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ABSTRACT

In the wake of the 2003 November 4 coronal mass ejection associated with the largest solar flare of the last sunspot
cycle, a current sheet (CS) was observed by the Ultraviolet Coronagraph Spectrometer (UVCS) as a narrow bright
feature in the [Fe xviii] (106.8 K) line. This is the first UVobservation in which the CS evolution is followed from its
onset. UV spectra provide diagnostics of electron temperature, emission measure, Doppler shift, line width, and size
of the CS as function of time. Since the UVCS slit was inside the Mark IV K-coronameter (MK4) field of view, the
combination of UV spectra and MK4 white light data provides estimates of the electron density and depth along the
line of sight of the CS. The thickness of the CS in the [Fe xviii] line is far larger than classical or anomalous resistivity
would predict, and it might indicate an effective resistivity much larger than anomalous resistivity, such as that due to
hyperdiffusion. The broad [Fe xviii] line profiles in the CS cannot be explained as thermal widths. They result from a
combination of bulk motions and turbulence. The Petschek reconnectionmechanism and turbulent reconnectionmay
be consistent with the observations.

Subject headinggs: Sun: activity — Sun: corona — Sun: coronal mass ejections (CMEs) — Sun: UV radiation

1. INTRODUCTION

The largest solar flare of the last sunspot cycle occurred on
2003 November 4. It was the climax of a series of very energetic
‘‘Halloween’’ events, and it was estimated as GOES class >X28
(Kiplinger & Garcia 2004). It started at �19:35 UT, but the
GOES instruments saturated almost immediately. Kiplinger &
Garcia (2004) estimated that the X-ray flare from GOES was
most probably class X30.6 with a maximum at 19:47 UT. Thus,
the flare ‘‘produced one of the most intense hard X-ray bursts
and the largest soft X-ray burst ever observed’’ (Kane et al.
2005). The H� flare occurred near the west limb in active region
10486 at S19�, W83�. Terahertz radio emission was discovered
by Kaufmann et al. (2004), who reported very short timescale
variability and suggest that this emission arose from electrons
considerably more energetic than those responsible for the well-
knownmicrowave emission. Kane et al. (2005) usedUlysses hard
X-ray observations to estimate the peak and total luminosities in
energetic electrons, and they found that the total energy liberated
in the flare was comparable to the magnetic energy of the active
region. The bright post-event arcade (Tripathi et al. 2004) was
interpreted as a consequence of the same magnetic reconnection
that liberated the coronal mass ejection (CME). Raymond et al.
(2007) detected O vi photons from the flare that scattered off O vi

ions in the corona, and they determined the flare luminosity at
transition region temperatures during the impulsive phase.

Large flares are generally associated with powerful CMEs, and
the 2003 November 4 event was no exception. The halo CME
detected by LASCO on the Solar and Heliospheric Observatory
(SOHO) reached a speed above 2657 km s�1 according to the
CDAW CME list (Yashiro et al. 2004), and the kinetic energy
estimate is 6 ; 1032 erg. These estimates place this CME at the
upper end of the CME mass and energy distributions (Vourlidas

et al. 2000), but because this was a halo CME, both the mass and
kinetic energy may be underestimates.
According to the standard picture for large, long-duration flares,

a reconnection CS connects the flare loops to the CME core (e.g.,
Svestka et al. 1997). The CS is a necessary part of both analytic
models (e.g., Lin& Forbes 2000) and numerical simulations (e.g.,
Riley et al. 2002) of flare/CME events. The CS contributes to the
flare energy, allows the CME to escape from the Sun, and creates
a helical flux rope that might account for magnetic clouds in in-
terplanetary space (Gosling et al. 2006) or envelop pre-existing
magnetic flux ropes (Lin et al. 2004). Recent progress in under-
standing Hall reconnection (e.g., Bhattacharjee 2004) the intrin-
sically unsteady, three-dimensional (3D) nature of reconnection
(e.g., Cassak et al. 2006), and the role of turbulence (e.g., Lazarian
&Vishniac 1999) has been impressive, but there is as yet no agree-
ment on the energy partition of the reconnection process: howmuch
of the magnetic energy dissipated is converted to kinetic energy
(directed or turbulent), thermal energy or energetic particles.
In recent years, CS observations have been reported fromwhite

light coronagraph observations (Webb et al. 2003), X-ray images
(Sui & Holman 2003), radio dynamical spectra (Aurass et al.
2002), extreme-ultraviolet (EUV) images dominated by Fe xii
or Fe xxiv (Yokoyama et al. 2001; Innes et al. 2003; Noglik et al.
2005) and coronagraphic UV spectra (Ciaravella et al. 2002; Ko
et al. 2003; Lin et al. 2005; Bemporad et al. 2006; Lee et al.
2006). Each of these observations reveals something about the
physical conditions in CSs, but most pertain to a single event,
and none is complete.
This paper uses UVand white light observations to investigate

the CS associated with the 2003 November 4 flare. In this event,
a narrow, bright feature appeared in the [Fe xviii] line shortly
after the CME crossed the UVCS slit. Over the course of about
4 hr it faded and became narrower, then remained at a low level
for a full day. We derive the temperature, density, physical size,
and nonthermal line widths of the CS and compare themwith ex-
pectations based on Petschek and turbulent reconnection pictures.
Sections 2 and 3 describe the white light and UVobservations,
while the CS analysis is described in x 4. The thickness and
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Doppler shift of the CS feature are in x 4.1, the temperature and
density in x 4.2, and the line width in x 4.3. We discuss the re-
sults in x 5.

