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ABSTRACT

We present a detailed examination of downflow motions above flare loops observed in the 2002 July 23 flare.
The extreme-ultraviolet images obtained with Fransition Region and Coronal Explorer show dark downflow
motions (sunward motions) above the postflare loops, not only in the decay phase but also in the impulsive and
main phases. We also found that the times when the downflow motions start to be seen correspond to the times
when bursts of nonthermal emissions in hard X-rays and microwaves are emitted. This result implies that the
downflow motions occurred when strong magnetic energy was released and that they are, or are correlated with,
reconnection outflows.

Subject headings. Sun: activity — Sun: chromosphere — Sun: corona— Sun: flares —
Sun: X-rays, gamma rays

1. INTRODUCTION (2003a) performed, discard the possibility that the downflows
are cold absorbing material and support a model in which the
downflows are moving voids. Innes et al. (2003b) found that
highly blueshifted features, which correspond to a Doppler ve-
locity of up to 1000 km s', were associated with the downflows,
although it was not clear if they were the reconnection outflows
themselves.

In this Letter, we examine the relationship between down-
flows and hard X-ray (HXR) emission, which implies strong
energy release. If downflows are really related to magnetic
reconnection, they are expected to be observed even in the
impulsive phase, when magnetic reconnection occurs vigor-
ously, and when nonthermal emissions are observed in HXRs
e;and in microwaves. So far, almost all the downflows have been
Observed in long-duration event (LDE) flares, and many of
them (about 70% of all) were observed after the peak times of

The finding of supra-arcade downflow motions (downflows)
is one of the most important results that the soft X-ray telescope
(SXT; Tsuneta et al. 1991) aboaibhkoh (Ogawara et al.
1991) achieved. McKenzie & Hudson (1999) and McKenzie
(2000) examined, in detail, these dark and sometimes bright
features moving sunward from the high corona with speeds of
45-500 km s*. They also performed the temperature analysis
with the filter ratio method (Hara et al. 1992), although it is
very difficult to extract these physical values for such low
emission features owing to instrumental effects like scattering.
They reported that the density and temperature of the down-
flows are about 10cm 2 and 10 K, respectively. Although
these values contain considerable uncertainties, they suggest
that they are “moving voids,” which consist of such low-density
and high-temperature plasma. These voids are pushed down . . :
ward because of magnetic reconnection that occurred at highet2!t X8y (SXR) light curves (I\échenme & H#ds?(n 2001;
altitudes, and therefore, they are thought to be new observa- udson & McKenzie 2001). In these events, therefore, HXR

tional and morphological evidence of magnetic reconnection. ﬁg&in(ﬁfg:gg\ira;ihngj ?Otﬁwgézoﬁnﬁgwg?ﬁggnV]Vr;tehs%?WH'
Moreover, downflows are seen only in superhot plasma regions, : ' 9

which are located within cusp structures above postflare Ioopsal' (2003a, 2003b) examined were observed to be accompanied

(Akiyama 2001; Tsuneta 1996). The regions are also located2Y the impulsive HXR emission in the rise phase of an LDE

beneath the reconnection points and are defined by magneti(gi\rsr’]f}’gsvscc;lﬁllg tnirﬂ¥(§iﬁ'gsfg:3 r?}?}%g?ssrggcgﬁtsvée;g tsljige
flux that has just gone through reconnection. Therefore, the :

regions can be used to obtain some direct information aboutmc the flare structure was huge, and too many downflows were

the magnetic reconnection process.

