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Abstract. Two coronal mass g ections have been well observed by the L ASCO coronagraphs to move
out into the interplanetary medium as disconnected plasmoids. The first, on July 28, 1996, Ieft the
Sun above the west limb around 18:00 UT. Asit moved out, a bright V-shaped structure was visible
in the C2 coronagraph which moved into the fiel d-of -view of C3 and could be observed out to beyond
28 solar radii. The derived average velocity in the plane of the sky was 110 = 5 km s™* out to 5 solar
radii, and above 15 solar radii the velocity was 269 + 10 km s~ 1. Thus there is evidence of some
accel eration around 6 solar radii. The second event occurred on November 5, 1996 and |eft the west
limb around 04:00 UT. The event had an average velocity in the plane of the sky of ~54 km s™*
below 4 R, and it accelerated rapidly around 5 R up to 310 & 10 km s™2. In both events the
rising plasmoid is connected back to the Sun by a straight, bright ray, which is probably a signature
of a neutral sheet. In the November event there is evidence for multiple plasmoid gections. The
acceleration of the plasmoids around a projected altitude of 5 solar radii is probably a manifestation
of the source surface of the solar wind.

1. Introduction

One of the essential requisites of solar coronal mass gjections is that they should
not carry a significant net magnetic flux into the heliosphere. Not only is this not
observed in the interplanetary medium, but it is clear that within the lifetime of the
Sun, asteady state must have been established, within which current transient activ-
ity must fit. Therefore there must be a significant number of coronal mass gjections
(CMEs) which disconnect from the Sun and propagate out as detached plasmoids.
Such events so far have been difficult to detect, either from eclipse observations
or from spaceborne coronagraphs over the last two decades. The first report of a
disconnection event was by [lling and Hundhausen (1983) who interpreted obser-
vations from the Solar Maximum Mission (SMM). Webb and Cliver (1995) made
a systematic search of both eclipse data and spaceborne coronagraph data up to
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Figure 1. A model of the magnetic topology in a helmet streamer overlying a prominence. The lines
of force in the high equatorial region enclose the equatorial interplanetary current sheet. Regions of
high density are shaded. The closed magnetic field in the low-density cavity is normally in static
equilibrium. The vertical prominence sheet is shown as a line extending out into the low density
cavity. In thismodel the length runsin the azimuthal direction. (After Low, 1994.)

1980 for disconnection events. Although the data are not ideal for such a study,
they nevertheless concluded that possibly over 10% of CMEs have disconnection
features. St. Cyr and Burkepile (1990) suggested that this feature was only present
in possibly 3% of all events.

McComas et al. (1989) had proposed a solution to the dilemma through the
balancing of the newly-opened magnetic flux in CM Es viareconnection acrossthe
current sheet which extends above structures such as coronal helmet streamers.
This would serve to detach a ‘U’ -shaped structure out into the corona. McComas
et al. (1991) and McComas et al. (1992) presented observations of such events
detected by SMM on July 27, 1988 and June 1 1989, respectively. However, their
data were limited to the coronal region from 1.5t0 > 5 R,

Low (1996) has reviewed the theoretical modelling for such events. In an ideal
situation, the closed field regionsin the coronamay be thought of asahigh density
helmet dome, with a streamer emerging from the top, representing the neutral sheet
extending into interplanetary space. Frequently there will be a prominence in the
low corona, with alow density ‘cavity’ aboveit. Figure 1 (reproduced from Low
(1994)) shows a schematic of this situation. In the data we present here there is
evidence for the disconnection and gjection from the Sun of structures virtually
identical to that depicted in Figure 1. Thus we have convincing evidence that not
only do disconnection events occur, but they occur in amanner predicted by theory.
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2. TheObservations

The observations we report here were taken with the set of three nested corona-
graphs (LASCO) on the Solar and Heliospheric Observatory (SOHO) in 1996. A
full description of LASCO may be found in Brueckner et al. (1995). They cover
the corona in three concentric bands, from 1.1-3.0 (C1), 1.5-6.0 (C2), and 3.7—
30 (C3) R . The images we present in this paper (with one exception) are from
the C2 and C3 coronagraphs; they are responding to photospheric light which is
Thomson-scattered off free electronsin the corona. Therefore the intensity reflects
excess massin the corona, and does not indicate temperature. The C1 coronagraph
contains a scanning Fabry—Peérot interferometer and for the November 5 event
the onset of the CME was observed in the line of Fex. The two disconnection
events originated near the west limb of the Sun and the estimated onset times were
~18:00 UT on July 28 and ~ 04:00 UT on November 5. There were no active
regions near the west limb on either occasion and we know of no chromospheric
response to the gjections.