2. WHITE LIGHT CORONAGRAPH OBSERVATIONS

We use data from the LASCO C2 coronagraph aboard SOHO
(Brueckner et al. 1995) and theMK4 at Mauna Loa Solar Obser-
vatory (MLSO). The UVCS entrance slit was below the LASCO
C2 occulter but within theMK4 field of view. LASCOC2 covers
the range from 2.3 to 6.0 R� from disk center with a typical ca-
dence of 24Y34 minutes between frames. The halo CME associ-
atedwith the flare was first detected in LASCOC2 at 19:54:05UT
when the front in the western hemisphere was already at 4 R�.
The CDAWWeb site3 gives a linear fit to the CME leading edge
positions in three C2 frames with a speed of 2657 km s�1. C2
images of the event at 18:06, 20:06, 21:30, and 23:30 UT are
shown in Figure 1 along with the intensity distributions of the
[Fe xviii] line observed by UVCS. After the edge of the CME
left the C2 field of view, a bright, somewhat diffuse radial struc-
ture appeared above the active region at 20:30 UT. Over the

next few hours it shifted toward the south and became brighter,
narrower, and more stable.

Several plasmoids moved outward along this structure, and
others appeared adjacent to the structure and moved parallel to
it. Although many plasmoid features were seen flowing outward
during the initial phase of the CS, it was difficult to follow them
in the white light images. However, we have velocity estimates
for three plasmoid features seen flowing outward. The first was
detected between the C2 images of 21:30:08 and 21:54:31 UTas
a round feature traveling at a projected speed of �870 km s�1.
This feature was seen when the CS appeared very thick in the
UVCS data. Later, two plasmoids were detected at in C2 images
at 00:30:05 UT and 06:30:05 UT moving outward at speeds of
580 and 480 km s�1, respectively. Assuming a constant speed
these two plasmoids should have crossed the UVCS slit around
23:30 on November 4th and 05:40 UTon November 5th. Other
plasmoids, which were difficult to follow in sequential images,
were also seen between these two.

The Advanced Coronal Observing System (ACOS) data from
MLSO consist of the polarized brightness obtained from scans
around the solar disk covering the range 1.14Y2.86 R� with a
resolution of 0.5� in position angle by 5.0500in the radial direction.
Data are available on November 4th for the periods 17:16Y18:373 See http://cdaw.gsfc.nasa.gov/CME_list.

Fig. 1.—LASCOC2 images at four times showing the evolution of the events from the pre-CME corona to the narrow long CS feature. The images shown inside the
occulter disk are the intensity distribution of the [Fe xviii] line along the UVCS slit. The brightest narrow spot is very well aligned with the LASCO CS.
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and 21:04Y01:35 UT. Unfortunately, these do not cover the im-
pulsive phase of the flare, but they do cover most of the period
when bright [Fe xviii] was seen with UVCS. For the combined
UV/white light analysis, we have extracted the pB values at pix-
els corresponding to positions along the UVCS slit. The pre-CME
scans show a bright feature near P:A: ¼ 254

�
and a fainter one

at P:A: ¼ 280�. After the CME, the overall brightness was re-
duced, and a single bright feature near P:A: ¼ 253� appeared
above a smooth background (see last panel in Fig. 5).

This narrow feature seen in LASCO C2 and MK4 connecting
theCMEwith the post flare arcades (see Fig. 2)was very likely the
CS predicted by flux-rope model of CMEs. The high-temperature
feature observed in the UV spectra at the same location as the
LASCO/C2 images in Figure 1 confirms this interpretation (see
x 3).

3. UV SPECTRA

The UV spectra of the 2003 November 4 event were taken
with UVCS. This instrument aboard SOHO measures UV spec-
tra of the solar corona, in the range 945Y1270 8 (473Y635 8 in
the second order), through an entrance slit 420 long and up to 8400

wide. The slit can be located at any polar angle and at heliocentric
distances from1.5 up to 10R� (seeKohl et al. 1995 for a more de-
tailed description of the instrument). During the 2003November 4
CME the UVCS slit was centered at P.A. 262� and heliocentric
height 1.66 R�, and its width was 28

00. Thus the portion of solar
corona between P:A: ¼ 302

�
and 228

�
was observed through the

slit. The spatial binning along the slit was 6 pixels (4200) and the
detector was masked into five wavelength ranges 1023Y1042,
997Y1008, 990Y993, 980Y967, and 942Y964 8 with spectral
binning of 0.2, 0.2, 0.3, 0.2, and 0.3 8, respectively. In this
instrument configuration UVCS observed from November 4th
at 17:18:40 UT until November 5th at 13:00:03 UT, collecting
spectra with 120 s exposure time separated by 10 s readouts. We
have used the most recent calibration that includes the degrada-
tion of sensitivity since the launch of SOHO (Gardner et al. 2002).

