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ABSTRACT

Context. Magnetic reconnection is a central concept for understanding solar activity, including filament eruptions, flares, and coronal
mass ejections (CMESs). The existence of transverse and vertical current sheets, sites where reconnection takes place in the solar
atmosphere, is frequently proposed as a precondition for flare/CME models, but is rarely identified in observations.

Aims. We aim at identifying a transverse current sheet that existed in the pre-CME structure and persisted from the CME solar source
to interplanetary space.

Methods. STEREO A/B provide us a unique opportunity to calculate the interplanetary current sheets for the magnetic cloud. We
analyze such a structure related to the fast halo CME of 2006 December 13 with assembled observations. A current sheet at the front
of the magnetic cloud is analyzed to its origin in a transverse current sheet in the CME solar source, which can be revealed in the
magnetic field extrapolations, XRT, and LASCO observations.

Results. An interplanetary current sheet is identified as coming from the CME solar source by carefully mapping and examining
multiple observations from the Sun to interplanetary space, along with nonlinear force-free magnetic field extrapolations of the active
region NOAA 10930.

Conclusions. The structure identified in the pre-flare state is a global transverse current sheet, which plays a role in the CME initiation,

and propagates from the corona to interplanetary space.

Key words. Sun: activity — Sun: coronal mass ejections — Sun: surface magnetism

1. Introduction

Coronal mass ejections (CMESs) consist of large-scale ejections
of mass and magnetic flux from the lower corona into the in-
terplanetary medium (Forbes 2000). They are believed to be the
main source of strong interplanetary disturbances that may cause
intense geomagnetic storms (Gosling 1997); however, there are
many unsolved problems in CME modeling and observations,
among which their initiation and acceleration from the low
corona to interplanetary space is a key issue. Many models have
been constructed to explain the details of flare/CME initiation, in
which magnetic energy is suddenly released, and a pre-existing
magnetic topology is impulsively changed. In most CME mod-
els magnetic reconnection is the basic physical mechanism, and
a current sheet (CS) is needed to initiate the flare/CME.

Two types of popular flare/CME models may be categorized
according to the background magnetic topology. Models involv-
ing a bipolar magnetic configuration are exemplified by the clas-
sical “CSHKP” reconnection picture named after the authors of
the studies by Carmichael (1964), Sturrock (1966), Hirayama
(1974), and Kopp & Pneuman (1976), i.e., the “standard flare
model”. Models involving a multipolar configuration include the
“magnetic breakout model” (Antiochos et al. 1999). The CSHKP
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model for a two-ribbon flare was subsequently developed by
many authors(see, e.g., Heyvaerts et al. 1977; Sturrock et al.
1984; Shibata et al. 1995; Tsuneta 1997; Shibata 1999; Chen
& Shibata 2000; Lin & Forbes 2000; Moore et al. 2001). In
this model oppositely directed magnetic field lines are stretched
above a bipolar arcade to form a vertical CS where reconnec-
tion occurs. In the multipolar topology category, represented by
the magnetic breakout model or shearing arcade models (Mikié
1994), external magnetic reconnection occurs at the top of a
sheared arcade. This type of model was further developed by
Zhang et al. (2005, 2006), and Zhang & Wang (2007b) to in-
clude two CSs, namely transverse and vertical ones. In one case,
reconnection or topology collapse occurs on the transverse CS,
and the vertical CS acts to sustain the acceleration of a CME
with a core-like structure. In both types of flare/CME models,
the evolution of a CS is believed to play a key role. It is hence
important to establish the existence of a CS during CME initia-
tion.

