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ABSTRACT

We present observations of hot plasma from solar eruptions recorded by the Atmospheric Imaging Assembly (AIA)
on the Solar Dynamics Observatory. AIA is the first narrowband instrument capable of taking images of hot plasma
in the 5-15 MK range. We find that there are hot structures above flare loops, and that they are typically more
diffuse and nebulous than the well-defined flare loops. Because of the narrowband response, high sensitivity, and
high spatial resolution of AIA, these supra-arcade structures are visible in exquisite detail, particularly in the 131 A
and 94 A channels. In one event, a C4.9 flare observed on 2010 November 3, hot plasma is seen to outline an erupting
plasmoid and possibly a current sheet. We compare hot plasma observed with AIA to structures observed with the
X-Ray Telescope on the Hinode mission and find that the plasma imaged in AIA contains more fine detail. These
new AIA observations show that supra-arcade flare structures and coronal mass ejections are highly structured not
only in space and time, but also in temperature. This thermal structuring is expected, based on modeling efforts,
but has now been imaged directly for the first time over a large range of temperatures.
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1. INTRODUCTION

Reconnection is widely accepted as the process that powers
solar flares. One consequence of the reconnection process is
hot plasma in the region of reconnection and in the post-flare
loops. This plasma has been studied previously in the Transition
Region and Coronal Explorer (TRACE) 195 A passbands, since
this channel contains Fe xx1v with a formation temperature
of 20MK, as well as cooler Fe x11 plasma formed at 1.5 MK
(Warren et al. 1999; Warren 2000; Warren & Reeves 2001).
Recently, observations of hot plasma in a current sheet-like
structure were reported by Savage et al. (2010), who analyzed
observations in the soft X-rays. These regions of hot plasma
often show interesting dynamics, such as dark voids flowing
down toward the post-flare arcade (McKenzie & Hudson 1999;
McKenzie 2000; Innes et al. 2003a, 2003b; McKenzie & Savage
2009).

Until now, hot flare plasma has primarily been 1maged by
either the TRACE 195 A channel, or broadband X-ray imagers
such as the soft X-ray telescope (SXT) on the Yohkoh mission,
or the X-Ray Telescope (XRT) on the Hinode mission. The
Atmospheric Imaging Assembly (AIA; Lemen et al. 2010) on
the Solar Dynamics Observatory offers a completely new look at
the hot plasma in flares. AIA has six narrowband EUV passbands
that are sensitive to different ionization states of iron. The
193 A channel, similar to the TRACE 195 A channel, contains
lines from both Fe xx1v and Fe x11. In flares, the 131 A channel
primarildy contains contributions from Fe xx1, formed at 11 MK.
The 94 A channel contains lines from Fe X, formed at 1 MK, and
Fe xv, formed at 7MK. The 335 A channel mainly contains
contributions from Fe xv1, formed at 2.5 MK. The 211 A channel
contains mostly Fe x1v, formed at 2 MK, and the 171 A channel
contains mostly Fe1x, formed at 0.6 MK (see O’Dwyer et al.
2010, for detailed information about line contributions to the
AIA channels). This broad temperature coverage allows for an
unprecedented look at the thermal structure in solar eruptions.

2. OBSERVATIONS

AR 11121 was observed at the limb on 2010 November 3-5.
Observations were taken in several AIA wavebands at a cadence

of about 12 s, with a resolution of ~0"6 per pixel. Several flares
occurred during this time, including a C4.9 flare that peaked at
12:21 UT on November 3, an M1.6 flare that peaked at 23:58
on November 4, and an M1.0 flare that peaked at 13:29 UT on
November 5. The light curves for these flares from the GOES
1-8 A channel are shown in Figure 1.