The different phases of the 2003 November 4 CME event
are sampled in Figure 3 with three intervals of the UV spectrum
at six times. The main spectral lines seen in Figure 3 are the
O vi kk1032, 1037 doublet, Ly�, the Si xii kk499, 520 doublet,
and [Fe xviii] k975. The observation started earlier than the CME,
and it is important to remark that when UVCS started observing
at 17:18:40 UT there was a trailing outflow from an earlier halo
CME, detected in LASCO at 12:06:06 UT. Thus the southern
bright [Fe xviii] feature in the preflare spectra at P:A: ¼ 254

�

was most probably the CS of this earlier CME, while the north-
ern feature around P:A: ¼ 280� appeared in LASCO images as
the trail of the ejected structure. The CS from the earlier event
was pushed southward by the second CME (at 19:54:05 UT),
and it remained in UV spectra as weak feature until the end of the
observation. The intensity distributions of the brightest lines of
the pre-CME corona are plotted in Figure 4. The main peaks in
the [Fe xviii] lines correspond to the CS at P:A: ¼ 254� and the
trailing feature from the earlier CME event. The CS showed a
broader range of temperature compared to the northern feature
in which the emission was mainly in [Fe xviii] line.
The second panel from the top in Figure 3 shows the first sign

of the underlying activity as a brightening of the O vi lines along
the slit due to the flare (Raymond et al. 2007) followed by an in-
crease of the background starting at 19:39:56 UT. The CME front
crossed theUVCS slit at 19:42UTas indicated by the sudden drop
in coronal O vi density (Raymond et al. 2007). Five exposures
later at 19:52:56 UT, emission from the CME was seen for four
exposures as broad and diffuse emission lines of [Fe xviii] and

Fig. 2.—Composite image of EIT 195 8 (23:48 UT), MK4 (23:48 UT),
LASCOC2 (23:54 UT), and intensity distribution of the [Fe xviii] line along the
UVCS slit.

Fig. 3.—UV Spectra for three wavelength ranges, 1023Y1042, 997Y1008,
and 980Y967 8. The main spectral lines are marked in figure. The spectra were
taken at 19:18:13, 19:42:06, 19:55:06, 20:05:59, 20:21:13, and 23:21:26 UTand
are obtained adding two exposures of 120 s each.
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O vi, e.g., third panel from the top. After the bulk of the CME
went through the slit, much weaker O vi emission remained,
while [Fe xviii] brightened in a narrow region centered at P:A: ¼
253

�
. This feature was detected starting from 19:59:29UT, about

6 minutes after the first detection of CME, e.g., last three panels
in the figure. The emission in the O vi and Si xii lines was se-
verely dimmed as the CME swept out the coronal material (com-
pare the first and fourth spectra in Fig. 3). Later as the postflare
loops in the underlying active region started brightening, the
emission in these lines increased again. The [Fe xviii] emission
in the wake of the CME was displaced with respect to the peak
intensities of O vi and Si xii lines and was well aligned with the
bright narrow feature in the LASCO C2 images and the postflare
loops seen at lower heights in EIT and Transition Region and
Coronal Explorer (TRACE ) images.

4. CS ANALYSIS

Figure 5 shows the images in the [Fe xviii], O vi k1032, Si xii
k499, C iii k977 lines and the MLSO MK4 pB along the slit as
function of the time. The vertical axis is the polar angle along the
slit, and the horizontal axis is the UT time. The vertical bright
region in each spectral image is the time of the high background
due to the flare, and the emission before that is that of the pre-

CME corona in the wake of the earlier CME. The long, bright
feature centered around P:A: ¼ 253� is the CS. Over a time of
about 2.5 hr the peak of the [Fe xviii] emissionmoved southward
by �4� and then kept this position until the end of the observa-
tion. The spatial extent of the [Fe xviii] decreased significantly
over the first 3 hr (see x 4.1). Similar behavior was observed for

Fig. 4.—Line intensity distributions of the pre-CME corona along the UVCS
slit. The position along the slit is given in P.A. The southern feature in the
[Fe xviii] line is most probably the CS from the halo CME detected by LASCO at
12:06:06 UT.

Fig. 5.—Images of [Fe xviii], Si xii, O vi, C iii, andMLSOMark IValong the
slit as function of time. The vertical axis is the position along the slit in polar
angle. The vertical bright area in theUV lines corresponds to the high background
and passage of the CME. The two horizontal bright regions in [Fe xviii] emission
are from the pre-CME corona (the two main peaks in Fig. 4).
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the narrow bright feature in LASCO C2 and MK4 images. The
Si xii image also shows the CS starting from � 21:40 UT. No
similar feature was detected in O vi or C iii lines.

