetric reconnection. Figures 2b and 2c
show a pair of correlated and anticorrelated variations in
magnetic field and velocity vector at the leading and trail-
ing edges, respectively. The field shear across the current
sheet is ∼155° similar at both spacecraft, implying guide
field reconnection. And the stronger positive enhancement
in the x component of velocity indicates a largely sunward‐
directed exhaust here.
[10] To analyze the current sheets, we construct a LMN

coordinate system where the N component is the normal to
the current sheet, the M component is the X line orientation
and L component is along the reconnection jets. We first
perform a minimum variance analysis of magnetic field
(MVAB) [Sonnerup and Cahill, 1967] to determine the
normal to the current sheet, N. Afterward, we make use of
the relation M = N × (BA − BB)/∣BA − BB∣, where BA and
BB are the tangential magnetic field vectors on the two sides
[Sonnerup, 1974] to calculate the X line orientation,M. And
then M × N forms the L component.
[11] When performing the three steps above at ACE, we

obtain a (L, M, N) of ([−0.72, 0.58, 0.38], [0.39, 0.79,
−0.47], [−0.58, −0.19, −0.80]) GSE. The result from Wind
is ([−0.70, 0.62, 0.35], [0.53, 0.78, −0.34], [−0.49, −0.05,
−0.87]) GSE. Thus, the difference between the two results is
only (3°, 11°, 10°) in L, M, and N components, respectively.
This indicates that the current sheet is nearly one dimen-
sional and quasi steady through ACE to Wind. In fact, the L
component of magnetic field obtained directly from MVAB
at Wind cannot reveal the bifurcated feature close to the
leading edge of the exhaust, although the N direction turns
out to be good. We then fix the N component and make a
small adjustment on the L direction (also corresponding M
direction) so that they can display the bifurcated nature of
the exhaust and the L remains close to the maximum vari-
ance direction. The modified L and M directions are (−0.82,
0.37, 0.44) and (0.30, 0.93, −0.16) GSE. However, this
adjustment will not affect the inference here.
[12] To identify the Alfvénic waves or rotational dis-

continuities bounding the exhaust, we perform a Walén test
at Wind and ACE using the Walén relation [Hudson, 1970;
Paschmann et al., 1986]:

Vpredicted ¼ Vref � 1� �refð Þ1=2 �0�refð Þ�1=2 �ref=�ð ÞB� Bref½ � ð1Þ

Here, a is the pressure anisotropy factor and is defined as
a ≡ (Pk − P?)/m0∣B∣2, where Pk and P? are the plasma
pressures parallel and perpendicular to the magnetic field,
respectively. The subscript “ref” denotes the reference
time. In our calculations, a is assumed to be zero.
[13] Figure 3a presents the L, M and N components of the

Wind magnetic field around the bifurcated current sheet: BN

is close to 0; BM is strongly disturbed with a significant
nonzero strength; and BL changes significantly by ∼−50.0 nT
across the exhaust, suggesting that field rotation occurs
almost entirely in the L direction. Figures 3b and 3c show the
observed and predicted proton velocity magnitude and
components by Walén test at Wind, respectively. In despite
of strong fluctuations, Figure 3d shows an average shift of
17 km/s in the N component across the exhaust. Therefore,
the speed of the reconnection inflow, Vin, is 8.5 km/s in the

Figure 2. (a–f) (left) ACE 1 min (right) Wind 3 s: measure-
ments in GSE of magnetic field strength and components,
proton velocity components, density, and temperature from
2100 to 2200 UT (2124 to 2224 UT) on 26 November 2000.
The vertical dashed lines denote the edges of the exhaust.
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frame of the current sheet. The dimensionless reconnection
rate, Vin/VA, is calculated to be about 5% in the upstream,
where the Alfvén speed VA ’ 180 km/s, and it is larger in the
downstream due to the larger proton density. Here, to avoid
the problem of asymmetric reconnection rate, we simply
believe that the dimensionless reconnection rate in this event
is ≥5%, which is in the range of fast reconnection. Since the
ACE observations are highly consistent with those from
Wind, a similar result of LMN system and Walén test of low
resolution from ACE is obtained (omitted here).

