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Analysis
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Original Interpretation: Geometry-based

Savage & McKenzie 2011
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Newer Supporting Observations

CME to Inflows to Outflows

Savage et al. 2012
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Outputs

- Patchy & Bursty

- Sizes & fluxes of post-reconnection flux tubes

- Impulsive & decay phases

- Shrinkage energy

- Speeds & decelerations

- Hot fan:  current sheet sheath
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Still true, but....

Now we have AIA...

With continuous full-Sun coverage...

Plus high resolution...

Plus high cadence...

Plus off-limb coverage + STEREO...

Plus a large selection of temperature bands...

Including nice hot ones with high resolution...
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And more flares!
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Newest Observations

Savage et al. 2012
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Newest Observations
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Or ?

Von Karman vortex street (turbulent intensity i), Re = 20,000
http://www.youtube.com/watch?v=QouhxL-qfo0&feature=youtu.be

*Disclaimer:  I know nothing about the creation of this simulation; however, qualitatively speaking, 
the results of several related simulations are similar to the appearance of SADs.  This is merely 
included as a qualitative guide.
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In other words...

High-Altitude 
Propagating 
Pressure Imbalances

Supra-Arcade
Downflows

are actually
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Graphically speaking...

High-Altitude 
Propagating 
Pressure Imbalances

SADs HAPPIs

Supra-Arcade
Downflows

are actually
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Newest Observations

AIA January 16, 2012
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AIA January 27, 2012

SECCHI 304:  27-Jan-2012 20:46:14
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SECCHI 195:  27-Jan-2012 20:45:29

SECCHI 304:  27-Jan-2012 20:46:14
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SECCHI 195:  27-Jan-2012 20:45:29

Newest Observations
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Re-interpretation:  Much Better Match to Observations

Savage, McKenzie, Reeves 2012
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Outputs

- Patchy & Bursty

- Sizes & fluxes of post-reconnection flux tubes

- Impulsive & decay phases

- Shrinkage energy

- Speeds & decelerations

- Hot fan:  current sheet sheath
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Revised Model

Ohyama & Shibata 2008

No. 1] Hot and Cool Plasmoid Ejections Associated with a Solar Flare 91

Table 2. Physical parameters of flare loops in the second stage.

Time Temperature Density Pressure Mass Thermal energy content
(UT) (MK) (1010 cm!3) (dyn cm!2) (1015 g) (1030 erg)

23:05:03–23:09:53 7.1–15.3 2.3–11 52–262 " 3 7.0˙0.1
23:10:01–23:13:57 7.1–14.2 2.3–11 53–251 " 2.9 6.5˙0.1
23:14:03–23:18:57 7.2–13.8 2.3–10 55–234 " 2.7 6.0˙0.1
23:19:03–23:25:45 6.7–12.0 2.3–9.2 50–211 " 2.5 5.4˙0.1
23:30:01–23:53:45 6.6–10.7 2.3–7.1 50–146 " 1.3 " 2.7

Fig. 10. Schematic picture of the magnetic reconnection model for the 1993 May 14 flare. This is an extension of the CSHKP model. Vf and VX are the
velocities of the eruptive filament and the X-ray plasmoid, respectively. Vin is the inflow speed to the reconnection point.

direction of the line-of-sight. X-ray plasmoid and eruptive H˛
filament must be in a current sheet in order to be ejected,
respectively. The observed H˛ ribbon is magnetically linked
to the erupting filament (figure 2). If the X-ray plasmoid were
in another current sheet, other H˛ brightenings (ribbons) corre-
sponding to the X-ray plasmoid-related current sheet should be
observed in H˛ images. However, only a pair of ribbons was
observed. Hence we suggest that the X-ray plasmoid and the
eruptive filament were in the same current sheet, and that the
top part of the X-ray plasmoid was located near the eruptive
filament.

The top part of the X-ray plasmoid moved together with
the eruptive H˛ filament with a projected speed of 270 km s!1

between HP1 and HP2. They were decelerated to 80–
100 km s!1 before the main peak of the hard X-ray emission,
HP2 (figure 7). There is a possibility that hot plasmoid is
formed by collisions between the reconnection jet and the flux
rope (e.g., Shiota et al. 2005), because the X-ray plasmoid was
accelerated and was near the H˛ filament at the initiation of
the X-ray plasmoid (figure 7). In this scenario the X-ray plas-
moid may be a part of the filament heated by the collisions

of the reconnection jet. However, the X-ray plasmoid was
not a bloblike feature as the H˛ filament, but a loop struc-
ture (figure 6). Moreover, the footpoint of the X-ray plasmoid
seemed to connect with the surface, and the width of the X-ray
plasmoid was the same as the H˛ filament. It is thus difficult
to think that all parts of the X-ray plasmoid were heated by
the termination shock generated by the collision between the
reconnecion jet and the flux rope. So we suggest that the X-ray
plasmoid was not a part of the heated eruptive H˛ filament.

We shall discuss how the observed results can be interpreted
in terms of a reconnection model (figure 10). Suppose that
magnetic reconnection may have occurred in a vertical current
sheet between the eruptive filament and the flare loops (t = t1).
Since the eruptive H˛ filament continued to rise, the current
sheet may have lengthened further with the rise of the fila-
ment (t = t2). Also suppose that an impulsive magnetic recon-
nection occurred once again somewhere in the current sheet
(t = t3). Since the material within the X-ray plasmoid, which
was formed as secondary plasmoid(s) by the recent magnetic
reconnection, would not include cool material, such as the H˛
filament, and would be heated through slow shocks, or by the

The Astrophysical Journal Letters, 747:L40 (7pp), 2012 March 10 Savage, McKenzie, & Reeves

Figure 5. (a) Based on new evidence, the interpretation of SADs as the cross-sections of large, evacuated retracting flux tubes is no longer supported. Rather, they
appear to be the wakes of much thinner shrinking loops. (b) Only shrinking loops are observed during the early phase of the eruptive event while SADs become
apparent after there is a significant increase in hot plasma (c), presumably surrounding the current sheet, in the supra-arcade region. Note that the viewing orientation
does not need to change to observe the two features; however, the increase in supra-arcade plasma is necessary to observe SADs (i.e., the wakes).
(A color version of this figure is available in the online journal.)

order of 1000 km s−1. Reconnection models typically pre-
dict outflow speeds of (0.3–1.0) ×vA (Linton & Longcope
2006). Deceleration may be expected, due to buildup of
downstream magnetic pressure, though drag mechanisms
may also be considered (Savage & McKenzie 2011).