The knots seen in C iii and O vi lines were cold and narrow
(�12600) transient ejecta, and they were very bright in the lines of
Ly�, N iii, Ly�, and Ly� as well. We detected three of these
events: (1) the first event, at 20:49 UT and P:A: � 265�, lasted
a longer time in O vi than in C iii. The peak intensity in C iii

was 1:5 ; 1011 ph s�1 cm�2 sr�1 and in O vi k1032 it was 3:7 ;
1010 ph s�1 cm�2 sr�1; (2) the second event was detected on
November 5th at 04:51 UT and P.A. 262�, first in O vi and then
in C iii. Like the first event, it lasted longer in O vi. The maxi-
mum C iii line intensity in this case was 9:7 ; 1010 ph s�1 cm�2

sr�1; (3) the third narrow feature on November 5th at 10:02 UT
and P.A. 263

�
was first detected in O vi lines with a redshift of

400 km s�1. Its Doppler shift decreased to zero in 25 minutes.
The feature lasted for more than 60 minutes, and it was probably
the same feature seen at 3.1 R� in the later synoptic scan. The
feature was also detected in C iii, Ly�, Ly�, andN iii, and the peak
intensity of the C iii line was 1:5 ; 1012 ph s�1 cm�2 sr�1.

EIT and TRACE images showed that these transients all orig-
inated from the same location in the active region. In particular,
from EIT 195 running difference images these three features cor-
responded well in P.A. and time to the ejecta from the active re-
gion at 20:24 UTon the 4th, 4:12 UTon the 5th, and 10:00 UTon
the 5th. These ejecta deviated toward the CS as they, most prob-
ably, followed the local magnetic field lines stretched out by the
CME. They might have arisen from small reconnection events
lower down in the atmosphere as result of rearranging of the
magnetic field after the CME eruption. Similar transient events
were called ‘‘streamer puffs’’ by Bemporad et al. (2005), who at-
tributed them to the opening of outer loops in the arcade.

In Figure 6 we show the total intensity of the [Fe xviii] (top
panel ) line in the CS as function of time. This intensity is com-
puted for a portion of 8 bins (33600) along the slit so as to include
the initial wider size of the CS. For comparison we plot the Si xii
k499 and O vi k1032 line intensities (second and third panel
from the top) in the same portion of the slit as [Fe xviii] and the
O vi k1032 intensity (bottom panel ) in the narrow portion (3 bins
or 12600) in which the CSwas detected in [Fe xviii] after 22:09 UT
in Figure 5. The dashed areas correspond to the exposures in
which the CS was not yet detected due to extremely high back-
ground from the flare. The two intensity plots for the O vi line
show that the emission in this line was mainly due to coronal ma-
terial along the line of sight (LOS) or to the bright knots detected
close to the CS feature. The [Fe xviii] line intensity increased for
50 minutes, then the emission faded slowly over about 3 hr and
remained almost constant for the rest of the observation.

4.1. Thickness and Doppler Shift

The image in Figure 5 shows clearly that the [Fe xviii] emis-
sion along the slit becamenarrowerwith time. Tomeasure thewidth
of the [Fe xviii] emission we use the full width half-maximum
(FWHM) and the full width (FW) of the feature. These two val-
ues are representative of the ‘‘bright core’’ of the emission and of
its surrounding region. During the first 3 hr the FWHM changed
from 0.2 to 0.1 R� while its FW changed from 0.5 to 0.2 R�. Sim-
ilar values are obtained for the depth along the LOS (see Table 1).
The CS geometrical structure was closely related to the postflare
loops. AR 10486 in MDI magnetogram images on 2003 Novem-
ber 1 had a longitudinal extent of�0.2 R� and the postflare loops
in EIT 195 images on 2003 November 4 extend along the limb
�0.3 R�. These sizes of the active region and post-CME loops
agree reasonably well with the apparent thickness and depth

along the LOS of the CS. We can estimate the actual thickness
of the CS using the 3D schematic in Figure 7. The CS connect-
ing the postflare loops with the CME had extent L, depth along
the LOS d, actual thickness w, and apparent thickness l. In the
figure, the y-axis is along the LOS, the x-z plane is the plane of
the sky (POS), � is the angle between the CS axis and the LOS,
� is the angle with the x-z plane or POS. The � angle ranges be-
tween 4

�
and 6

�
and is given by arctan (VLOS /VPOS) whereVLOS �

60 km s�1 was the Doppler shift of the [Fe xviii] line. The speed
on the POS, VPOS, varied between 870 and 580 km s�1 as esti-
mated from the plasmoid speeds. The CS was also tilted in the
POS with respect to the z-axis by an angle of �9