Evidence of a CS has been reported in post-CME events.
Based on ultraviolet coronagraph spectrometer (UVCS) data
from the Solar and Heliospheric Observatory (SOHO, Domingo
et al. 1995) spacecraft, the existence of a CS was inferred from
emission by unusually high temperature ions (Kohl et al. 1995;
Raymond et al. 2003; Lin et al. 2007). CSs are also shown
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by raylike bright structures observed in white-light images
seen by the Large Angle and Spectrometric Coronagraph
(LASCO/SOHO, Brueckner et al. 1995) on SOHO(e.g.,
Ciaravella et al. 2002; Ko et al. 2003; Raymond et al. 2003),
and by similar raylike features for CME-associated “disconnec-
tion events” in Solar Maximum Mission data (Webb et al. 2003).
Estimates of the thicknesses of observed post-event CSs vary
from ~8000 km in a large solar flare (Moore et al. 1995) to an
upper-limit width of ~103 km (e.g., Ciaravella et al. 2002; Ko
et al. 2003; Webb et al. 2003) in post-CME events (Bemporad
et al. 2006). The observations are suggestive, but many ques-
tions remain concerning the formation and evolution of the CS
and its role in CME initiation.

Transverse CSs (TCSs) in pre-CME are often indicated in
CME models, e.g., Antiochos et al. (1999), Zhang et al. (2000),
Zhang & Wang (2007b). A good diagnostic for the existence of
a CS is spectrum observations, but they are often absent during
a CME eruption. Thus, quantitatively identifying a TCS in solar
observations becomes difficult. We wondered whether the TCSs
can be observed from morphology or not, e.g., if it behaved as
an increase in brightness at the CME front. Simultaneously, the
CME-associated TCSs may be identified by carefully mapping
to the related interplanetary CSs, which could be diagnosed by
in-situ observations. Foullon et al. (2007) qualitatively identified
a tilted discontinuity, i.e., a current sheet substructure ahead of a
magnetic cloud-like structure in an event. They hypothesize that
this interplanetary CS may come from the Sun, but provide no
corresponding observational evidence.

An extreme solar eruption happened unexpectedly in
NOAA AR 10930 on 2006 December 13, at a time close to so-
lar minimum. This powerful eruptive event revealed many facets
of this powerful eruptive event, including an extremely fast ro-
tation of sunspots (Zhang et al. 2007a), a powerful X3.4-class
soft X-ray flare (Imada et al. 2008) with associated changes
in the photospheric magnetic field (Kubo et al. 2007; Guo &
Ding 2008; Jing et al. 2008a; Jing et al. 2008b), two kinds of
blue-shifted phenomenon associated with the X3.4 flare (Asai
et al. 2008), a powerful radio burst indicating coronal structure
changes (Yan et al. 2007), and complicated processes of acceler-
ation of low- and high-energy electrons (Ning 2008). The CME-
related interplanetary shocks, interplanetary ejecta that identified
as magnetic cloud structures, and related solar wind structures
have also been studied (e.g., Liu et al. 2008; Kataoka et al. 2009).
These results provide important information for understanding
the physical mechanism of the CME initiation and propagation.
However, by re-examining the event, we wonder whether a TCS
existed in the CME initiation on 2006 December 13, which is
indicated by the two kinds of blue-shifted phenomena related
to the CME initiation (Asai et al. 2008) and by a long-lasting
brightness increase at the CME front. Though there is no corre-
sponding spectrum observations to diagnose the CS in the solar
source, the in-situ magnetic-field observations from two close
spacecraft, STEREO A/B, provide a good opportunity to calcu-
late the current density and thickness for the CME-related inter-
planetary counterparts. The purpose of this work is to scrutinize
and diagnose the TCS from the Sun far into interplanetary space
by combining XRT, Ha, coronagraph, in-situ observations, and
nonlinear forcefree extrapolations with modeling efforts, map-
ping the CME source structures to the related interplanetary
counterparts one by one.

In this paper, we analyze and calculate the in-situ magnetic
field data in Sect. 2. In Sect. 3, we demonstrate the solar sur-
face source of the CS by combining different data and using
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Fig. 1. Observations from the ACE and STEREO spacecrafts show-
ing interplanetary structures associated with the event on 2006
December 13. The passage of different structures is indicated by the
different colored intervals, i.e., the shock sheath (blue interval “17),
the interplanetary magnetic arcades (pink interval “2”), and the inter-
planetary CS (yellow interval “3”), as well as the MC (gray interval
“4”). Panel a) shows the distribution of electron pitch angles detected
by ACE. Panels b) and ¢) show the magnetic field magnitude and the
field components B, (black line), B, (green line), and B, (red line), in
GSM coordinates. The current density calculated from the STEREO A
and B magnetic field data is presented in Panel d), in which the cur-
rent concentrations as denoted by the arrow are believed to originate
in the transverse CS during the CME initiation. Panels e) to g) show
the corresponding plasma temperature, density, and velocity from ACE
observations.