The revised relationship between SADs and shrinking loops
is depicted in Figure 5. The only distinguishing characteristic
necessary between the two observational circumstances is the
amount of hot plasma in the supra-arcade region surrounding
the current sheet. A change in orientation may indeed occur;
however, SADs will only be observed in the presence of this
plasma.

The sizes of the shrinking loops (∼2–3 pixels [0.9–1.3 Mm])
are consistent with measurements for shrinking loops (i.e.,
SADLs) given in Savage & McKenzie (2011); however, many
of the SADs are too small to detect a leading flux tube with
SDO/AIA, which is currently the highest resolution solar
observatory capable of coronal measurements. Therefore, the
relevant size scales for post-eruption current sheet reconnection
(i.e., the physical size of reconnection patches) appear to be less
than ∼435 km (<1 pixel).

This long-duration event was also observed by RHESSI
and SOHO/LASCO; analysis of those data, which pertains to

aspects of the flare other than the fundamental nature of the
SADs, will be described separately in a forthcoming paper.

S.L. Savage is supported by an appointment to the NASA
Postdoctoral Program at Goddard Space Flight Center admin-
istered by Oakridge Associated Universities through a con-
tract with NASA and under the mentorship of G. Holman.
D.E. McKenzie is supported under contract SP02H3901R from
Lockheed-Martin to MSU. K.K. Reeves is supported under con-
tract SP02H1701R from Lockheed-Martin to SAO.
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Plasmoid Observations
The Astrophysical Journal Letters, 745:L6 (7pp), 2012 January 20 Takasao et al.
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Figure 4. Time-sequenced images of the plasma blobs in the current sheet
(AIA 193 Å). The arrows (dotted arrow, solid arrow, and broken arrow) indicate
the positions of the plasma blobs. The plasma blobs are marked with their own
individual arrow, which follow their evolution. The white arrows indicate the
position of the coalesced plasma blobs. The dashed line indicates the position
of the plasma blob pointed to by the solid arrow at 05:12:19.840 UT.

downflows slowed down to approximately 70–80 km s−1 and
spread out after colliding with the loops below.

We also observed many plasma blobs in the sheet structure.
The length of the sheet is ∼20 arcsec and the typical size of
these plasma blobs is ∼3 arcsec. They formed in the sheet,
and then are ejected or collide with each other. Figure 4 shows
the time sequence images of 193 Å. At first, there was one
plasma blob with the size of 2 arcsec in the sheet structure
(Figure 4(a)). Twelve seconds later, its size became larger
(∼3 arcsec) and two plasma blobs (their sizes are ∼2 arcsec)
appeared on both sides of the first plasma blob (Figure 4(b)).
The newly formed plasma blobs increased in size (∼3 arcsec)

in Figure 4(c). After that, they seem to collide and possibly
merge with each other (Figure 4(d)) and are ejected downward
at a speed of ∼280 km s−1 (Figures 4(f) and (g)). They were
strongly decelerated when they collided with the loops below,
almost stopping. The other downward ejections were typically
decelerated to 70–80 km s−1 after colliding with the loops below.
The deceleration can be recognized as the bend of the solid
lines (which trace the motions of the bright structures) in the
distance–time diagram shown in Figure 3(d).

4. DISCUSSION

We have examined in detail the morphology and dynamics
of the magnetic reconnection region in the limb flare on
2010 August 18. The overall characteristics, namely large-
scale eruption, inflow and outflow, and hot loops below, are
consistent with the classical CSHKP model. We could examine
the fine scale dynamics of the reconnection region owing to
the high spatial and temporal resolutions of AIA. Figure 5
shows the schematic picture of this flaring region. We observed
simultaneous reconnection inflows and outflows and measured
their velocities. A lot of plasma blobs appeared in the sheet and
collided with each other or were ejected from it. We consider
that the sheet structure was the current sheet and that the plasma
blobs were the magnetic islands or plasmoids created by the
tearing instability. Figure 3(d) is similar to the distance–time
diagram obtained from the simulation result of Shen et al.
(2011; see Figure 6 in their paper) where the plasmoids are
ejected bidirectionally, which supports our assertions. Some
plasmoids were made up of multi-thermal plasma because they
are recognized in the six wavelength images. These plasmoids
could contain hot (>7 MK) plasma as they were visible in
the AIA channels sensitive to hot plasma (94 and 131 Å), but
these channels are also sensitive to cooler plasma (Foster &
Testa 2011), which makes diagnosis of the temperature difficult.
There is a possibility that they were heated by the coalescence
of plasmoids (Kliem et al. 2000).