2.3. Event 27 November 2000

[14] About 4.5 h after the event on 26 November 2000,
the two spacecraft detected an exhaust pair event in the third
sub flux rope of the complex ICME. Figure 4 shows the
selected plasma and field measurements of ACE (left)
and Wind (right) around the bifurcated current sheet on
27 November 2000. The spatial width is about 2.5 × 105 km
(∼3000 ion inertial lengths).
[15] ACE first encountered the bifurcated current sheet

between 0138–0145 UT and then during 0205–0208 UT,
Wind spacecraft crossed the same current sheet. Figure 4a
shows that there is a big drop (>50%) in the magnetic
field strength. Figures 4e and 4f show that small enhance-
ments in proton density and temperature occur within the
exhaust at ACE and significant enhancements in the current

sheet at Wind. Figure 4b shows consistent reversals of
magnetic field components across the current sheet. Although
there are large fluctuations in the three components of mag-
netic field, we can still verify a pair of correlated (antic-
orrelated) and anticorrelated (correlated) variations in B and
V at the leading and trailing edges of the exhaust at ACE
(Wind). The shear angles across the current sheet are 138°
and 130° at ACE and Wind, respectively, much less than
180°, suggesting component field merging here. Figures 4c
and 4d display the oppositely directed jets within the
current sheet. The plasma jet detected at ACE has a
maximum enhancement of [−51.88, −40.00, 22.70] km/s in
the x, y and z components of velocity. By comparison, the
obtained maximum enhancement at Wind is [64.59, 32.65,
−24.38] km/s, thus, the angle between the two jets is 170°,
nearly oppositely directed. Meanwhile, different plasma
velocity and speed values are found between Wind and
ACE measurements.
[16] We also construct a LMN system and perform a

Walén test to derive the features of the current sheet and
identify the Alfvénic waves bounding the exhausts. When
performing the MVAB analysis at ACE, we find that the
ratio between the intermediate and minimal variance direc-
tions is ’1, i.e., 5.829 to 5.027, which means, in this case,
no valid direction normal to the current sheet is obtained
from MVAB, but the L remains a good vector tangential to
the layer, and is calculated to be (0.70, 0.56, −0.44) GSE.
While the L, M, and N directions of the Wind data from

Figure 4. (a–f) (left) ACE 1 min (right) Wind 3 s: measure-
ments in GSE of magnetic field strength and components,
proton velocity components and magnitude, density, and
temperature from 0127 to 0157 UT (0151 to 0221 UT) on
27 November 2000. The vertical dashed lines mark the
edges of the exhaust.

Figure 3. Event 26 November 2000 LMN analysis and
Walén test from Wind data: (a) magnetic field components;
(b) proton speed observed in red and predicted in black by
Walén relation; (c) proton observed and predicted velocity
components, the L component of the velocity has been
shifted by −400 km/s; and (d) zoomed‐in plot of the N com-
ponent of proton velocity. The two vertical lines denote the
edges of the exhaust (also the reference times in the Walén
relation). The plus and minus are used in equation (1) for the
leading and trailing edges, respectively.
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MVAB are (0.83, 0.44, −0.34), (0.49, −0.87, 0.08) and
(−0.26, −0.24, −0.94) GSE. The deviation between the two
L components is only 7.2°, indicating that the current sheet
is nearly flat. Figure 5 shows a schematic geometry of the
current sheet into which the oppositely directed exhausts are
embedded, based on the field and velocity profiles and
locations of ACE and Wind. The traversal time of Wind is
much shorter than that of ACE, and hence the Wind
spacecraft is closer to the reconnection X line, which may be
the reason why the enhancements in proton density and
temperature are stronger at Wind (Figures 4e and 4f). The
negative and positive enhancements in the x component of
velocity (see Figures 4c and 4d) indicate that antisunward
and sunward exhausts are observed by ACE and Wind,
respectively.
[17] Figure 6a presents the L, M and N components of the

magnetic field at Wind with a large rotation in the L
direction and strong fluctuations. In this situation, the
demonstration of the Alfvénic nature of the exhaust
boundaries could not be well performed; besides, other
reasons, such as the neglect of Alpha particles, could partly
account for the discrepancy between observation and pre-
diction. The dimensionless reconnection rate obtained from
a shift of 11 km/s in VN shown in Figure 6d is about 6%
(Vin/VA ’ 5.5/90 ’ 6%), also suggesting fast reconnection.