�
, as estimated

from the difference between the P.A. of the center of the slit (262�)
and the P.A. of the [Fe xviii] feature (253�). In computing the ac-
tual thickness of the CS and its anglewith the LOSwewill neglect
these two angles because they are small and will not contribute
significantly to the apparent thickness. Thus the apparent and the
actual thicknesses of the CS are

l ¼ L cos (90� �)þ w sin (90� �); ð1Þ

w ¼ d cos (90� �): ð2Þ

For LOS depths of 0.07Y0.2 R� (Table 1), an apparent thick-
ness l of 0.2 R� (FWof the [Fe xviii] line emission) along the slit,
and L of 0.3 R� from the extent of the postflare loop structure, �
is between 35� and 25� (or 65� and 55� from the POS), and the
actual thickness is 0.04Y0.08 R�. The actual thickness is 2.5Y
5 times narrower than the apparent thickness.
Along with the long-lasting feature identified as the CSwe de-

tected two transient ejecta in [Fe xviii] at 19:50UTand 20:23UT.
The first transient at 19:50 UT was redshifted by 280 km s�1,
lasted for two exposures, and then disappeared. The strongly
redshifted emission could correspond to a feature at the head of
the structure that later narrowed and became the CS. In LASCO
C2 this feature was first observed at 20:06:05 UT and moved at
a speed of 720 km s�1. At this speed it would have crossed the
UVCS slit around 19:42 UT. Given the uncertainties in the speed
and the possible acceleration, this is consistent with the red-
shifted [Fe xviii] feature detected byUVCS. Later between 20:23
and 20:49 UT, a second transient redshifted by �180 km s�1

was detected �0.5 R� north of the bright feature in [Fe xviii].
The redshift corresponds to the time when the bright feature in
LASCO C2 moved southward and became narrower. This red-
shifted material was part of an outflow that may or may not be
related to the CS. In the remaining spectra the Doppler shift was
less than 60 km s�1.

4.2. Temperature and Density

The changes in the line emission in the CS indicate a temper-
ature evolution with time. In particular the CS was initially only
detected in the [Fe xviii] (106.8 K) line, but was later detected in
Si xii (106.3 K) and [Ca xiv] (106.5 K) lines as well. Still later, the
CS became faint, and we average over groups of exposures to
obtain an adequate signal-to-noise ratio.We use the [Fe xviii] to
Si xii line ratio to estimate the temperature of the CS. The line
emissivities are taken fromCHIANTI version 5with solar photo-
spheric abundances (Dere et al. 1997; Landi et al. 2006). Coronal
abundances would yield the same temperatures. The fourth col-
umn in Table 1 shows the temperature for seven time intervals
starting from the pre-CME corona. The temperature increased
in the CS and reached a maximum value of 106.9 K when the
emission in [Fe xviii] was brightest, then decreased to values of
106.62 K, similar to the CS of the earlier CME. The second and
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third interval have somewhat larger uncertainties because the
CS was very faint in the Si xii line. Given the temperatures, the
[Fe xviii] line intensities were used to determine the emission
measure at selected times. The emission measures would be
smaller by a factor of 3Y 4 had we used a coronal abundance
set. Values are listed in Table 1.

Electron column densities, Ne, have been obtained from the
MLSO Mk4 pB images under the assumption that the gas is in
the POS, which is a reasonable assumption for the CS. The ratio

of the emission measure, obtained from the [Fe xviii] intensity,
to Ne is the electron density, ne ¼ EM/Ne. Given ne, the depth
along the LOS is given by d ¼ Ne /ne. In Figure 8 the emission
measures, column densities, and densities along the UVCS slit
are plotted for the four intervals. The curves of emission mea-
sure in the figure are offset by multiples of 2:5 ; 1025, those
of column densities by multiples of 4 ; 1017, and the densities
by multiples of 4 ; 107. The peaks at P:A: ¼ 253� correspond
to the CS.

Fig. 6.—[Fe xviii], Si xii, and O vi total counts inside the CS as function of time. While the first three panels from the top are obtained for a wider portion along the
slit, the O vi in the bottom panel is obtained just in the narrow portion the CS is seen in [Fe xviii] later in the observation. The vertical dashed lines mark the time range
when the high background and the passage of CME were detected.
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It is also worthwhile to consider the total amount of plasma in
the CS. Using the ACOS MLSO column densities, Ne, and the
apparent thickness in the white light images, h, of the CS in the
POS, we plot in Figure 9 ne A ¼ Neh, where A is the cross-
sectional area of the CS. The flux ofmaterial along the CS is ne Av,
so for constant velocity v (as expected if v is approximately the
Alfvén speed), conservation of mass implies that ne A will be
constant at heights above the main reconnection region. Figure 9
shows that ne A is constant above about 2 R�.