We derive the reconnection rate from the observed values
by using the relation MA ∼ Vinflow/Voutflow. The upward
outflow velocity was found to change from ∼460 km s−1 to
∼220 km s−1, assuming that the plasmoid velocity ejected
upward (∼460 km s−1) is almost the same as the outflow
velocity. It should be noted that we did not find another upward
ejection after the second ejection shown in Figure 3. Therefore,
we use 460 km s−1 as the outflow velocity in the period of
time between 5:10:30 UT and 5:11:00 UT and 220 km s−1

after 5:11:00 UT (see Figure 3). It should be noted that the
apparent motion in the EUV images is due to the inflow but may
not be the true plasma motion (Chen et al. 2004). Spectroscopic
observation of reconnection region is necessary to quantitatively
address the flow velocity (Lin et al. 2005; Hara et al. 2006;
Wang et al. 2007). We assume that inflow speed was close to
the apparent motion speed. Because the length of the visible
edge of the sheet did not change drastically, we neglect any
effects for this motion on the inflow speed (Yokoyama et al.
2001). If projection effects are neglected, the inflow speed can be
estimated as Vinflow ∼ Vpattern. The pattern velocity changed from
90 km s−1 to 12 km s−1, and therefore, the reconnection rate MA
changed from 0.20 to 0.055 within the 5 minute period starting
from when the current sheet became bright in EUV. This value
is comparable with the predicted value from Petschek’s (1964)
reconnection model and other observed values (Narukage &
Shibata 2006).
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Figure 2. Close-up images of the reconnection site in six different wavelengths (171, 193, 211, 335, 94, and 131 Å) of AIA at the time when the current sheet, the
plasma blob, and the hot post flare loops are observed. White solid lines indicate the solar limb.
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Figure 3. Left: images of the sheet structure with slits (AIA 193 Å). Right: time-sequenced images obtained along the slit NS (N: north, S: south, (a)) and the slit EW
(E: east, W: west, (b)). The numbers of each line represent the velocity corresponding to the slope (km s−1). The dotted line in the time-sequenced image of slit EW
indicates the height of a visible edge of the sheet structure at the time when the current sheet appeared.

the threads, we used the distance–time diagram shown in
Figure 3(c). The movements of the threads are recognized as
bright lines in the diagram (marked with black solid lines).
These movements started almost simultaneously (∼05:10 UT)
with the appearance of the sheet structure. The apparent speed
Vpattern changed from 90 km s−1 to 12 km s−1 during the
5 minute period we could observe the threads. This indicates
that the inflow velocity decreased several minutes after the sheet
structure appeared. If we consider this motion as inflow, this
asymptotic value of velocity (∼12 km s−1) is within the range
of other observed values (2.6–38 km s−1; Narukage & Shibata
2006).

The speed of the bidirectional flow (outflow) was derived from
Figure 3(d). The velocities of upward ejections from the sheet
structure were obtained by tracing the plasma ejections and the
bright blob in the 193 Å images (see Figures 2 and 3(d)). Their
velocities are 220–250 km s−1 and 460 km s−1, respectively.
The downflow speed is 250–280 km s−1. These ejections are
recognized not only in low-temperature wavelength images such
as 171 Å but also in high-temperature wavelength images such
as 335, 94, and 131 Å. This implies that these ejecta contain
plasma with a wide temperature range. Those velocities are
consistent with other observations (McKenzie & Hudson 1999;
Innes et al. 2003; Asai et al. 2004). It should be noted that the

4

matches the [Fe xviii] intensity. Therefore, we spread
the high-temperature component over a modest range of
temperature.

Similarly, we must add a low-temperature component to
zone 2. The isothermal component is determined to match
the higher ionization lines such as Si xii and [Fe xiii]. The
total low-temperature emission is constrained by the
requirement that the sum of isothermal and low-
temperature components match the Lyman line fluxes. The
temperature is chosen to match the lowest temperature
emission lines, such as [Si viii] and [Fe x], with the constraint
that the total emission from the low-temperature and iso-
thermal components for lines such as O vi, [Si ix], and N v
must match the observations. As for the hot component in
zone 3, the fit is somewhat improved if the low-temperature
component is spread over a modest temperature range. The
uncertainty is larger in this case since both components
contribute nonnegligibly to the emission of most lines, with
different degrees for different lines.

Overall, while the detailed shapes of the emission measure
distributions within the low- and high- temperature compo-
nents in zones 2 and 3 are not well determined, the total
emission measures and the elemental abundances should be
reliable. We also note that faint [Fe xviii] emission is present

in zones 2 and 4 but that no other high-temperature lines are
detected. The lack of other emission lines makes it impos-
sible to characterize this emission component, except that
the emission measure is small enough that it makes no sig-
nificant contribution to the other emission lines we analyze.

Figure 19 shows the emission measure distribution that
matches the UVCS line intensities for the three zones (Fig.
19a), the absolute abundances (Fig. 19b), and the fitting
results of these lines (Fig. 19c). The absolute abundances
shown are relative to their photospheric values (Allen 1973).
The high Te component in zone 3 is around ð3 4Þ # 106 K,
and the low-Te component in zone 2 is around 106 K. All
three zones show the FIP effect. The high-Te component of
zone 3 mainly constrains the abundances of Ca and Fe, and
they have similar abundances to those in zone 4 (note that
we are able to obtain a satisfactory fit using the same abun-
dances in both zones 3 and 4 except the Ca abundance,
which is constrained only by the high-Te component of zone
3). This implies that the current sheet consists of material
having the same origin as the bright streamer north of it.
The absolute abundances in zones 3 and 4 show not only the
FIP effect but also that, while the low-FIP elements are
enhanced by a factor of 2–3 above their photospheric
values, the high-FIP elements are depleted by a factor of

Fig. 18.—Two examples of the height-time measurements of the blobs in LASCO C2 showing acceleration (left) or constant speed (right). The bottom left
panel shows the speed evaluated as tangents at points on the height-time plot (middle left). The upper two panels are the LASCOC2 running difference images
at 04:30 UT, January 9 (left), and 08:06 UT, January 9 (right), showing one of the blobs (indicated by the arrow) corresponding to these height-time
measurements.
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(a)

(e) (f) (g) (h)

(b) (c) (d)

Figure 3. RHESSI images in the 5–10 keV energy band formed over 60 s integrations during the onset of the flare although only alternate images are shown here.
Contours mark the 40% and 80% levels. The plasmoid (source A) and looptop (source B) sources are labeled. The gray patterns around the sources are the CLEAN
residuals and reflect the background noise level of the images.