2.1. THE JuLY 28—29 EVENT

From the beginning of July 28, the equatorial streamer off the west limb gradually
brightened. At the sametime it swelled such that by 15:04 UT it was apparent that
an eruption of some sort was probable. The C2 images showing this are presented
in Figure 2.

The eruption first became visible in the C2 coronagraph at 18:56 UT when a
bright feature appeared at ~2 R, about 5° below the equator. Thisrapidly expanded
outwards and some sample images from C2 are shown in Figure 3. Note that the
original bright equatorial streamer is still visible just to the north of the equator
off the west limb. At 22:02 UT on July 28 the gjected mass appears pear-shaped
and is embedded within the expanded helmet streamer. By 00:00 UT it has moved
outwards, leaving behind a bright strip connecting back to the Sun, with a darker
region to the north. In the image at 01:19 UT on July 29, some thin bright lines
arejust visible on the northern edge of the dark region. These are seen better in the
image at 02:37 UT, which has had the contrast enhanced to increasetheir visibility.
The thin bright line bifurcates at around 3 R in this image, and the lines are
reproduced in white in the upper part of the frame to aid the eye. Thetrailing edge
of the gjected massisjust visible to the right of the frame.

The evolution of the gection is now seen best in the C3 coronagraph. Four
partial frames are shown in Figure 4, taken at 03:39, 04:08, 04:48, and 06:06 UT,
respectively. These images are difference images, and each has had the pre-event
coronal image subtracted from it. This emphasises transient behaviour, but can
clearly produce artefacts if long-lived features such as coronal streamers move
through thefield of view dueto solar rotation. The gjection now beginsto look like
a bright bubble on a stem, with the brightest feature very close to the top of the
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Figure 2. The growth of the streamer on July 28. The images are from the C2 coronagraph, where
the diameter of the occulting disc is 1.5 R . The times of the images are in the upper |eft of each
frame. The west limb is to the right and north is at the top on al figures. The image is taken with a
clear filter and polarizer. The appearence of the west equatorial streamer at 00:49 UT was similar to
that over the previous 12 hours. Theimage at 15:04 UT shows not only a significant brightening, but
also amarked swelling. Note that the appearance of the east limb is little changed.

stem. In this sequence another, fainter, jection may be seen moving outwards at a
projected angle around 20° south of the equator.

Unfortunately LASCO suffered a data gap between 06:06 and 14:00 UT, so
when the event is next seen it has arather different appearance, as may be seenin
Figure 5. These are again differenced C3 images, so the very dark radial feature off
the west limb is an artefact caused by rotation of the bright streamer between the



Figure 3. Theevolution of the July 28—29 event asseenby the C2 coronagraphThe timesof the imagesare given in the upperleft of eachframeand
the sequencegoesfrom left to right (July 29,22:02 UT) Thisimageshavs a bright, pearshapedfeature whichis embeddedvithin the expandedhelmet
streamer (July 29, 00:00 UT andJuly 29, 01:19 UT) The masshasmoved outwards, leaving a bright strip connecing back towards the Sun. (July 29,
02:37 UT) In thisimagethe contrast hasbeenenhancedo highlight the bifurcaion of athin bright sheetslighty to the north of the main gjecion. The
featureisreproducedn white in theupperpart of theframeto aid theeye. Thetrailing edgeof the giectedmasss just visible on theright.
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Figure 4. The gection as seen in the C3 coronagraph, in four images taken at 03:29, 04:08, 04:48,
and 06:06 UT, respectively. These images have al had a pre-event image subtracted, and therefore
may contain some artefacts caused by rotation of the streamer. The appearance of the transient bright
feature is not affected by this. This sequence shows the evolution of the height of the gjected mass
with the bright, thin column linking back to the Sun.

image shown and the subtracted image. However, the important feature of these
imagesisthedark * <’ -shaped rarefaction whichisvisiblein the centre of theimage
at 14:00 UT. Thisfeature could be tracked all the way out to the edge of the field of
view, although after around 25 R, it became very difficult to identify and could be
seen best by viewing a moving sequence of images. The projected angle between
thetwo dark linesin the* <’ is 75°. Not only does the rarefaction propagate al the
way out to 30 R, but it maintains the same angle throughoui.