The XRT (Golub et al. 2007) on Hinode also observed several
of the flares from AR 11121. Observations were taken in the
Al-mesh, Ti-poly, Thick Al, and Thick Be filters with a cadence
of about 30 s. The thin filters, Al-mesh and Ti-poly, have peak
temperature responses at ~8 MK and ~10 MK, respectively.
The thick filters, Thick Al and Thick Be, both have peak
temperatures at ~13 MK, but the Thick Al response allows
for imaging of cooler plasma than the Thick Be filter. We
have reported the peak temperatures of the XRT filter response
functions, but these filters are able to detect a wide range of
temperatures because of their broad responses (see Narukage
etal. 2011, for details of the XRT calibration and filter response
functions). The thick filters observed the flaring region with a
field of view of ~384” x 384" and a resolution of ~1” per pixel.
The thin filter observations have a field of view of ~512" x 512"
and a resolution of ~2" per pixel.

The M1.0 flare that occurred on 2010 November 5 provides a
good example of hot flare plasma as seen in the AIA passbands.
Images from all six AIA EUV passbands are shown in Figure 2
at around 13:48 UT, about 20 minutes after the peak of the flare
in the GOES 1-8 A channel. There is clearly a large structure
seen in the 131 A and 94 A channels above the flare loops. This
structure is diffuse and it has a nebulous morphology, in contrast
to the bright, well-defined post-flare loops that are also seen in
these channels during the flare.

At 13:48 UT, the other four channels shown in Figure 2 show
very little evidence of the structures that are clearly visible in
the 94 A and 131 A channels. Thus, the supra- arcade emission
is likely to be above about 5 MK, since it is not visible in the
335 A channel, and it is probably below about 18 MK, since
it is not visible in the 193 A channel. As the structure evolves
and fades in the hot channels, some similar structures begin to
appear in the 335 A, 211 A, and 193 A channels, but especially
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Figure 1. Plots of the GOES 1-8 A flux for the three flares discussed in this
Letter. (a) C4.9 flare on November 3, (b) M1.6 flare on November 4, and (c)
M1.0 flare on November 5.

in the case of the 211 A and 193 A channels, these structures
are difficult to discern from the background emission (see the
animation associated with Figure 2). No evidence for the supra-
arcade structure is seen at all in the 171 A channel.

AIA 131 2010-11-05 13:47:57.620

AlA 211 2010-11-05 13:48:00.

AIA 94 2010-11-05 13:48:02.120

AlIA 193 2010-11-05 13:48:09.680
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The C4.9 flare that occurred on 2010 November 3 is an
interesting example of hot plasma observations because it shows
hot signatures in the erupting plasmoid itself. AIA observations
in the hot channels (131 A, 94 A, and 335 A) from this flare
are shown for three different times in Figure 3. This flare was
partially occulted by the limb. A few minutes before the peak
of the flare, at 12:15 UT, an eruption is clearly seen in the
hot channels. A circular structure appears bright in the 131 A,
and can be seen, albeit fainter, in the 94 A channel as well. In
the 335 A channel, a faint structure can be seen outlining the
erupting plasma.

A few minutes later in the eruption, at 12:23 UT, a long thin
structure is clearly visible in the 131 A image, and faint indi-
cations of this structure are also seen in the 94 A and 335 A
images. This structure is reminiscent of the “current sheet can-
didate” found in XRT data of an eruption by Savage et al. (2010).
The dynamics of this event indicate that this structure is con-
nected to the erupting plasmoid (see the animation associated
with Figure 3), and may be indicative of a current sheet, or at
the very least, hot structures surrounding the current sheet.

Later in the flare evolution, diffuse structures form above the
flare arcade, as in the M1.0 flare discussed previously. These
structures are visible in all three of the hot channels, though
they are most visible in the 131 A channel, as can be seen in the
bottom row of Figure 3. These structures have a complicated
morphology, and they evolve quickly, especially around the
edges furthest away from the Sun’s surface.

The M1.6 flare that peaked at 23:58 UT on 2010 November
4 also has accompanying XRT data and is useful for comparing
the hot plasma imaged in narrowband and broadband imagers.
AIA and XRT observations from this flare are shown in Figure 4.