Figure 4. Two sources observed by RHESSI imaged over 2 keV wide energy
bins (3–5, 5–7, 7–9 keV) for a single time interval.

indicators of nonthermal electrons. The authors also detected an
increase in temperature at the interaction site in the corona dur-
ing the merging. Figure 5(a) shows the RHESSI light curves (in
raw counts) in 3 keV wide energy bins (3–6, 6–9, 9–12, 12–15,
and 15–18 keV) over the flare onset using the front segment of
detector 1 only. Between 06:38 and 06:44 UT (shown by the
two vertical dotted lines in Figure 5) there is a pronounced en-
hancement in the higher energy bands (12–15 and 15–18 keV, in

particular). A similar enhancement is also visible in the 245 MHz
channel of the Learmonth radio data (Figure 5(b)). The increase
in emission (from 06:38 to 06:41 UT) corresponds to the ap-
proximate time over which the two X-ray sources were observed
to merge from Figures 3(e)–(g). From 06:41 to 06:44 UT (af-
ter the plasmoid source was no longer visible) HXR and radio
emissions both appeared to decrease briefly. This episode of in-
creased nonthermal emission is therefore believed to be a result
of a secondary phase of particle acceleration due to magnetic
reconnection within the current sheet formed between the two
merging sources. Unfortunately there was no radio spectrograph
data available at the time of this event to search for evidence of
DPS.

A RHESSI spectrum taken around the time of the merging
(06:41:00 UT; Figure 6) also shows that emission from 9 to
20 keV is predominantly nonthermal, consistent with the idea
that enhancements in both the HXR and radio light curves are
evidence for an increase in the number of accelerated particles.
This spectrum was also generate using only detector 1 to remain
consistent with the light curve shown in Figure 5. This increased
nonthermal emission is consistent with the simulations of Bárta
et al. (2008a) but is clearly coronal in nature, rather than chro-
mospheric as predicted. Chromospheric rebrightening cannot be
ruled out however but may be difficult to simultaneously detect
both coronal plasmoids and footpoint emission during on-disk
events due to RHESSI’s limited dynamic range.

2.3. CME Kinematics

One limitation of many previous studies of CMEs is the ab-
sence of data below ∼3 R", where most of the CME accel-
eration takes place. This is due in part to the loss of the C1
coronagraph on SOHO/Large Angle and Spectrometric Coro-
nagraph Experiment (LASCO) in 1998. With the launch of

used to process these data, and our detailed analysis and inves-
tigations are explained next.

2.1. EIT 195 8, RHESSI Soft X-Ray, and
MK4 White-Light Observations

The EIT 195 8 images taken in the time interval of inter-
est have a field of view of 1.4 R! ; 1.4 R! and a resolution of
5B3 pixel"1. Before the eruption took place, a group of bright
arcades distributed at both sides of the equator could be seen
clearly in the EIT 195 8 band. The EIT 195 8 sequence shows
that the central arcade started to change at around 08:48 UT. A
small, faint, arcade-like structure became distinguishable from the
background (Fig. 2a). As it expanded outward, it split into three

small arcades, with the middle one being the brightest (Fig. 2b).
The outer arcade exploded between 09:00 and 09:12 UT, and
the middle one followed suit between 09:12 and 09:24 UT. The
horizontal arrows in the relevant panels of Figure 2 indicate these
arcades, and the red arrows indicate the direction of expansion.
Along with the explosion of the middle arcade, two legs of the
arcade system were quickly stretched out and separated from one
another, with the northern one moving much faster than the
southern one (Figs. 2c and 2d ; note the red arrow). (The reasons
for the different behavior of the two legs will be discussed
shortly.) Then, these two legs began to approach one another at
09:36 UT (Fig. 2e ; again note the red arrows in this and fol-
lowing panels), which implies an inflowofmagnetic reconnection

Fig. 3.—LASCO C2 and C3 images. (a) A helmet streamer exists in the region that the CME will go through. With rapid expansion of the CME, (b) the helmet
streamer is severely deflected from outside, and (c, d ) the southern leg of the CME (disrupting arcade) merges with the helmet streamer, forming a new helmet streamer.
A couple of blobs of the reconnected plasma flowing along the current sheet can also be recognized in (c) and (d ). All times are UT.

LIN ET AL.1254 Vol. 622

Takasao et al. 2012

Lin et al. 2004

Milligan 2010

Ko et al. 2003

- “section of plasma having a characteristic shape”
- “coherent structure of plasma and B fields”
- often referred to as “magnetic bubbles.”
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Figure 5. (a) Based on new evidence, the interpretation of SADs as the cross-sections of large, evacuated retracting flux tubes is no longer supported. Rather, they
appear to be the wakes of much thinner shrinking loops. (b) Only shrinking loops are observed during the early phase of the eruptive event while SADs become
apparent after there is a significant increase in hot plasma (c), presumably surrounding the current sheet, in the supra-arcade region. Note that the viewing orientation
does not need to change to observe the two features; however, the increase in supra-arcade plasma is necessary to observe SADs (i.e., the wakes).
(A color version of this figure is available in the online journal.)

order of 1000 km s−1. Reconnection models typically pre-
dict outflow speeds of (0.3–1.0) ×vA (Linton & Longcope
2006). Deceleration may be expected, due to buildup of
downstream magnetic pressure, though drag mechanisms
may also be considered (Savage & McKenzie 2011).

The revised relationship between SADs and shrinking loops
is depicted in Figure 5. The only distinguishing characteristic
necessary between the two observational circumstances is the
amount of hot plasma in the supra-arcade region surrounding
the current sheet. A change in orientation may indeed occur;
however, SADs will only be observed in the presence of this
plasma.

The sizes of the shrinking loops (∼2–3 pixels [0.9–1.3 Mm])
are consistent with measurements for shrinking loops (i.e.,
SADLs) given in Savage & McKenzie (2011); however, many
of the SADs are too small to detect a leading flux tube with
SDO/AIA, which is currently the highest resolution solar
observatory capable of coronal measurements. Therefore, the
relevant size scales for post-eruption current sheet reconnection
(i.e., the physical size of reconnection patches) appear to be less
than ∼435 km (<1 pixel).