4.3. Line Width

AGaussian fit to the line profile is used to compute the FWHM
of the [Fe xviii] line at different times during the observations. The
FWHM of the line is corrected for the instrument profile width,
0.32 8 or 100 km s�1, which takes into account the optical dis-
tortion, the slit width, and the spectral binning used in the obser-
vation. We compute [Fe xviii] line widths for 23 different time
intervals starting from the pre-CME spectra. To improve the sta-
tistics of the line profiles we combine several exposures depending
on the time interval. In Figure 10we show the line width values in

km s�1 as a function of the time. By comparisonwith Figure 6, the
first value corresponds to pre-CME emission, then the remaining
values sample the rising, the decaying, and the ‘‘quasi’’ stable
phases of the [Fe xviii] in the CS. The [Fe xviii] line width shows
its maximum value (�380 km s�1) just after the high background
due to the flare when the extent on the POS was also large. The
other high values (>180 km s�1) could correspond to the passage
of the plasmoids along the CS as observed in LASCO (see x 2).
The thermal widths of the [Fe xviii] line corresponding to the seven
intervals in Table 1 are shown in Figure 10 by the triangles.
Thus the [Fe xviii] line width shows a strong nonthermal com-

ponent during the entire observation. In the pre-CME corona (ac-
tually the CS of an earlier CME), it is �100 km s�1, which is
much smaller than the value of �380 km s�1 just after the CME
passage or than the values observed during the passage of plasmoid
features along the CS. These results suggest that turbulent broad-
ening of the linemay be present in the CS, although the LOS com-
ponent of a systematic bulk flow could also account for the line
width if the emitting region is fan shaped. Another possibility is
that for the first two values in Figure 10 we detected the bottom

Fig. 7.—Schematic of the CS connecting the postflare loop with the CME as observed through the UVCS slit, left side. On the right side is drawn an enlargement of
the CS and its position with respect to an xyz coordinate system. The symbols indicate the CS actual extent, L, the actual thickness, w, the depth along the LOS, d, the
angle with the plane x-z, �, and the angle with the LOS direction, �.

TABLE 1

CS Parameters

Time

(UT)

P.A.

(deg)

I974
a

(LU)

I499
a

(LU)

log T

(K)

EM

(1025 cm�5)

Ne

(1017 cm�2)

ne
(107 cm�3)

Depth

(R�)

17:20Y19:09.............. 251.6Y261.9 1.39 11.0 6.61 2.4 . . . . . . . . .

20:27Y21:00.............. 251.6Y261.9 5.13 6.83 6.81 3.1 . . . . . . . . .

21:06Y21:28.............. 251.6Y258.9 6.44 6.59 6.90 4.4 4.5 9.8 0.07

22:03Y22:35.............. 251.6Y257.5 5.74 6.95 6.79 3.4 4.9 7.0 0.10

23:19Y00:02.............. 251.6Y256.0 4.06 9.95 6.72 3.4 5.0 6.8 0.11

00:42Y01:38.............. 251.6Y254.5 1.46 9.61 6.62 2.4 5.9 4.1b 0.21b

03:29Y04:57.............. 250.2Y257.5 1.10 7.72 6.62 1.8 . . . . . . . . .

a Line Units ¼ ph cm�2 s�1 sr�1.
b Uncertain background subtraction.

CIARAVELLA & RAYMOND1378 Vol. 686



part of the flux rope close to the CS. In this region where the up-
ward reconnection outflow collides with the flux rope, shocks
are formed and the flow is deflected away from the vertical direc-
tion (Shiota et al. 2005).

5. DISCUSSION

It is important remark that the 2003 November 4 event is, so
far, the only CME in which the CS has been detected in UV spec-

tra from its onset. Three of the previous five published events
(Ciaravella et al. 2002; Ko et al. 2003; Bemporad et al. 2006)
were not detected at the onset of the CS because the observations
started long after the CME. The other two (Lin et al. 2005; Lee
et al. 2006) were only observed for a few exposures.

The 2003 November 4 CS was characterized in the UV by
a bright narrow feature in the high-temperature [Fe xviii] line
that was well aligned with the narrow long feature seen in the

Fig. 8.—Emission measure, column density, and density of the CS for four intervals as shown in figure. The curves have been offset from the top by multiples of
2:5 ; 1025, 4 ; 1017, and 4 ; 107, respectively, for clarity.
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LASCO C2 and MK4 white light images. UV spectra provide
diagnostics of temperature, emission measure, Doppler shift,
line width, and size of the CS as functions of time. The simulta-
neous detection of the CS feature in UV spectra and white light
images is also unusual. Only two events, 2003 November 4 and
2002 January 8 (Ko et al. 2003), among those published so far
have identifiable raylike features in LASCO images of the CME
aligned with the [Fe xviii] feature in UV spectra. In the 2003
November 4 event, the UVCS slit was below the LASCO occul-
ter but inside the MSLO field of view. We were able for the first
time to use the combination of the emission measure from UV
spectra and the column density fromMLSO to estimate the elec-
tron density and depth along the LOS of the CS. The results of
our analysis can be summarized as follows.