3. Discussion

[18] The two exhaust‐associated bifurcated current sheets
in our report are located close to the centers of sub flux
ropes and separate the substructure into two parts of
reversed magnetic field direction (Figure 1). These large‐
scale near‐center current sheets are just of the same kind as
reported by Owens [2009], who tried to use a kinematically
distorted flux rope model [Owens et al., 2006] to interpret
the formation of these kinds of current sheets. Figure 7,
adopted from Owens [2009], presents the schematic illus-
tration of the near‐center current sheets. Their basic char-

Figure 5. Schematic geometry of the bifurcated current sheet associated with the exhaust pair event and
the relative location of the two spacecraft, the X line, and the oppositely directed exhaust.

Figure 6. Event 27 November 2000 LMN analysis and
Walén test from Wind data: (a) magnetic field components;
(b) proton speed observed in red and predicted in black by
Walén relation; (c) proton observed and predicted velocity
components, the L component of the velocity has been
shifted by +500 km/s; and (d) zoomed‐in plot of the N com-
ponent of proton velocity. The two vertical lines indicate the
edges of the exhaust (also the reference times in the Walén
relation). The plus and minus are used in equation (1) for the
leading and trailing edges, respectively.
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acteristics are large scale in spatial width, close to the center
of the flux rope in geometry and separatrix of reversed
magnetic field direction. Owens [2009] suggested that cur-
rents close to the centers of magnetic flux ropes increase in
intensity and gradient as the angular width of the flux rope
increases and the expansion speed decreases. When the
angular width of a flux rope is fixed, the current density
varies only with the expansion speed. Figure 7 shows that
the current density becomes most intense for small radial
expansion speed. In our report, the four flux ropes forming
the complex ICME stay very close to each other so that it is
hard for them to expand freely in the radial direction,
especially for the central ones. In fact, we can verify this
effect through the plasma speed profile in Figure 1. The
trailing and leading edges of the second flux rope are
moving roughly with the same speed, therefore, the second
substructure is almost not expanding radially. The leading
part of the third flux rope is going a little faster than the
trailing part, thus, the third flux rope is mildly expanding
radially. The relative lack of radial expansion could largely
distort the central flux ropes and may lead to the formation
of thin current sheets and reconnection near the centers of
the distorted flux ropes according to Owens [2009].
[19] In addition, some local factors may also partly con-

tribute to the formation of reconnection at these large‐scale
current sheets. In our first event, we see a strong enhancement
by a factor of 4 in plasma density from upstream to down-
stream while the temperature and the field strength change a
little (see Figure 2). Thus, the strong gradient of the total
pressure of plasma (defined as Ptotal = NK(Ti + Te) + B2/8p,
where N is the proton density, K is the Boltzmann constant,
B is the field strength and Ti and Te are the ion and electron
temperatures, respectively) provides an external force to
make the plasma merge. Figure 8 displays the total pressure
of plasma (including the contribution from Alpha particles)
around the exhaust. In the second event, different proton
velocities betweenWind and ACE observations are presented
in Figure 4c. This may result from the instrumental effect.
However, note that the deviation in the x component of the
velocity between the two spacecraft is about 50 km/s, much
larger than the average offset in Figure 1 (∼20 km/s), and
also larger than those in the y and z components, indicating
that there may be shear flows almost along the x direction

between the two spacecraft. And if shear flows perpendicular
to the current sheet really exist between the oppositely
directed exhausts, they could also contribute to the formation
of reconnection. Figure 9 shows a sketch illustration of
the simplest situation by assuming that the variation of the
velocity normal to the current sheet is linear. So there must
be a stationary point on each frozen‐in field line, and the
distance between any two stationary points will not change. If
the initial distance between two field lines is d0 (Figure 9a),
then after a time interval of Dt, the distance between the
same field lines will become d = d0 sin� < d0 (Figure 9b)
where � = f(Dt) is the angle between the stationary point line
and the field line. That means the current sheet will become
thinner and thinner as time passes by until the frozen‐in
condition is broken.