This long-duration event was also observed by RHESSI
and SOHO/LASCO; analysis of those data, which pertains to

aspects of the flare other than the fundamental nature of the
SADs, will be described separately in a forthcoming paper.
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Table 2. Physical parameters of flare loops in the second stage.

Time Temperature Density Pressure Mass Thermal energy content
(UT) (MK) (1010 cm!3) (dyn cm!2) (1015 g) (1030 erg)

23:05:03–23:09:53 7.1–15.3 2.3–11 52–262 " 3 7.0˙0.1
23:10:01–23:13:57 7.1–14.2 2.3–11 53–251 " 2.9 6.5˙0.1
23:14:03–23:18:57 7.2–13.8 2.3–10 55–234 " 2.7 6.0˙0.1
23:19:03–23:25:45 6.7–12.0 2.3–9.2 50–211 " 2.5 5.4˙0.1
23:30:01–23:53:45 6.6–10.7 2.3–7.1 50–146 " 1.3 " 2.7

Fig. 10. Schematic picture of the magnetic reconnection model for the 1993 May 14 flare. This is an extension of the CSHKP model. Vf and VX are the
velocities of the eruptive filament and the X-ray plasmoid, respectively. Vin is the inflow speed to the reconnection point.

direction of the line-of-sight. X-ray plasmoid and eruptive H˛
filament must be in a current sheet in order to be ejected,
respectively. The observed H˛ ribbon is magnetically linked
to the erupting filament (figure 2). If the X-ray plasmoid were
in another current sheet, other H˛ brightenings (ribbons) corre-
sponding to the X-ray plasmoid-related current sheet should be
observed in H˛ images. However, only a pair of ribbons was
observed. Hence we suggest that the X-ray plasmoid and the
eruptive filament were in the same current sheet, and that the
top part of the X-ray plasmoid was located near the eruptive
filament.

The top part of the X-ray plasmoid moved together with
the eruptive H˛ filament with a projected speed of 270 km s!1

between HP1 and HP2. They were decelerated to 80–
100 km s!1 before the main peak of the hard X-ray emission,
HP2 (figure 7). There is a possibility that hot plasmoid is
formed by collisions between the reconnection jet and the flux
rope (e.g., Shiota et al. 2005), because the X-ray plasmoid was
accelerated and was near the H˛ filament at the initiation of
the X-ray plasmoid (figure 7). In this scenario the X-ray plas-
moid may be a part of the filament heated by the collisions

of the reconnection jet. However, the X-ray plasmoid was
not a bloblike feature as the H˛ filament, but a loop struc-
ture (figure 6). Moreover, the footpoint of the X-ray plasmoid
seemed to connect with the surface, and the width of the X-ray
plasmoid was the same as the H˛ filament. It is thus difficult
to think that all parts of the X-ray plasmoid were heated by
the termination shock generated by the collision between the
reconnecion jet and the flux rope. So we suggest that the X-ray
plasmoid was not a part of the heated eruptive H˛ filament.

We shall discuss how the observed results can be interpreted
in terms of a reconnection model (figure 10). Suppose that
magnetic reconnection may have occurred in a vertical current
sheet between the eruptive filament and the flare loops (t = t1).
Since the eruptive H˛ filament continued to rise, the current
sheet may have lengthened further with the rise of the fila-
ment (t = t2). Also suppose that an impulsive magnetic recon-
nection occurred once again somewhere in the current sheet
(t = t3). Since the material within the X-ray plasmoid, which
was formed as secondary plasmoid(s) by the recent magnetic
reconnection, would not include cool material, such as the H˛
filament, and would be heated through slow shocks, or by the
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Figure 5. (a) Based on new evidence, the interpretation of SADs as the cross-sections of large, evacuated retracting flux tubes is no longer supported. Rather, they
appear to be the wakes of much thinner shrinking loops. (b) Only shrinking loops are observed during the early phase of the eruptive event while SADs become
apparent after there is a significant increase in hot plasma (c), presumably surrounding the current sheet, in the supra-arcade region. Note that the viewing orientation
does not need to change to observe the two features; however, the increase in supra-arcade plasma is necessary to observe SADs (i.e., the wakes).
(A color version of this figure is available in the online journal.)

order of 1000 km s−1. Reconnection models typically pre-
dict outflow speeds of (0.3–1.0) ×vA (Linton & Longcope
2006). Deceleration may be expected, due to buildup of
downstream magnetic pressure, though drag mechanisms
may also be considered (Savage & McKenzie 2011).

The revised relationship between SADs and shrinking loops
is depicted in Figure 5. The only distinguishing characteristic
necessary between the two observational circumstances is the
amount of hot plasma in the supra-arcade region surrounding
the current sheet. A change in orientation may indeed occur;
however, SADs will only be observed in the presence of this
plasma.

The sizes of the shrinking loops (∼2–3 pixels [0.9–1.3 Mm])
are consistent with measurements for shrinking loops (i.e.,
SADLs) given in Savage & McKenzie (2011); however, many
of the SADs are too small to detect a leading flux tube with
SDO/AIA, which is currently the highest resolution solar
observatory capable of coronal measurements. Therefore, the
relevant size scales for post-eruption current sheet reconnection
(i.e., the physical size of reconnection patches) appear to be less
than ∼435 km (<1 pixel).

This long-duration event was also observed by RHESSI
and SOHO/LASCO; analysis of those data, which pertains to

aspects of the flare other than the fundamental nature of the
SADs, will be described separately in a forthcoming paper.
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Table 2. Physical parameters of flare loops in the second stage.