16/00: 00

nonlinear forcefree extrapolations. The results are summarized
and discussed in Sect. 5.

2. Diagnosis of the transverse current sheet
in interplanetary space

As reported by Liu et al. (2008), the CME-related interplanetary
counterpart had many of the typical characteristics of a mag-
netic cloud (MC) (Burlaga et al. 1981). The MC was detected by
multiple spacecraft observations, e.g. STEREO A/B and ACE,
as well as WIND and Ulysses. The different passage times of
the MC crossed by STEREO and ACE are listed in Table 1. The
magnetic helicity of the MC is supposedly negative (Liu et al.
2008), consistent with the predominant sense of the current he-
licity of AR 10930 deduced from Huairou vector magnetograms.

Figure 1 presents observations from ACE, together with data
from STEREO A and B (discussed later in this section). The
signed intervals labeled “1-4” and colored by blue, pink, yel-
low, and gray indicate the passage of the different interplanetary
structures of interest, each of which is discussed below.

Panel (a) of Fig. 1 shows the distribution of electron pitch
angles at 246 eV, in which the shock and sheath can be easily
identified to begin at about 14:00 UT on 2006 December 14 by
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the isotropic electron pitch angles behaved like the red area in
the blue interval “1”. Bidirectional streaming electrons (BDEs)
are revealed in the following interplanetary structures (intervals
“2-47). It is well known that the appearance of BDEs along
magnetic field lines indicates that both footpoints of the ob-
served magnetic structures connect back to the Sun (e.g., Zwickl
et al. 1983; Gosling et al. 1987). Panels (b) and (c) of Fig. 1
show the magnitude of the magnetic field and the three com-
ponents By, B, and B;, in Geocentric Solar Magnetospheric, or
GSM, coordinates. Combined Panels (a), (b) and (c), the CME-
related MC (gray interval “4”) are said to have begun at about
22:40 UT on December 14 and connected to the Sun as indi-
cated by BDEs (see also Liu et al. 2008; Rosenvinge et al. 2009).
The magnetic structures between the shock sheath and the MC
that also connected to the Sun as indicated by the BDEs were
interpreted as signatures of nested magnetic loops overlying the
MC flux rope by Gosling et al. (1987). Similar to the magnetic
arcades overlying the filament system in the Sun, we call the
structure after the shock and before the MC as “interplanetary
arcades” in this work. From Panel (c), the main magnetic com-
ponent of the structure between the shock sheath and the MC is
directed in the y-direction; i.e., B, is the largest component of
the field, while the magnetic field of the MC is directed along
the z-direction, and B, dominates in the MC. A CS may often
be considered as a boundary between magnetic structures with
sheared magnetic fields. In this event, a CS is analyzed to exist
ahead of the MC.

It is fortunate that during the time of these observations, the
separation of STEREO A and B is ~7500 km, which is close
enough to permit a calculation of the current density between
the spacecraft based on the magnetic field components from
STEREO A/B and an application of Ampere’s law:

J = iV X B. (1)
Ho

Specifically, we have

VXB ~ (BzB—BzA_ByB—ByA)';a
YB — YA B —ZA
N (BxB - B Bp-— BzA)y
B —ZA XB — XA
B —B By — Ba\ -
+( yB !/A_ xB XA)Z, (2)
XB — XA Y — YA

where B, and Bp are the magnetic fields from STEREO A and
B, and rp = (xa,ya,za) and rg = (xB, yB, zg) are the spacecraft
locations at the given time.