1. The apparent thickness of the CS, measured as FWHM
(FW) of its extent along the UVCS slit, was 0.2 (0.5) R� at the
early stages, then narrowed to 0.1 (0.2) R� and it kept this value
for more then 10 hr. Similar apparent thicknesses have been de-
tected in other events observed by UVCS (Ciaravella et al. 2002;
Ko et al. 2003). The depth of the CS as obtained from the com-
bination of UVandMLSO pBs ranges between 0.07 and 0.1 R�.
The actual thickness was computed and ranges between 0.04 and
0.08 R� [(3Y6) ; 109 cm], about 2.5Y5 times smaller than the
observed FW of the [Fe xviii] emission along the UVCS slit.
2. Aside from two initial transient features detected in [Fe xviii]

emission, the Doppler shift of the CS was�60 km s�1, implying
that the CS was very close to the POS.
3. The temperature in the CS decreases with time from 8 ;

106 to 4 ; 106 K. A similar trend in the CS temperature was seen
during the 2.5 day observation of the 2002 November 26 CS
(Bemporad et al. 2006).
4. The electron density ranges between 7 ; 107 and 10 ;

107 cm�3, higher than the typical coronal values at the same
height. Similar values have been estimated in the CS observed by
Bemporad et al. (2006), but they were based on an assumed CS
thickness. Using the density and temperature in Table 1, a con-
straint on the Alfvén speed outside the CS can be estimated by
imposing the balance between the CS internal gas pressure and
the external magnetic pressure. We obtain, for the time 21:06Y
21:28 UT, a magnetic field of �2.2 G. Assuming a factor of 2.5
compression by the slow mode shock in the Petschek picture
(Vršnak & Skender 2005), the external density is about 3 ;
107 cm�3, and the Alfvén speed is�800 km s�1. This value agrees
with the plasmoid speed along the CS early in the observation.

5. The [Fe xviii] line widths in the CS are not thermal. They
are very broad in the early stages (FWHM ¼ 380 km s�1) and
between 50 and 200 km s�1 duringmost of the observation. Such
broad line profiles have not been detected in the previously pub-
lished UVCS observations of CS.

The results just outlined from the 2003 November 4 CS anal-
ysis allow us to address in the following a few key questions on
CS physics.

5.1. Reconnection Region

One important question about the region observed by UVCS
in this CS is whether reconnection is occurring at the height of
the UVCS slit, or whether the reconnection occurs at an X point
at lower altitudes and UVCS sees only the outflowing plasma. If
the reconnection outflow has the Alfvén speed of the region near
the reconnection site and remains fairly constant, then conserva-
tion of mass implies that the density times the cross-sectional
area, neA, will also be constant in regions where reconnection
does not occur. From theMLSOwhite light data, ne A, as shown
in Figure 9, is constant above about 1.9R�, but it is still changing
in the region of the UVCS slit. This indicates that UVCS is in-
deed observing the reconnection region, at least until 00:00 UT.

5.2. CS Thickness

One major feature of these observations is the apparent thick-
ness of the CS, similar to values reported before (Ko et al. 2003;
Ciaravella et al. 2002). However, in these previous cases there
was an open possibility that the CS was a very thin sheet viewed
almost edge-on. In that case the apparent thickness could have
a major contribution from the projection of its depth along the
LOS. In the case of the 2003 November 4 CS described in this
paper the combination of UVCS spectra and MLSO white light
data shows that the projection effect is small. The depth along the
LOS is comparable to the apparent thickness on the POS of the
[Fe xviii] emission along the UVCS slit. The hypothesis of a thin
sheet would require a very high density to account for the com-
puted emissionmeasure, but the implied column density would be
smaller than that obtained from MLSO pB. The actual thickness
of the CS as estimated in x 4.1 varies between 0.04 and 0.08 R�
and confirms that the LOS depth is only few times larger.

Fig. 9.—Electron density times the cross-sectional area, ne A, of the CS ob-
served inACOS/MLSOas function of the heliocentric distance at different times.

Fig. 10.—[Fe xviii] line width as function of time. In the figure, the middle
times of the selected intervals are shown. The triangles are the [Fe xviii] thermal
widths.
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The actual thickness we observed in 2003 November 4, as
well as in previous CS, is far larger than the expected thickness
of the classical CS diffusion layer, �100 m for classical resis-
tivity and tens of kilometers for anomalous resistivity. Thus the
observed region must be either the region compressed between
slow mode shocks in the Petschek mechanism, or it could indi-
cate an effective resistivity much larger than anomalous resis-
tivity, such as that due to hyperdiffusion (Bhattacharjee &Yuan
1995; Lin et al. 2007; van Ballegooijen & Cranmer 2008).

5.3. Nonthermal Velocities

Another important result of the observations is the large
nonthermal [Fe xviii] line width which at the early stage of the
CS is as high as 380 km s�1 and later ranges between 50 and
200 km s�1. Such wide line profiles must result from either bulk
flows or turbulence. Candidate bulk flows would be the inflow
into the CS or a diverging flow along the CS.