Time Temperature Density Pressure Mass Thermal energy content
(UT) (MK) (1010 cm!3) (dyn cm!2) (1015 g) (1030 erg)

23:05:03–23:09:53 7.1–15.3 2.3–11 52–262 " 3 7.0˙0.1
23:10:01–23:13:57 7.1–14.2 2.3–11 53–251 " 2.9 6.5˙0.1
23:14:03–23:18:57 7.2–13.8 2.3–10 55–234 " 2.7 6.0˙0.1
23:19:03–23:25:45 6.7–12.0 2.3–9.2 50–211 " 2.5 5.4˙0.1
23:30:01–23:53:45 6.6–10.7 2.3–7.1 50–146 " 1.3 " 2.7

Fig. 10. Schematic picture of the magnetic reconnection model for the 1993 May 14 flare. This is an extension of the CSHKP model. Vf and VX are the
velocities of the eruptive filament and the X-ray plasmoid, respectively. Vin is the inflow speed to the reconnection point.

direction of the line-of-sight. X-ray plasmoid and eruptive H˛
filament must be in a current sheet in order to be ejected,
respectively. The observed H˛ ribbon is magnetically linked
to the erupting filament (figure 2). If the X-ray plasmoid were
in another current sheet, other H˛ brightenings (ribbons) corre-
sponding to the X-ray plasmoid-related current sheet should be
observed in H˛ images. However, only a pair of ribbons was
observed. Hence we suggest that the X-ray plasmoid and the
eruptive filament were in the same current sheet, and that the
top part of the X-ray plasmoid was located near the eruptive
filament.

The top part of the X-ray plasmoid moved together with
the eruptive H˛ filament with a projected speed of 270 km s!1

between HP1 and HP2. They were decelerated to 80–
100 km s!1 before the main peak of the hard X-ray emission,
HP2 (figure 7). There is a possibility that hot plasmoid is
formed by collisions between the reconnection jet and the flux
rope (e.g., Shiota et al. 2005), because the X-ray plasmoid was
accelerated and was near the H˛ filament at the initiation of
the X-ray plasmoid (figure 7). In this scenario the X-ray plas-
moid may be a part of the filament heated by the collisions

of the reconnection jet. However, the X-ray plasmoid was
not a bloblike feature as the H˛ filament, but a loop struc-
ture (figure 6). Moreover, the footpoint of the X-ray plasmoid
seemed to connect with the surface, and the width of the X-ray
plasmoid was the same as the H˛ filament. It is thus difficult
to think that all parts of the X-ray plasmoid were heated by
the termination shock generated by the collision between the
reconnecion jet and the flux rope. So we suggest that the X-ray
plasmoid was not a part of the heated eruptive H˛ filament.

We shall discuss how the observed results can be interpreted
in terms of a reconnection model (figure 10). Suppose that
magnetic reconnection may have occurred in a vertical current
sheet between the eruptive filament and the flare loops (t = t1).
Since the eruptive H˛ filament continued to rise, the current
sheet may have lengthened further with the rise of the fila-
ment (t = t2). Also suppose that an impulsive magnetic recon-
nection occurred once again somewhere in the current sheet
(t = t3). Since the material within the X-ray plasmoid, which
was formed as secondary plasmoid(s) by the recent magnetic
reconnection, would not include cool material, such as the H˛
filament, and would be heated through slow shocks, or by the
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Figure 1. Schematic depiction of a basic two-dimensional reconnection scenario.

McKenzie & Hudson 1999), supra-arcade downflowing loops
(SADLs; e.g., Savage & McKenzie 2011; Savage et al. 2010),
jets (e.g., Wang et al. 2007), and plasmoids (e.g., Takasao et al.
2012; Milligan et al. 2010; Lin et al. 2008; Ohyama & Shibata
2008; Riley et al. 2007; Lin et al. 2005; Sui et al. 2004; Ko et al.
2003).

Figure 2 provides a combined schematic depiction of flux
tubes and plasmoids forming in the wake of an erupting flux
rope. Ohyama & Shibata (2008) show schematically how X-ray
plasmoids can form in a CME current sheet (Figure 10 therein).
Similarly, Daughton & Roytershteyn (2010) explain that “both
primary and secondary magnetic islands correspond to extended
flux ropes in three dimensions”; however, their associated
magnetic fields are likely considerably more complex than
as depicted in Figure 2. Plasmoid development and evolution
is beyond the scope of the current paper, but for a localized
description of plasmoids—or magnetic islands—resulting from
current sheet instabilities, we refer the reader to simulation
papers such as Fermo et al. (2011), Daughton & Roytershteyn
(2010), and Drake et al. (2006).

The simplified schematic in Figure 2 serves to indicate the
general geometry and organization of the magnetic field and
related features involved with the reconnection and eruption.
Specifically, SADLs are loops that appear to retract quickly
through the current sheet region from high in the corona until
their motion ceases as they approach the potential post-eruption
arcade. These loops are considered to be post-reconnection
outflows. Meanwhile, SADs are oblong voids that have similar
trajectories through the same current sheet region. Based on
prior analyses and available data, SADs were interpreted as the
cross-sections of the same post-reconnection loops as seen from
an orientation perpendicular to the current sheet. (For diagrams
and examples, see Savage & McKenzie 2011 (Figure 2 therein),
Savage et al. 2010, Sheeley & Wang 2007, Tripathi et al. 2007,
Asai et al. 2004, Sheeley et al. 2004, McKenzie 2000, and
McKenzie & Hudson 1999.) Recent detailed analysis of an event
occurring on 2011 October 22, however, reveals that SADs are
more likely to be density depletions, or wakes, that trail behind
thin loops shrinking through emitting plasma associated with the
current sheet rather than the cross-sections of larger, evacuated
flux tubes (Savage et al. 2012).

Most previous observations of possible reconnection sites
have consisted of either inflows or outflows independently—
especially in the form of plasmoids. To our knowledge, however,
this is possibly the clearest observation of inflows directly
followed by outflows along a current sheet in the form of SADLs.
Another similar limb flare observation focusing on inflows and
outflowing plasmoids along a current sheet using AIA data has
been reported by Takasao et al. (2012). In this paper we present

evidence for a complete reconnection observation following
the 2010 November 3 C4.9 solar flare. The line of sight of
this eruption—nearly parallel to the current sheet region and
positioned a few degrees beyond the east limb—allows for
observations of inflows followed by outflows in the form of
SADLs.