The calculated current density profile based on the
STEREO A/B satellites is shown in panel (d) of Fig. 1. To com-
pare the observations with the data from the ACE satellite, we
shift the STEREO observation 24 min ahead. Panel (d) reveals
several peaks in the current. The strongest current density ap-
pears in the shock sheath region (interval “17). At ~21:44 UT,
there is a current concentration located just ahead of the MC.
According to the calculation results, the structures between the
shock sheath and the MC may belong to two parts with one
the interplanetary arcades (interval ‘“2”) that correspond to the
nested magnetic loops said by Gosling et al. (1987), and the
other a CS structure regarded as the interplanetary transverse
current sheet (ITCS, interval “3”) in this work. The ITCS is tra-
versed by STEREO A at the location ra = (29.3, -43.0, 10.0) Rg
in GSM coordinates at 21:44 UT on 2006 December 14, and lasts
about 10 min (interval “3”). Panels (e)—(g) of Fig. 1 presented

P
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Fig. 2. Eruptive event on 2006 December 13 observed on the Solar disk.
Panel a) is an MDI image at 01:39 UT showing AR 10930, with a white
box indicating the size of the five other panels. Panel b) is a BBSO Ha
image at 01:57 UT to show a dark filament (white arrow). The con-
tours on panels b), ¢), and d) show values of the line-of-sight magnetic
field taken from the MDI magnetogram at the closest time with levels
of £(50, 100, 300, 500, 1000) G, which also serve to locate the AR neu-
tral line. Panel ¢) shows an EIT EUV image at 02:12 UT, in which the
filament is also visible (white arrow). Panel d) is an EIT EUV image
at 03:36, taken after the X3.4 class flare, showing a bright region in
post-flare loops (white arrow) where the flare occurred. Panels e) and f)
are soft X-ray images from Hinode/XRT, which show an MHD shock
wave (white arrow in panel e)) at 02:24 UT, and a plasmoid ejection
(white arrow in panel f)) at 02:26 UT, prior to the flare peak.

the distributions of plasma temperature, density, and velocity de-
tected by ACE. The maximum current density is ~1078 Am™2.
The speed, hence the thickness of the current sheet, may be cal-
culated based on the average value of the plasma velocity data
detected by ACE during this interval. We estimate a thickness
~5 x 10° km, based on an average velocity ~841 kms~' over
the interval of ~10 min. The ITCS thickness is very close to that
of a tilted current sheet substructure ahead of a magnetic cloud-
like structure, i.e., ~1—4 x 10° km as estimated by Foullon et al.
(2007) in the other event. We also notice that there is another cur-
rent concentration at ~04:30 UT on 2006 December 15 close the
center of the MC structure, which may be formed as a result of a
clouds kinematic propagation from the Sun to the Earth, without
any external forces or influences, as simulated by Owens (2009).

Based on the observations and the results of the previous
work (e.g., Zhang et al. 2007a; Liu et al. 2009), the CME on
2006 December 13 is related to a filament system and its over-
lying multiple magnetic arcades, which may correspond to the
relate MC (gray interval “4”) and its ahead interplanetary ar-
cades (pink interval “2”). If so, a natural question is whether the
interplanetary current sheet can be found in the CME initiation
as pointed by the CME models.