It has recently been possible to supplement this paper with a CD-ROM movie
to illustrate the dynamic phenomena taking place during this mass gjection. The
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Figure 5. The motion of a ‘ <’-shaped rarefaction which developed behind the gected mass. It is
visiblein the centre of theimage taken at 14:00 UT on July 29. By 17:10 UT it is till quite clear, but
by 20:04 it is becoming difficult to identify. The white arrow points to the apex of the‘ <’ in thislast
frame. The projected angle, in the plane of the sky, between the two dark linesinthe ‘ <’ is 75°.

first movie coversthe July 28—29 event, and it isin two parts. The first part shows
a composite of the C2 and C3 fields of view. The second part shows just the C2
field of view. Themain massejectionisvery clear, andintheframeat 03:17 UT on
July 29 the beginning of the * <’ -shaped rarefaction behind the main mass gjection
can be seen. The second movie shows the C2 field-of-view for November 4 until
06:00 UT on November 6. Thisisthe subject of the second event discussed below.
Therearetwo features of interest here. Thefirstisthat just prior to the massejection
off the west limb, there is an event off the east limb. Second, from 19:00 UT on
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Figure 6. The height —time plot of the apex of the‘ <’, clearly identified in Figure 5. The velocity in
the lower part of the plot is 110 + 5 km s~ and in the outer regionitis 269 + 10 km s~ 2.

November 5 the bifurcation, which we have argued is a manifestation of a current
sheet caused by reconnecting magnetic fields, is clearly visible behind the main
mass g ection. Themovie representation of the events providesamuch better visual
impact than the still frames shown in the figures.

The apex of the ‘<’ provides a useful reference for studying the evolution of
the velocity of the gjected material. Thisis shown in Figure 6. Hereit is clear that
the event has undergone significant acceleration in the vicinity of 5to 6 R . The
velocity beforethedatagap isnot quite constant, asthereisavery slight accel eration
between 2 and 5 R, but the average projected velocity is 110 + 5 km s~ In the
region above 15 R, the velocity is 269 +£10 km s2. It is very clear from Figure 6
that the ‘<’ feature is moving out at a constant velocity, with neither acceleration
nor deceleration.

2.2. THE NOVEMBER 5 EVENT

The second event we discuss here occurred on November 5. During this period
the LASCO/C1 coronagraph was making occasional line scans with the Fabry—
Pérot interferometer in the line of Fex, and Figure 7 shows an Fex image taken
at 04:30 UT. Thisimage is obtained by dividing the image taken at the center of
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Figure 7. The onset of the event at 04:30 UT as seen in the spectral line of Fe X at A637.4 nm. The
image is made by taking an imagein the centre of thelineand dividing it by the average of theimages
taken 0.02nm either side of line centre. The diameter of the occulting discis1.1 R, .

theline, at A637.4 nm, by the average of images taken 0.02 nm either side of line
centre. The bright patch approximately 0.2 R, above the west limb is believed to
represent hot material in the corona. Unfortunately there was no further Fex line
scan made that day, so we do not know if this represents the onset of the mass
gjection or merely a coronal site where high density/high temperature materia is
concentrated. However, examination of the remainder of thisimage shows no other
detached coronal feature; only the region off the north-east limb is of comparable
brightness, and thisis clearly linked down to below the level of the occulting disc
(1.1 Ry). Underneath the bright feature (towards the west limb) there is a hint of
a bright arc which is concave outwards. If thisis areal feature it is in the correct
orientation to be the same structure asis seen later.

By around 10:00 UT there is a mass gjection seen moving above the west limb
by the C2 coronagraph. However, the image clearly shows a bubble with a dense
(bright) core. Figure 8 (upper frame) shows the C2 image at 12:30 UT, where the
dense plasma ball is visible inside a somewhat less dense cloud of gas. Note the
sharp boundary to the south of the event in what might be described as the halo
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Figure 8. Upper panel: the appearance of the gjected massat 12:30 UT on November 5. Lower pand:
the sharp, linear features which were visible behind the gjected mass at 19:30 UT. The one in the
center isimmediately behind the main mass gjection and shows a bifurcation at around 4 R, . There
are two similar features at lower projected heights.

surrounding the main gjection; to the north it merges with the pre-existing streamer
in this projected image. Figure 8 (lower frame) showstheimageat 19:20 UT, when
the gjected plasmoid has moved out towards the right edge of the C2 image. Close
examination of thisimage reveals several narrow, bright rays, with bifurcations at
increasing radia distance. The most obvious one in Figure 8 is right behind the
main gection, which is actually a double feature. There are two more visible, one
almost exactly on the equator and the other about 25° north. These thin density
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Figure 9. Theevolution of the November 5—6 event around the time of the acceleration. Theimages
are from the C3 coronagraph.

enhancements are interpreted as signatures of current sheets formed by magnetic
reconnection in the structures associated with the CME; they are visible in the C2
imagesfor several hours, andthe 'Y’ features move outwards, presumably tracking
the main CME.

The CME continued to move outwards through the corona and underwent a
significant acceleration around the end of November 5. Figure 9 shows a sequence
of four C3 images which illustrate the evolution of the event from 22:21 UT to
02:45 UT (November 6). The image at 00:20 UT (November 6) is particularly
interesting as it shows (&) the main bubble with a thin bright straight line linking
back to the Sun, but also a second bright line to the north. This line is probably
associated with a second ejected bubble which is behind the first bubble as seen
from SOHO. Thus a given event may comprise at least two distinct ejected mass
bubbles, or plasmoids.