2. OBSERVATIONS

On 2010 November 3 at ∼12:10 UT, SDO/AIA and
STEREO-B/SECCHI observed the eruption of a flux rope
from AR 11121, which was ∼0◦–10◦ behind the east limb
(Figure 3). A second, smaller eruption occurred in the same
region at ∼12:50 UT. For a complete description of these events
refer to Reeves & Golub (2011) and Cheng et al. (2011). Within
the first few minutes of the eruption, a bright linear feature,
which we refer to as the candidate current sheet (see Figures 5(b)
and (c)), appears in the AIA 211, 335, 94, and 131 Å channels7

and persists until the second eruption.
Within minutes of the initial flux rope eruption, a series of

flows begin retreating sunward from an apparent reconnection
region along this candidate current sheet. These downflows,
which take the form of both SADs and SADLs depending on
the density of hot plasma above the post-flare arcade, continue
for at least 4 hr after the initial eruption. We also observe several
upflows and a number of possible disconnection events (i.e.,
upflows and downflows initiating simultaneously from nearly
the same origin). For the sake of brevity, we will focus on
the time period between 12:10 and 12:38 UT. During this time
period, most of the outflows are observed as SADLs at 131 Å
with a few later ones moving in from beyond the field of
view appearing as SADs or plasmoids. In the 211 and 193 Å
bandpasses, the outflows appear more as plasma rapidly moving
down loop legs. (See Section 2.4 for more discussion.) Inflows
and outflows (SADs, SADLs, and upflows) continue beyond
12:38 UT.

Several hours after the onset of the event, the erupting flux
rope is observed by the white-light LASCO coronagraph as
a CME. Similarly, LASCO C2 images also show evidence of
SADs in the apparent current sheet region later in the event.
These flows first appear approximately 18 hr after the initial
eruption but within only a few hours of the passage of the
CME through the LASCO field of view.

7 The plasma temperatures to which the narrowband AIA 171, 193, 211, 335,
94, and 131 Å bandpasses admit significant response under flaring conditions
are approximately 0.7 MK, 6 and 20 MK, 2–5 MK, 3 MK, 7–10 MK, and
11–14 MK, respectively (O’Dwyer et al. 2010). Depending on the specific
plasma conditions, the 193 Å passband may also contain significant emission
at ∼0.6 MK.
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equal temperature. The guide field for this example is By = Bo. Other parameters are
mi/me = 40, ωpe/"ce =

√
2, where ωpe =

√
(4πnoe2)/me is the electron plasma fre-

quency, vthe/c = 0.35 where vthe = (2To/me)
1/2 is the electron thermal speed. Lengths

are normalized to the ion inertial scale di = c/ωpi where ωpi =
√

(4πnoe2)/mi and time
is normalized to "ci = eBT /(mic) (where BT = (B2

y + B2
o )

1/2 = (2)1/2Bo). The time step
is $tωpe = 0.065 and the boundary conditions are periodic in the x-direction while the
z-boundaries are conducting for fields and reflecting for particles. The 2D domain size is
400di × 100di , with 6400 × 1600 cells and 1000 particles per cell.

With a Fokker-Planck treatment of Coulomb collisions, the dimensionless perpendicular
η̂⊥ and parallel η̂|| resistivities vary in both space and time due to Ohmic heating within the
layer

η̂⊥ ≡
ω2

pi

4π"ci

BT

Bo

η⊥ = η̂⊥o

(
To

Te

)3/2

,

η̂|| = 0.51η̂⊥,

(10)

where η⊥ ≡ meνei/(e
2ne) is the resistivity perpendicular to the magnetic field, Te the local

electron temperature and η̂⊥o = 0.04 is the initial dimensionless resistivity for this study. For
guide field reconnection, the parallel resistivity η̂|| is most relevant for setting the structure of
the SP layer. The initial resistivity is a factor of ∼4× larger than the transition estimate in (2)
which implies that Ohmic heating alone cannot give rise to a transition, since the temperature
is eventually limited by the pressure balance requirement across the layer (Daughton et al.
2009a).

The evolution of the current density for this case is given in Fig. 2. During the initial
phase t"ci = 0 → 90, a well developed Sweet-Parker layer is formed as illustrated in the

Fig. 2 Evolution of the current
density Jy for a collisional
kinetic simulation with a guide
field equal to the reconnecting
field. At early time t"ci = 88 in
the top panel, a Sweet-Parker
layer has formed, but as the
simulation proceeds the layer
becomes unstable to plasmoids
which induce a transition to the
kinetic regime. White lines are
the magnetic flux surfaces and
simulation parameters are given
in the text
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Table 2. Physical parameters of flare loops in the second stage.

Time Temperature Density Pressure Mass Thermal energy content
(UT) (MK) (1010 cm!3) (dyn cm!2) (1015 g) (1030 erg)

23:05:03–23:09:53 7.1–15.3 2.3–11 52–262 " 3 7.0˙0.1
23:10:01–23:13:57 7.1–14.2 2.3–11 53–251 " 2.9 6.5˙0.1
23:14:03–23:18:57 7.2–13.8 2.3–10 55–234 " 2.7 6.0˙0.1
23:19:03–23:25:45 6.7–12.0 2.3–9.2 50–211 " 2.5 5.4˙0.1
23:30:01–23:53:45 6.6–10.7 2.3–7.1 50–146 " 1.3 " 2.7

Fig. 10. Schematic picture of the magnetic reconnection model for the 1993 May 14 flare. This is an extension of the CSHKP model. Vf and VX are the
velocities of the eruptive filament and the X-ray plasmoid, respectively. Vin is the inflow speed to the reconnection point.

direction of the line-of-sight. X-ray plasmoid and eruptive H˛
filament must be in a current sheet in order to be ejected,
respectively. The observed H˛ ribbon is magnetically linked
to the erupting filament (figure 2). If the X-ray plasmoid were
in another current sheet, other H˛ brightenings (ribbons) corre-
sponding to the X-ray plasmoid-related current sheet should be
observed in H˛ images. However, only a pair of ribbons was
observed. Hence we suggest that the X-ray plasmoid and the
eruptive filament were in the same current sheet, and that the
top part of the X-ray plasmoid was located near the eruptive
filament.