3. Solar surface source of transverse current sheet

The solar source of the CME on 2006 December 13 is ob-
served by multiple wavelengths from the Sun, e.g., the Extreme-
Ultraviolet Imaging Telescope (EIT, Delaboudiniere et al. 1995)
onboard SOHO, the Michelson Doppler Imager (MDI/SOHO,
Scherrer et al. 1995), the LASCO/SOHO, and X-Ray Telescope
(XRT, Golub et al. 2007) onboard Hinode (Kosugi et al. 2007),
as well as Ha/BBSO. Figure 2 presents the on-disk features
of the event on 2006 December 13 at four wavelengths. The
complex magnetic configurations of the AR/flare is shown in
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Fig. 2a, an MDI image at 01:39 UT. An AR long filament can
be observed along the AR magnetic neutral line in a BBSO
Hea image at 01:57 UT (Fig. 2b) and an EIT EUV image at
02:12 UT (Fig. 2c). Post-flare loops appear along the AR neu-
tral line in Fig. 2d of an EIT EUV image at 03:36 UT as in-
dicated by the classic flare model. Above the filament system,
there are multiple-layer overlying magnetic arcades whose mag-
netic fields are perpendicular to that of the filament system. The
eruption of the AR filament during the CME launch process can
be learned from the bright core of the related CME, which can
be observed since 03:06 (Fig. 4c) and may represent erupted fil-
ament material (Illing & Hundhausen 1985; Dere et al. 1999).
Combined with Fig. 1, the MC in interplanetary space should
correspond to the erupted CME-related filament flux rope sys-
tem (e.g., Wang et al. 2006). The interplanetary arcades (inter-
val “2” in Fig. 1) correspond to the magnetic arcades overlying
the filament system on the Sun. Therefore, the ITCS (interval “3”
in Fig. 1) should correspond to a CS in the CME solar source,
which exists between the related filament system and its over-
lying magnetic arcades and is tentatively called as a transverse
current sheet (TCS). The evidence of the TCS would be found
in the XRT observations and the nonlinear force-free extrapola-
tions.

In Figs. 2e and f, there are two interesting Hinode/XRT
eruptions in rapid succession during the flare process, which
reveal two kinds of blueshifted phenomenon corresponding to
an MHD fast-mode shock wave and a plasmoid ejection (Asai
et al. 2008 labels the features as “BS2” and “BS1”’), and cannot
be explained by the simple flare model. The MHD fast-mode
shock wave (Fig. 2e) is seen in Hinode/XRT data for the in-
terval 02:22:18-02:26:18, and the plasmoid ejection (Fig. 2f) is
seen for the interval 02:24:18-02:28:18. The plasma associated
with the MHD shock is heated to more than 2 MK (Asai et al.
2008), which indicates that the physical process generating the
MHD shock wave seen as BS2 happened in the higher corona
and then the following XRT eruption behaved as BS1. This ob-
servational scenario is generally consistent with the picture of
double-current sheet reconnection model of Zhang et al. (2006),
in which reconnection first takes place at a transverse CS above
an active region, and then the reconnection episode occurs at a
vertical CS and drives the plasmoid ejection. The existence of
a vertical CS is commonly accepted in the current flare/CME
initiation model or observations. However, the transverse CS is
rarely referred to in the observations though it is often indicated
in the CME model (e.g., Antiochos et al. 1999; Zhang et al.
2005; Zhang 2006; Zhang & Wang 2007b). Based on the nonlin-
ear force-free field (NLFFF) models, we constructed the coronal
magnetic field in AR 10930 and continue to scrutinize and diag-
nose the CSs.

A recent workshop (Schrijver et al. 2008) used photospheric
vector magnetic field values obtained with the Solar Optical
Telescope (SOT) on Hinode to construct the coronal magnetic
field in AR 10930 based on different NLFFF models. Here
we examine the magnetic field models constructed using the
current-field iteration method of Wheatland (2007), which was
judged to provide the most successful reconstructions at the
workshop based on a variety of criteria (see Schrijver et al.
2008). Two models are available, providing magnetic field mod-
els at 20:30 UT on 2006 December 12 (before the X3.4 flare) and
at 04:30 UT on December 13 (after the flare). The model con-
structed before the flare is referred to in Schrijver et al. (2008)
as the Wh;p model. Using these two models, we calculated the
current density profile around the AR before and after the flare
to investigate the existing current structures.
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Figure 3 presents the XRT observations (top row) in com-
parison with the extrapolations (bottom two rows) before [left
two columns] and after the flare (right column). The white rect-
angle in panel (a) denotes the field of view of the other eight
panels. The second row shows the sample’s closed field lines
within the NLFFF model volume, together with the iso-surfaces
of the inferred current density at the magnitude of 6.96 mA m~2,
against the corresponding maps of Hinode/SP B, at the photo-
sphere (panel (d)) and at the height of z = 1371 km (panels (e)
and (f)). The sample’s closed field lines are similar to the si-
multaneous XRT loops in morphology. The 3D view of the mid-
dle row is shown at the bottom row, in which a transverse CS
and a vertical one are revealed above the AR neutral line before
the X3.4 flare. It is interesting that the transverse CS from the
NLFFF model just corresponds to the XRT brightness increase
in panel (b), and they are located in the same coronal height
range that can reach ~35 Mm. After the flare, the top sample
field lines and the transverse CS leave the NLFFF mode volume,
and the bottom field lines ascend to new heights, as well as the
vertical CS became short in the projection at the photosphere
(cf. panels (h) and (i)). The AR magnetic configurations was re-
constructed and showed more potential, suggesting the release
of magnetic energy associated with reconnection.