Recently, Innes, McKenzie, & Wang (2003a, 2003b) reported
similar downflows in extreme-ultraviolet (EUV) images obtained
with the Transition Region and Coronal Explorer (TRACE;
Handy et al. 1999; Schrijver et al. 1999) and the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER) instrument (Wil-
helm et al. 1995) aboard ttselar and Heliospheric Observatory
(SOHO; Domingo, Fleck, & Poland 1995). By using thiRACE

images, we have been able to examine downflows with higher

spatial resolution than was done withhkoh/SXT. Furthermore,

the SUMER data give spectroscopic information about the down-
flow. The results of spectroscopic analyses, which Innes et al.
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observed at a time. On the other hand, in the 2002 July 23
solar flare we observed thERACE downflows and the im-
pulsive HXR bursts simultaneously. Furthermore, we revealed,
for the first time, that each downflow is correlated with HXR
emission, since we could see few downflows at a time. In § 2,
we summarize the observational data and the features of the
flare. In § 3, we examine the downflows. We investigate the
times when the downflows are seen and compare them with
the nonthermal radiation in HXRs and microwaves. In 8 4, a
summary and discussion are given.

2. OBSERVATIONS

A large solar flare (X4.8 on th6&OES scale) occurred in
NOAA Active Region 10039 (ST2 E72) at 00:18 UT, 2002
July 23. It showed a lot of spectacular features, which have
been reported in a number of papers (e.g., Lin et al. 2003),
and is famous as the first event in whigkray images were
successfully obtained (Hurford et al. 2003) with tReuven
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Fic. 1.—Top: Temporal evolution of the 2002 July 23 flare in EUV 185
obtained withTRACE. Solar north is up, and west is to the right. The horizontal
and vertical axes give the distance from the disk center in units of arcseconds.
The white arrows indicate the downflows. The cross-shaped fringe structure is
due to diffraction.Bottom: Light curves of the 2002 July 23 flarEBrom top to

—
S
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bottom: Radio correlation plot observed at 17 GHz with NoRH, HXR count rate
measured witrRHESS (50-100 keV), and SXR flux in th&OES 1.0-8.0A
channel. The two dotted vertical lines show the time range of the time slice
images in Fig. 2.

Ramaty High Energy Solar Spectroscopic Imager (RHESS;
tions, formation of postflare loops, downflows, and so on, are

limb.

MNoRH___-

RHESSI

|
.

00:24

00:28

Fic. 2.—Top left: EUV image of the flare obtained wiffRACE. The black
solid lines illustrate the position of the slit lines | and Top right and middle:

Lin et al. 2002). Moreover, the vertical evolution, such as ejec- Time-sequenced EUV (198 ) images obtained ViRACE along the slit
lines | and II, respectively. The horizontal axis is time (UT), and the vertical

. S axis is the space along the sliBottom: Microwave (17 GHz) and HXR (50—
clearly seen, since the flare site is located near the southeasiog kev) light curves obtained with NoRH aHESS, respectively.

EUV images of the flare were obtained witRACE. We used L
195 A images, in which the Feu line formed at~1 MK is This time range corresponds not only to the decay phase but
dominant. An emission line of Fexiv, formed at~20 MK, is also to the impulsive and main phases of the flare (see the light
also contained but is usually much weaker (Handy et al. 1999).curves of Fig. 1). Here we concentrate on the vertical motion
The pixel size of the CCD is"D, and the temporal resolution ~and the timing of the downflows. The top right and middle panels
is about 9 s. The top panels of Figure 1 show the temporalin Figure 2 show time slice images from 00:20 to 00:40 UT
evolution of the flare in the EUV. We cannot see clearly the (N€gative images). This time range of the time slice images cor-
postflare loops owing to saturation of the images, but we canteésponds to the impulsive phase, and the chosen area is the
see a cross-shaped fringe pattern, like fish bones, due to dif_sandwmhe_d duration with two vertical d(_)tted_llnes in the_ bottom
fraction. Although the superhot plasma region is much fainter Panel of Figure 1. The bottom dark (bright in the real images)
than the postflare loops, it is visibly spread above the loops. "€gions are postflare loops. They are so bright in TRACE
Krucker, Hurford, & Lin (2003) performed the co-alignment images b_ecaus_e of saturation that no f|ne_ structure is |plent|f|ed.
between the HXR data of the flare obtained WRHESS and Above this region, we can see a much fainter dark region—the
the EUV image WithTRACE and reported that the HXR coronal superhot region. Several downflows can be seen, which are
source is seen in tHRHESS low-energy range, 12—18 keV, and pointed out with arrows. The apparent speeds of the downflows
is located on the superhot plasma region seen inTRA&CE are between 100 and 250 km'sThey are decelerated at the
195 A images. Emslie et al. (2003) performed imaging spec- ©OP of the postflqre loops. The bottom pane_l in Figure 2 shows
troscopy of the source and reported that the region consists ofh® HXR and microwave light curves obtained wRHESS
thermal plasma, which has a high temperature of up to 40 MK. (50-100 keV) and NoRH (17 GHz), respectively. The arrows