AlA 335 2010-11-05 13:48:03.620

"\‘l -“

AIA 171 2010-11-05 13:48:00.340

Figure 2. AIA and XRT observations of an M 1.0 flare on 2010 November 5. Top row: AIA 131 A (11 MK) (left), ATIA 94 A (7MK) (center), and AIA 335 A (2.5MK)
(right). Bottom row: AIA 211 A (2MK) (left), AIA 193 A 20MK, 1.3MK) (center), and AIA 171 A (0.6 MK) (right). The field of view for all the images is about

460" x 460".
(An animation of this figure is available in the online journal.)
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AIA 131 2010-11-08 12:15:21.620

AIA 131 2010-11-03 12:23:33.620

AIA 131 2010-11-03 13:06:09.620

AlA 94 2010-11-03 12:15:14.120

AlIA 94 2010-11-03 12:23:26.120

AlA 94 2010-11-03 13:06:02.120
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AlA 335 2010-11-03 12:15:15.620

AlA 335 2010-11-03 12:23:27.620

AIA 335 2010-11-03 13:06:03.630

Figure 3. AIA observations of a C4.9 flare on 2010 November 3. Top row: AIA 131 A (11 MK) (left), AIA 94 A (7 MK) (center), and AIA 335 A (2.5 MK) (right) at
about 12:15 UT. Middle row: Same AIA filters, taken at about 12:23 UT. Bottom row: Same AIA filters, taken at about 13:06 UT. The field of view for all the images

is about 460" x 460" .

(An animation of this figure is available in the online journal.)

At the time shown in the figure, there are clear, bright structures
above the flare loops in the 94 A and the 131 A channels, but
no clear indication of a corresponding structure in the 335 A
channel. As with the M 1.0 flare on November 5, this structure is
diffuse and nebulous. The same structure is also seen in the XRT
images, though with less definition. The resolution and narrow
temperature response of AIA allows for rendering the details
of these hot structures in exquisite detail, while the broadband
image from XRT shows all of the hot plasma.

The structures above the flare loops are brightest in the
AIA images about 30 minutes after the peak of the flare in
the GOES. As the flare evolves, the southeasterly tip of this
structure exhibits dynamic and turbulent fluid-like motions (see
the animation associated with Figure 4). At about 1:00 UT,
structures overlying the loops begin to be visible in the 335 A
channel, indicating that the supra-arcade structure is cooling
down into the 335 A passband.

3. FLARE SIMULATIONS

In Figure 5, we show simulated AIA flare emission calculated
using the MAS (MHD Around a Sphere) code developed by

Predictive Sciences, Inc. (e.g., Miki¢ et al. 1999; Linker et al.
2001, 2003; Lionello et al. 2009). The model solves the MHD
equations in 2.5 dimensions in spherical coordinates, including
conduction and radiation in the energy equation. This simulation
is the same as the one reported in Reeves et al. (2010), and
more details on the initial conditions, boundary conditions, and
methods of solution can be found there. This simulation is not
meant to exactly simulate any of the observed flares, but rather
to help guide our understanding of the structures that are seen
in the observations.

In Figure 5, emission is clearly seen in the current sheet
structure in the AIA 131 and 94 channels. The current sheet in
the simulation is at ~6—10 MK, putting it right in the range of
temperatures where the 94 A and 131 A channels are the most
sensitive. Thus, the simulation provides a possible explanation
for the supra-arcade plasma, i.e., that it is associated with the
hot structures surrounding the current sheet. The simulation
has a simple 2.5-dimensional geometry, and of course cannot
reproduce the complexity of the observations, but it does
indicate a possible interpretation for the hot plasma.

All of the AIA channels show an intensity enhancement in
the area just outside of the current sheet in the simulations.
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AIA 131 2010-11-05 00:19:33.620 AlA 94 2010-11-05 00:19:26.120

AlA 335 2010-11-05 00:19:27.620

XRT ThickBe 2010-11-05 00:19:40.860 XRT ThickAl 2010-11-05 00:19:29.424

XRT TiPoly 2010-11-05 00:19:01.799

Figure 4. AIAO and XRT observations of an M 1.6 flare that peaked at 23:58 UT on 2010 November 4. Top row: AIA 131 A (11 MK) (left), AIA 94 A (7 MK) (center),
and AIA 335 A (2.5MK) (right). Bottom row: XRT Thick Be (left), XRT Thick Al (center), and XRT Ti-poly (right). The XRT Al-mesh filter is not shown due to
saturation. The field of view for the AIA images is about 460 x 460”. The field of view is about 384" x 384" for the thick XRT filters and 512" x 512" for the XRT
Ti-poly filter.