The vertical and transverse CSs are indicated in the XRT
eruptions and are reconstructed based on NLFFF mode. Just
like the vertical CS in the post-CME, CS behaved like the
bright ray-like features (e.g., Lin et al. 2007, 2009), so we
wonder whether the TCS can show white-light evidence in
SOHO/LASCO observations. Figure 4 are the base-difference
images of the LASCO CME, in each of which a pre-eventimage
at 02:06 UT is subtracted. The CME first appeared at 02:30 UT
(Fig. 4a), and had been a nearly complete halo since 02:54 UT
(see also Liu et al. 2008). According to the LASCO CME cat-
alog!, the X3.4 flare-associated CME has a projection speed
of ~1774 kms™' and a deceleration of ~61 ms~2. From 02:54
to 04:42 UT, a brightness increase at the CME front remains
compact and undispersed during its propagation from ~4 R to
>10 R. Figure 4i combines the LASCO observations at differ-
ent moments to show the sequence propagations of the bright-
ness increase.

The X3.4 flare-associated CME first appeared very weak in
the LASCO field of view at 02:30 UT and can be identified
in a very restricted range of [-5, 5] (see Fig. 4a). The CME
presented clear white-light coronal loop structures, which may
correspond to the overlying magnetic arcades above the fila-
ment system. Since 02:54 UT, a brightness increase have been
observed at the CME bright front. At 03:06 UT, the CME’s
bright core (Fig. 4c) first appeared and represent the erupted
filament system. Therefore, the brightness increase propagating
at the CME front is located above the filament and under the
top magnetic arcades overlying the filament, i.e., have a con-
sistent position with the TCS deduced by the related ITCS. As
shown in the middle panel of Fig. 1 in Liu et al. (2008), the CS-
like brightness increase is situated behind the surrounding CME
faint front, which is said to be density enhancements induced
by the fast-mode MHD shock (e.g., Vourlidas et al. 2003; Liu
et al. 2008). Lugaz et al. (2005) simulated a streamer-associated
CME eruption, in which two features, i.e., a concave-outward
indentation and a brightness increase in the line-of-sight im-
ages that are caused by the front shock and the related be-
hind reverse shocks, can be observed, but appear only in front-
side CMEs. While for the CME on 2006 December 13, it is

I See http://cdaw.gsfc.nasa.gov/CME_list.
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Fig. 3. Comparisons between the extrapolation structures and the XRT observations. The first row: the XRT observation at 20:30 on 2006
December 12 before the X3.4 flare (panels a), b)) and at 04:30 UT on 2006 December 13 after the flare (panel c)). The white rectangle in
panel a) shows the field of view of the seven other panels. Second row: visualizations of the sample closed field lines (red) and the iso-surface of
the current density at the level of 6.96 mA m~2 (green) within the NLFFF model volume (Wheatland 2007) at 20:30 UT on December 12 and at
04:30 UT on December 13, shown against the corresponding map of Hinode/SP B, at the photosphere (panel d)) and at a height of z = 1371 km
(panels e) and f)). The last row shows the 3D images of the middle row. The transverse CS (yellow arrows) and the vertical one (white arrows) can

be clearly identified in panel h).

earth-directed, and the concave-outward indentation did not ap-
pear in LASCO/C3 images. Therefore, we find that the bright-
ness increase in the LASCO observations might correspond to a
TCS during the CME initiation.