The top part of the X-ray plasmoid moved together with
the eruptive H˛ filament with a projected speed of 270 km s!1

between HP1 and HP2. They were decelerated to 80–
100 km s!1 before the main peak of the hard X-ray emission,
HP2 (figure 7). There is a possibility that hot plasmoid is
formed by collisions between the reconnection jet and the flux
rope (e.g., Shiota et al. 2005), because the X-ray plasmoid was
accelerated and was near the H˛ filament at the initiation of
the X-ray plasmoid (figure 7). In this scenario the X-ray plas-
moid may be a part of the filament heated by the collisions

of the reconnection jet. However, the X-ray plasmoid was
not a bloblike feature as the H˛ filament, but a loop struc-
ture (figure 6). Moreover, the footpoint of the X-ray plasmoid
seemed to connect with the surface, and the width of the X-ray
plasmoid was the same as the H˛ filament. It is thus difficult
to think that all parts of the X-ray plasmoid were heated by
the termination shock generated by the collision between the
reconnecion jet and the flux rope. So we suggest that the X-ray
plasmoid was not a part of the heated eruptive H˛ filament.

We shall discuss how the observed results can be interpreted
in terms of a reconnection model (figure 10). Suppose that
magnetic reconnection may have occurred in a vertical current
sheet between the eruptive filament and the flare loops (t = t1).
Since the eruptive H˛ filament continued to rise, the current
sheet may have lengthened further with the rise of the fila-
ment (t = t2). Also suppose that an impulsive magnetic recon-
nection occurred once again somewhere in the current sheet
(t = t3). Since the material within the X-ray plasmoid, which
was formed as secondary plasmoid(s) by the recent magnetic
reconnection, would not include cool material, such as the H˛
filament, and would be heated through slow shocks, or by the
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Figure 5. (a) Based on new evidence, the interpretation of SADs as the cross-sections of large, evacuated retracting flux tubes is no longer supported. Rather, they
appear to be the wakes of much thinner shrinking loops. (b) Only shrinking loops are observed during the early phase of the eruptive event while SADs become
apparent after there is a significant increase in hot plasma (c), presumably surrounding the current sheet, in the supra-arcade region. Note that the viewing orientation
does not need to change to observe the two features; however, the increase in supra-arcade plasma is necessary to observe SADs (i.e., the wakes).
(A color version of this figure is available in the online journal.)

order of 1000 km s−1. Reconnection models typically pre-
dict outflow speeds of (0.3–1.0) ×vA (Linton & Longcope
2006). Deceleration may be expected, due to buildup of
downstream magnetic pressure, though drag mechanisms
may also be considered (Savage & McKenzie 2011).

The revised relationship between SADs and shrinking loops
is depicted in Figure 5. The only distinguishing characteristic
necessary between the two observational circumstances is the
amount of hot plasma in the supra-arcade region surrounding
the current sheet. A change in orientation may indeed occur;
however, SADs will only be observed in the presence of this
plasma.

The sizes of the shrinking loops (∼2–3 pixels [0.9–1.3 Mm])
are consistent with measurements for shrinking loops (i.e.,
SADLs) given in Savage & McKenzie (2011); however, many
of the SADs are too small to detect a leading flux tube with
SDO/AIA, which is currently the highest resolution solar
observatory capable of coronal measurements. Therefore, the
relevant size scales for post-eruption current sheet reconnection
(i.e., the physical size of reconnection patches) appear to be less
than ∼435 km (<1 pixel).

This long-duration event was also observed by RHESSI
and SOHO/LASCO; analysis of those data, which pertains to

aspects of the flare other than the fundamental nature of the
SADs, will be described separately in a forthcoming paper.
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Compare with Magnetotail Observations?

1.  Magnetotail Substorm

2.  Solar Flare

Posteruptive phenomena in coronal mass ejections and 
substorms:  Indicators of a Universal Process?
K.K. Reeves et al. 2008, JGR, 113, A00B02

Competing notation
     1:  Dipolarization
     2:  Field Line Shrinkage

Different available measurements 
     1:  In situ measurements of B fields
         & local plasma parameters.  Inferred
         dipolarization.
     2:  Global context & interactions.  Inferred 
         local fields.  Limited local plasma 
         parameters.  Observed shrinkage.
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Compare with Magnetotail Observations?

1.  Magnetotail Substorm

2.  Solar Flare

Posteruptive phenomena in coronal mass ejections and 
substorms:  Indicators of a Universal Process?
K.K. Reeves et al. 2008, JGR, 113, A00B02

Similar speeds & decelerations (acting over 
different scale heights)
     1:  Braking from pressure gradient
     2:  Stop at top of arcade

Double footpoint ribbons for both from 
electron acceleration
     1:  Auroral ribbons in dense ionosphere
     2:  Chromospheric evaporation (ablation)
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Compare with Magnetotail Observations?

1.  Magnetotail Substorm

2.  Solar Flare

Posteruptive phenomena in coronal mass ejections and 
substorms:  Indicators of a Universal Process?
K.K. Reeves et al. 2008, JGR, 113, A00B02

(1) BBFs (Bursty Bulk Flows) or DFs 
(Dipolarization Fronts) ?=? (2) SADs
(Are DFs = global or local current sheets?)
     1:  Plasma depleted flux tubes?
     2.  Not quite consistent with re-
         interpretation of SADs
     - BBFs possibly faster than SADs
     - Similar size to SADs but not to loops

Both indicate patchy reconnection.

Alfvén speeds are similar in both regimes!
     - Dominant factor governing reconnection
       processes and responses

However, possibly differing reconnection 
scenarios per regime (resistive versus 
collisionless)?
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