To examine nonthermal electrons, we also used the micro-Point out the same times shown in the upper panels. They cor-
wave total flux measured with the Nobeyama Radioheliograph "espond to the times when nonthermal bursts occur. The HXR
(NoRH; Nakajima et al. 1994) and HXR data taken with and microwave intensities are thought to be proportlonal to the
RHESS. The bottom panel of Figure 1 shows the light curves @mount of the magnetic energy released per unit time (Neupert
of the flare in microwaves, HXRs, and SXRs. The top line is 1968; Wu etal. 1986; Hudson 1991). Therefore, the results imply
that of NORH, 17 GHz, the middle one is thatRIHESS, 50— that the downflows appear when strong magnetic energy release
100 keV, and the bottom one is that of tB®OES 1.0-8.0A occurs and that they are, or are correlated with, reconnection
channel. As White et al. (2003) reported, the light curve in Outflows.

microwaves is quite similar to that in the HXR high-energy ~ T0 make the relation more clear, we plotted the correlation
range (greater than 50 keV). plot between the times of the nonthermal bursts in HXR/mi-

crowave and those of the downflows in Figure 3. The horizontal
3. TRACE DOWNFLOWS (light gray) and the vertical dark gray) thick lines illustrate
In the 2002 July 23 flare, we can see some dark downflowsthe times of the downflows and those of the nonthermal bursts,
above the postflare loops between about 00:26 and 01:20 UTrespectively. The times of the nonthermal bursts are chosen to
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ones, have their HXR burst counterparts, and the occurrence
of the correlation is significantly higher than that of the random
case.