Table 1 summarizes the timing of the various observations
presented here, which proves that the TCS exists. The table dis-
tinguishes between the direct observations and the interpreta-
tions we gave them.

The CME eruption and propagation from the solar source to
interplanetary space can be explained in the cartoon of Fig. 5.
The field lines in panel (a) are from the NLFFF extrapolation
by the model of Wang et al. (2001) based on the MDI magne-
togram at 01:39 on December 13, which can provide a larger
field of view than in the method of Wheatland (2007). As shown

in panel (a), the CME related initial reconnection occurs at the
transverse CS, which is located between the top arcade system
and the bottom flux rope system with its embedded filament.
Accompanying the first reconnection, the existing AR loop sys-
tem is reconfigured, producing the fast-mode MHD shock ob-
served in the XRT data (e.g. Asai et al. 2008), and the filament
system loses its equilibrium. The filament lifts off due to the ac-
tion of magnetic buoyancy. The field lines and the vertical CS
panel (b) below the filament flux system become elongated. At
the vertical CS, the other reconnection or topology collapses,
producing profound changes in the geometry and topology of
the AR flux systems and explosive energy release, namely the
X3.4 class flare. The post-flare loops quickly appear and expand
above the AR neutral line, manifesting the continuous localized
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Table 1. Timing of observations and their interpretation.

Time (UT) Observation

Interpretation

December 5-17

December 5-17

December 13 02:22-02:26
December 13 02:24-02:28
December 13 02:14-02:40-02:57
December 13 02:54-04:42

December 14 21:44-21:54

AR 10930 is on the disk

AR filament observed by BBSO

MHD shock wave in XRT observations
Plasmoid ejection in XRT observations

X3.4 class flare at SO6W23

CME with a persistent bright structure seen
by LASCO (v = 1774 kms™, a = —61 ms™2)
STEREO A.B magnetic field measurements

Indication of a transverse CS
Indication of a vertical CS
Reconnection at the vertical CS
Indication of the TCS in the
leading edge of the CME
Transverse CS in front of the MC

imply large [J| at 1 AU

December 14 23:00 — December 15 15 19:40
December 14 20:55-21:30

December 14 22:40 — December 16 16:20
December 18 03:00 — December 19 04:00
December 15 01:00

MC detected by STEREO A, B at 1 AU
d," increased and B, rotated in ACE data
ICME detected by ACE at 1 AU

ICME detected by Ulysess at 2.73 AU
Geomagnetic storm with Dy, = —146 nT

Transverse CS in front of the MC

Notes.  Plasma density. ”’ The z component of the local magnetic field.

C2 02:30 b C2 02:54 c C2 03:06

@)
W

fC3 03:42

iy

Fig.4. CME base-difference images from SOHO/LASCO at different
moments. A pre-event image at 02:06 UT has been subtracted in each
case. The solid arrows denote a brightness increase at the CME front.
The CME bright core (dashed arrow) appeared at 03:06 UT in panel c).
Panels a)-h) have the same size of windows. Panel i) combined the
CME difference images from 02:54 to 04:42 UT, during which a bright
increase at the CME front can be traced (see the solid lines). The white
circle denotes the Sun.

AL

energy release in this interval. Panel (c) of Fig. 5 illustrates the
passage of the CME through interplanetary space, which shows
the various interplanetary structures, namely the shock, the fol-
lowing shock sheath, the interplanetary arcades, and the inter-
planetary transverse CS (ITCS) between the interplanetary ar-
cades and the MC. STEREO or ACE traversed the shock and the
MC in the direction indicated. The interplanetary arcades and
the MC, of which the magnetic fields present almost perpendic-
ular in the ACE observations, have good correspondence to the
top magnetic arcades and the bottom flux rope system with the
embedded filament in the CME solar source.
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Fig.5. CME eruption and propagation from the solar source to in-
terplanetary space. Panels a) and b): two cartoons with extrapolation
field lines by the method of Wang (2001), shown against MDI magne-
tograms, illustrating the the field evolutions before and after the flare.
The field configurations of AR 10930 include the top magnetic arcades
(red), the transverse CS (top green), the filament system (light and thick
blue), and the AR neutral line (yellow dashed), as well as the vertical CS
(green rectangle in panel b)) to be elongated. Panel ¢): a cartoon illus-
trates the CME related interplanetary structures, which are shock (black
dashed), shock sheath, the interplanetary arcades (red), and the inter-
planetary transverse CS (ITCS, green), and the MC (blue). The long
black arrow denotes the direction along which STEREO or ACE tra-
versed the shock and the MC.