4. Summary

[20] In this paper, we have identified two Petschek‐like
exhaust events within the interior of a complex ICME by
ACE and Wind in detail. Observations show that both
reconnection events are (1) guide field reconnection with
shear angles much less than 180°, consistent with the result
that almost all reconnection events in the solar wind are
associated with strong guide fields [Gosling et al., 2007c];
(2) fast reconnection with dimensionless rates of at least 5%,
similar to the results of 3% [Davis et al., 2006] and 3.3%

Figure 8. Plasma total pressure around the exhaust in event
26 November 2000. (top to bottom) Total pressure (Pt);
magnetic pressure in black (PB) and thermal pressure in
red (Pthm); magnetic strength (Bt); proton density in black
(Np) and Alpha particles density in red (Na); proton temper-
ature in black (Tp) and electron temperature in red (Te).

Figure 7. Adopted from Owens [2009], current density
close to the center of a specific CME varies with the
expansion speed; current sheets are most intense for small
radial expansion speeds.
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[Phan et al., 2006]; and (3) quasi steady over the scale of the
traversal time from ACE to Wind in despite of intricate
disturbance within the interior of the ICME, which is also
consistent with the reports of the multiple spacecraft
observations of the solar wind exhausts [Davis et al., 2006;
Gosling et al., 2007a; Phan et al., 2006, 2009].
[21] Figure 10 displays a sketch of the two spacecraft

crossing the reconnection exhausts: Wind and ACE first
detected a sunward‐directed exhaust at the same side from
the reconnection X line and then encountered an exhaust
pair, i.e., a sunward exhaust at Wind and an antisunward
exhaust at ACE. These exhausts are found to be associated
with large‐scale current sheets close to the centers of sub
flux ropes. Exhausts within ICMEs, including some near‐
center cases, have been reported [Gosling et al., 2005a,
2007b; Gosling and Szabo, 2008]. However, to the best of
our knowledge, this paper is the first time to date to report
reconnection exhausts related to current sheets of the three
characteristics: large scale, close to the center and separatrix
of reversed field direction. As pointed out by Owens [2009],
reconnection at the centers of flux ropes may cause an
interesting consequence. It can be easily seen from Figure 10
that the observed quasi‐steady reconnections together with
other possibly existing ones across the near‐center current
sheets would change the entire topology of the sub flux ropes
and even fragment them into smaller ones. However, it can
be only inferred by dual spacecraft observations. And mul-
tiple points detections of more spacecraft are required to
confirm it.
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in this paper. We also thank the reviewers for their helpful comments. This
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China (40890162, 40921063, 40904049, and 41031066) and the Special-
ized Research Fund for State Key Laboratories.
[23] Philippa Browning thanks John Gosling and another reviewer for

their assistance in evaluating this paper.

Figure 10. A sketch of the ACE andWind spacecraft cross-
ing the reconnection exhausts associated with two distorted
flux ropes within a complex ICME during 26–27 November
2000. The red circles mark the reconnection regions
detected, and the red squares indicate the possibly existing
reconnection sites. These quasi‐steady reconnections may
fragment single flux rope into smaller ones.

Figure 9. Sketch illustration of linear shear flows perpendicular to the current sheet. (a) The initial state:
the line perpendicular to the current sheet connects two stationary points and its length, d0, which is also
the distance between two field lines, will not change. (b) After a time interval, the distance between the
same field lines becomes d = d0 sin� < d0, suggesting that the current sheet becomes thinner. (c) The thin-
ning process will keep on until the frozen‐in condition is broken.
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