The inflow speed inside the CS can be roughly estimated from
the outflow speed of the plasmoid-like features, the ratio of in-
flow to outflow speeds (Alfvén Mach number) and the compres-
sion in the CS. The plasmoid speeds were �720Y870 km s�1

during the early stages, and later they declined to values between
580 and 480 km s�1. The AlfvénMach number should be around
0.05 both to satisfy flare luminosity requirements and on the basis
of the observations of Lin et al. (2005). Thus the inflow speed just
outside the CS is around 30Y50 km s�1. The inflow inside the CS
is further diminished, because the compression that makes the
CS visible also slows the inflow. For a conservative compression
factor of 2.5, the inflow speed is probably about 15Y25 km s�1,
and the LOS component is a fraction of that. Thus the inflow
speed does not contribute significantly to the line width.

The second bulk flow possibility is flow along a fan-shaped
CS if the fan is seen edge-on. The FWHM of the [Fe xviii] line
will be the sine of the opening angle times the flow speed. Taking
a speed of 870 km s�1 at the early stage when the FWHM of the
line was 380 km s�1 the opening angle of the fan would be 25�,
which will give a depth along the LOS of 0.76 R�, or 5:3 ;
1010 cm. This is a somewhat large value compared to the 0.2 R�
longitudinal size of the active region and the value we compute
in Table 1. An alternative possibility for such a wide profile is
suggested by the Shiota et al. (2005) model, in which a shock is
created by the collision of the upward reconnection outflow with
the bottom of the flux rope. This hypothesis is also supported by
the large spatial extent of the [Fe xviii] emission along the UVCS
slit, which suggests that we initially observed the bottom of the
flux rope. The thickness narrowed with time to the ‘‘quasi’’ stable
value. During this phase we can evaluate the depth along the LOS
by using the plasmoid outflow speed of �580 km s�1 and the
FWHM of the [Fe xviii] line of 50Y200 km s�1. Thus, the open-
ing angle of the fan would have to be 5�Y20�, or (1:0Y 4:2) ;
1010 cm in depth. These values are not implausible, but they are
not supported by the depth along the LOS that was derived from
the observations.

If the line widths are not the result of bulk flows, they may
indicate the presence of turbulence inside the CS. Lazarian &
Vishniac (1999) present a model for a thick, turbulent CS, in which
turbulent motions create small regions of intense field gradients
and reconnection occurs in many small layers spread throughout

the larger region. This picture is in harmony with some of the
models for particle acceleration in flares, where particles en-
counter many small regions of strong electric field (Turkmani
et al. 2006). Lazarian & Vishniac estimate the CS thickness as
related to the turbulent speed,

w ’ H�lð Þ1=2 v

VA

� �2
; ð3Þ

forH > �l, whereH is the height (or length) of the CS,�l is the
scale of the turbulence (assumed here to be smaller than H ), v is
the turbulent speed and VA is the Alfvén speed. If we take v/VA ¼
0:1, H /�l ¼ 1, and H ’ 0:5 R�, the predicted thickness is
�4 ; 108 cm (0.006 R�). Although turbulence cannot account
for the actual thickness of the 2003 November 4 CS, at least ac-
cording to the simple estimate of Lazarian and Vishniac, it can
contribute significantly to broaden the CS. There is some appar-
ent correlation between the CS thickness and the nonthermal line
width during the first few hours, but later on there is no correla-
tion; the CS thickness stays fairly constant while the line width
varies, most probably due to the outflow of plasmoids along the
CS. There is no apparent correlation between the CME height,
which should be related toH, and the CS thickness, but that might
indicate a limit to the turbulence scale.

An alternative to the turbulent CS would be Petschek recon-
nection, where the plasma seen in [Fe xviii] has been compressed
and heated by the slow mode shocks. If the plasma � is small,
and if the slow mode shocks strongly reduce the magnetic field,
then the compression ratio r approaches 2.5 (e.g., Vršnak&Skender
2005). Conservation of mass requires that Hvinr ¼ wvout. If we
again take MA ¼ vin /vout ¼ 0:05 and H ¼ 0:5 R�, then w ¼
0:06 R�. This value is within the computed range of the actual
thickness, and Petschek reconnection could explain the CS width.
However, this mechanism does not obviously produce strong
turbulence. If the Petschek model holds, then the [Fe xviii] line
widths must be attributed to bulk motions.

We can conclude that the large values of the CS thickness and
line width in the hot line of [Fe xviii] cannot be explained as con-
sequences of projection effects or bulk speed.Although thePetschek
reconnectionmechanism appears to be a plausible explanation for
the CS thickness, it does not obviously explain the nonthermal
line width of [Fe xviii], and turbulence, as proposed by Lazarian
& Vishniac (1999), may also play an important role in the CS.
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Vršnak, B., & Skender, M. 2005, Sol. Phys., 226, 97
Webb, D. F., Burkepile, J., Forbes, T. G., & Riley, P. 2003, J. Geophys. Res.,
108, 1440

Yashiro, S., Gopalswamy, N., Michalek, G., St. Cyr, O. C., Plunkett, S. P., Rich,
N. B., & Howard, R. A. 2004, J. Geophys. Res., 109, 07105

Yokoyama, T., Akita, K., Morimoto, T., Inoue, K., & Newmark, J. 2001, ApJ,
546, L69

CIARAVELLA & RAYMOND1382