4. Conclusion and discussion

Tracing current sheets from the solar atmosphere to interplane-
tary space during a solar eruptive event is a difficult task. Even a
CS identified in interplanetary space, it could not exclude its for-
mation due to the interaction between the ICME, the other trail-
ing ICME, and the ambient solar wind plasma, etc. (Foullon et al.
2007; Owens 2009). This paper presents evidence of the current
sheets for the extreme flare/CME event of 2006 December 13.
We prove that a transverse CS can be identified and traced from
the Sun to the inner heliosphere for this event in the following
direct and/or indirect ways.

First, the in-situ STEREO observations confirm a current
concentration at 21:44 UT, which is situated at the boundary
between the interplanetary magnetic arcades and the magnetic
cloud. It is argued that this interplanetary CS corresponds to the
transverse CS identified in the CME source, and said that the


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015726&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015726&pdf_id=5
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interplanetary magnetic arcades are the interplanetary counter-
part of the overall loops above the active region, while the mag-
netic cloud is the expanded flux rope associated to the filament
in the active region.

Second, in the pre-flare state, observations by Hinode/XRT
showing a shock and ejecta indicate magnetic reconnections at
the site of two current sheets — a transverse CS lying above the
AR and a vertical current sheet above the AR magnetic neutral
line, respectively. In support of these identifications, transverse
and vertical current structures are found in 3D nonlinear force-
free vector, magnetic field models constructed from Hinode/SOT
vector magnetograms (in particular, using the model Wh, de-
scribed by Schrijver et al. (2008). It is noted that the recent non-
linear force-free extrapolations constructed by other researchers
also show the same features to support the reality of the inferred
current sheets (e.g., Kataoka et al. 2009).

Third, the brightness increase in the CME front may be evi-
dence of CS in LASCO observations.

Fourth, the timing of the various identifications and indica-
tions of the TCS and of its propagation provide a consistent pic-
ture of overall physical processes occurring in this Sun-Earth
connection event. In the LASCO images, the CS-like brightness
increase is observed without dispersion to accompany the CME
appearance from 02:54 to 04:42 UT, after which the CME front
propagates almost out of the LASCO field of view. The reason
the TCS survives may be that the basic topology in the large-
scale magnetic fields do not change, though reconnection may
take place in small and narrow diffusion regions. The flare/CME
current sheet is too thick as far as we know, e.g., 10*~10° km
from (Lin et al. 2009), which could not be totally destroyed in a
short time in fact. According to Lin et al. (2009), we can estimate
the time intervals for CME-related CSs’ diffusing away in the
other two events on 2003 November 18 and on 2002 January 8,
in which the electric resistivity 7. and the thickness of the related
current sheet d are provided. The diffusing time can be approx-
imately calculated as 7 = d?/n, where the magnetic diffusivity
1 = ne/po. The results show that the CME-related CSs would be
diffused away after 3 days. This may be why the solar CS can be
observed in interplanetary space.

The identification and evolution of the two current sheets in
this paper may provide new observational information for un-
derstanding CME mechanisms. However, more careful CS diag-
nosis based on well-designed multi-domain observations is re-
quired to confirm the results and interpretations presented here,
and it is desirable to repeat the investigation with more CME
events. In addition, it is important to make closer compari-
son with CME models regarding the reconnection processes.
Additional observational studies and further comparison with
models may lead to progress in understanding solar eruptive
events.
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