(An animation of this figure is available in the online journal.)

AlA 131 AlA 94 AlA 335
AlA 211 AlA 193 AlIA 171

Figure 5. Simulated AIA flare observations. Top row: AIA 131 A (left), AIA 94 A (center), and AIA 335 A (right). Bottom row: AIA 211 A (left), AIA 193 A (center),
and AIA 171 A (right).

This effect happens because conduction in the current sheet seen previously in other MHD flare simulations (Yokoyama
causes hot plasma to spread out of the current sheet region, & Shibata 1997) and analytical calculations of reconnection
forming a thermal halo (Reeves et al. 2010). This effect has been including conduction (Seaton & Forbes 2009). The simulated
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images in Figure 5 have been scaled so that all the plasma is
visible. In reality, the plasma around the current sheet would
be quite difficult to see in the 171 A passband since the current
sheet structures are five orders of magnitude more faint than the
flare loops.

4. DISCUSSION AND CONCLUSIONS

This Letter reports the first narrowband imaging of hot plasma
at 131 A, 94 A, and 335 A in solar eruptions. In these passbands,
we clearly see structures above the flare arcade that are diffuse
and nebulous, though also containing significant detail. These
structures are probably the same as the “fan arcades” seen above
solar flares in SXT observations (e.g., Svestka et al. 1998;
McKenzie & Hudson 1999), but because of the high spatial
resolution and narrowband temperature response, AIA images
this plasma in much finer detail than broadband imagers such
as SXT or XRT. These supra-arcade structures are probably in
regions of weak magnetic field surrounding the current sheet,
allowing their morphology to be more diffuse than the post-flare
loops, which occur in strong field regions.

We have shown that these supra-arcade structures are imaged
particularly well in the AIA 131 A and 94 A bandpasses. There
have been a few examples of bright supra-arcade structures
imaged in X-class flares in the 195 A passband of TRACE,
most famously the X1.5 flare of 2002 April 21 (Innes et al.
2003a, 2003b). These structures are generally assumed to
be visible in the TRACE 195A passband due to Fexxiv,
which has a formation temperature of about 20 MK. Since the
AIA 131 A channel images flare plasma at about 11 MK and
the 94 A channel images flare plasma at about 7 MK, these
two AIA wavebands are able to observe plasma at cooler
temperatures than the hot contribution to the TRACE 195 A
channel. It could be that supra-arcade structures observed by
195 A channels were previously rare because few flares reach
the high temperatures needed to form the Fe xx1v above the flare
arcade. Additionally, the high- temperature contribution to the
131 A and 94 A channels is a major component of the response
in these passbands, unlike the 195 A TRACE channel, which has
a strong contribution from Fe x11. Thus, the hot AIA channels
do not have cooler flare material interfering with the imaging
of the hot supra-arcade plasma, rendering the images of the hot
plasma incredibly clear and sharp.

The fact that we see the supra-arcade in several flares indicates
that this plasma is a general feature of eruptions and not just
a peculiarity of one event. Since this plasma is imaged with
great clarity and detail in the 131 A and 94 A AIA channels,

REEVES & GOLUB

we expect that these observations will lead to fruitful advances
in understanding flare physics. We are currently examining the
November 3 flare in more detail in light of the model presented
above and will present the results in a forthcoming paper.

Our results clearly show that erupting plasmoids and supra-
arcade flare structures consist of plasma at many different
temperatures. It seems likely that this thermal structuring
extends into the outer corona as coronal mass ejections (CMEs)
erupt. Thus, EUV imaging of the corona could provide fruitful
results for further CME research.
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