The 'Y’ shaped boundary in the bright rays gives the event a distinct feature
which may be readily tracked. Figure 10 shows the height-time plot in the plane of
the sky for thisfeature. The pointsabove 10 R, lie on astraight line, corresponding
to a projected velocity of 310+ 10 km s, For most of the passage through C2 the
velocity is around 54 km s~1, although there is some slight accel eration as may be
seen by a careful examination of Figure 10. We have plotted the Fex point from
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Figure 10. The height-time profile of thetrailing edge of the mass gjection for the November 5 event.
The different symbols indicate the coronagraph which has imaged the event at the indicated times.

Claswell, and thisfalls on areasonable extrapolation of the C2 points. The main
acceleration of the event occursaround 5 R

3. Discussion

Thetwo eventsreported here are clear examplesof disconnected plasmoids gjected
from the Sun. The ejected mass has the appearance of a bubble of dense gas.
Comparison of the west limb appearance of the July event (Figure 3, upper panels)
with the November event (Figure 8, upper panel) illustrates this well. Moreover,
from casual inspection of these images one could be excused for thinking that they
were the same event. There have been many attempts to understand the underlying
physics of a CME (e.g., Low, 1994). Furthermore, numerical modelling is now
advanced to the point that many detailsfor different typesof CME can be addressed
(e.g., Wang et al., 1995). In fact, Wang et al. (1995) have described simulations
which have somewhat similar properties to the events discussed here.

An unexpected observationisthat of thethin bright rays, with bifurcations at the
trailing edge of the gected plasmoid. The July 28—29 event has one such feature,
while the November 5 event has several. We interpret these features as current
sheets, similar to those discussed by Petschek (1964). Plasma flows in towards the
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boundary layer induce magnetic reconnection, while at the same time matter is
g ected outwards along the magnetic field lines. Thereis enhanced plasma pressure
at the centre of the current sheet, which shows up in the C2 images as a bright
feature due to a density enhancement. The bifurcation point is then interpreted as
the local magnetic reconnection site. The November 5 event shows at least three
current sheetswhich move outwards through the corona at approximately the same
speed. Thisisinterpreted as multiple, discrete mass gjections in the same general
direction. If they were at widely separated longitudes, then we would expect the
projected imagesto show some velacity dispersion. We believe thisis an important
facet of this event which should be taken into account by the modellers.

The other interesting feature of the July 28—29 event isthe * V'’ -shaped rarefac-
tion which is visible moving out through the coronato beyond the edge of the field
of view at ~30 R,. This rarefaction is already visible in some of the C2 images
(not shown), so it formsrelatively closeto the Sun, and is probably a manifestation
of a cavity in the magnetic field such asis shown in Figure 1. We believe that the
observations of this feature are partly a fortuitous result of a favourable viewing
angle, as the rarefaction we have identified must clearly be a three-dimensional
structure. Thusif it were viewed at a different angle, it would certainly look very
different, and probably would not be visible at al. Thusfor this event, the velocity
of the gjecta was probably very close to 90° to the line of sight, in which case the
projected velocity of 269 km s~ must be very close to the actual velocity.

The acceleration of the plasmoids in the region of 5-6 R we believe is an
indication of wherethey get accel erated by the solar wind, such that they then move
outwards into the interplanetary medium at the solar wind velocity. The velocity
of both gectain the region beyond 10 R, is consistent with the velocity of the
slow solar wind, when projection effects are taken into account. Furthermore, this
general acceleration profile may well represent the accel eration profile of the slow
solar wind. In this case, the source surface at low latitudes of the solar wind would
be around 6 R, . If this were not to be the case, then some other agent must be
invoked for accelerating the plasmoids at this radial distance.

It is evident from the behaviour of the equatorial streamer on July 28 that prior
to the mass gjection there had been a steady input of mass to the corona. Thiswas
responsiblefor the streamer swelling shownin Figure 2. Thetriggering of the CME
ispresumably aresult of increased pressure within the magnetic field in or adjacent
to the streamer. The pressure increase can be due to enhanced density, increased
temperature, or most likely a combination of both. The C2 coronagraph responds
to light scattered off free electrons and therefore any increase in brightness, such
as that shown in Figure 2, is caused by increased mass along the line of sight.
Virtually the only source of this massis the chromosphereand it is presumably the
result of gentle evaporation.

If our interpretation of the bright rays visible in Figures 3 and 8 as current
sheets is correct, the magnetic reconnection that leads to the current sheets will
also accelerate charged particles. Coulomb losses of these particles will increase
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the gas temperature within the swelling structure, thus increasing the tendency
towards instability (Simnett and Harrison, 1985).
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