T T T I B B B

00:34

4. SUMMARY AND DISCUSSION

We have examined in detail the evolution of a big two-ribbon
; flare that occurred on 2002 July 23. We found downflows above
% - the postflare loops, and they are seen not only in the decay phase
L i but also in the impulsive and main phases. Furthermore, they
00:30 - & appear to correspond to the times when nonthermal bursts in
microwaves and HXRs occurred. This result implies that the
downflow motions occurred when strong magnetic energy was
y released and suggests that they are correlated with reconnection
00:28 - _ outflows. Thus, we have been able to add a new piece of ob-
X 1 servational evidence to the model that downflows are reconnec-
: tion outflow (McKenzie & Hudson 1999; McKenzie 2000).
, X Another piece of observational evidence of reconnection out-
00:26 N flows is the X-ray plasmoid ejections, which have been studied
Jul N_Tiuaauuns S e ¥ by several authors (Shibata et al. 1995; Tsuneta 1997; Ohyama
00:26 00:28 00:30 00:32 00:34 & Shibata 1997, 1998). Kahler et al. (1988) reported the similar
relationship between filament eruptions and HXR emissions.
These observations revealed a close relationship between plas-
moid ejections and HXR emissions and showed that plasmoids/
[‘”\ filaments are strongly accelerated during the impulsive phase
NoR \r"\\ u\,f (i.e., during an HXR burst). A good review of the correlation
RHESSI y B between plasmoid ejections and HXR emission is presented by
Aschwanden (2002). Recently, H. Takasaki (2003, private com-
munication) found multiple X-ray plasmoid ejections, which
were associated with the 2000 November 24 flare. He reported
Fic. 3.—Top: Correlation plot between the times of the nonthermal bursts that each of the ejections appears at a time corresponding to
and those of the downflows. Both the horizontal and vertical axes show the each HXR peak in the impulsive HXR emission. Moreover,
e 155, SNSEIY & Wang (2002), from observatons wilh the Large
respectively. The width of the thick lines shows the amount of error approx-‘ Angle Spectrometrlc_: Coronagraph abo&@HO, reporte_d that
imately. Bottom: Microwave (17 GHz) and HXR (50-100 keV) light curves ~ POth the downflow-like features and the upward motion occur
obtained with NoRH an®RHESS, respectively. The thin solid line shows the ~ Simultaneously. From these results, we suppose that both the
points where the times of the downflows correspond to those of the HXR downflows and the p|a5m0id ejections are reconnection out-
bursts. flows. We present a cartoon of this model in Figure 4. Plasmoids
are generated in the current sheet, and are ejected downward
be the peak times of the bursts, except for the second from the({downflows) and upward (X-ray plasmoid ejections), when
left (dashed line). The HXR burst, which starts at 00:27:30 UT, strong energy releases occur (Fig).4Therefore, the corre-
is the biggest, and seems to consist of some subbursts. Therdations between plasmoid ejections, or downflow, and HXR
fore, we chose the middle time from the start to the peak of bursts represent a plasmoid-induced, nonsteady reconnection
the burst, instead of the peak time. In the bottom panel, we (Shibata 1999; Shibata & Tanuma 2001). As summarized in
show the microwave (17 GHz) and HXR (50-100 keV) light Table 1, downflows show common features with X-ray plas-
curves as a comparison. The times of the downflows are se-moid ejections.
lected to be the times when the downflows enter the superhot What on Earth (Sun?) are the downflows? To answer this
region. To determine the time, we drew a line to follow the question, we have to examine the mechanism and the process
top edge of the superhot region in the time slice images. Then,of magnetic reconnection and the relationship between the re-
we extrapolated the path of each downflow and chose the in-connection outflow and the downflow in much more detail. A
tersection of those two lines as the time of the downflow. The reconnection model and numerical simulation based on the
thin solid line shows the points where the times of the down- model, which is consistent with all the features of the down-
flows correspond to those of the HXR burstiafonal line). flows, such as the low-density, high—Doppler shift relationship
Only the line indicates a relationship between the two light with the bursts of nhonthermal emission, is required. Some au-
curves. These times have fairly large errors, but neverthelessthors, such as Kliem, Karlicky& Benz (2000), Tanuma et al.
cross pointsdrosses) of both the times lie along the diagonal (2001), and so on have performed numerical simulations of
line. Therefore, Figure 3 supports the suggestion that the timesmagnetic reconnection and have shown that fractal plasmoids
of the downflows correspond to the times when nonthermal are generated in the current sheet. Kliem et al. (2000) also
bursts occur. To confirm this, we compared two time sequencesapplied their results to the observed features in microwave
of randomly occurring hypothetical features corresponding to emission. Those plasmoids are ejected bidirectionally, associ-
HXR bursts and downflows and plotted them in the same way. ated with the enhancement of reconnection rate. Forbes & Priest
Then, we confirmed the probability that the relationship such (1983), Cheng et al. (2003), and so on have studied the rela-
as indicated in Figure 3 could happen by chance is about 50%-tionship between plasmoid ejection and enhancement of energy
60%. In the present case, all the downflows, at least observableelease in their numerical simulations. Furthermore, TanDokoro

Time of Downflow [UT]

00:26 00:28 00:30 00:32 00:34
Time of Nonthermal Burst [UT]
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Fic. 4—Model of the downflows and plasmoid ejectiona) Front view
of the structure. Many plasmoids are created inside the current siregt (
region). (b) Side view. The current sheet is modified owing to some in-
stabilities.
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TABLE 1

COMPARISON BETWEEN THE FEATURES OF THE PLASMOID
EJECTION AND THOSE OF THE DOWNFLOW

Parameter Plasmoid Ejection Downflow
Velocity (km s) ...... 30-500 45-500
Size (KM) ....ovvvnnnn.. (1-10x 10 (2-10) x 10°
Density (cm?®) ......... (1-10)x 10° ~10%
Impulsive phase....... Yes Yes
Decay phase.......... No Yes
HXR/microwave....... Yes Yes

2The temperature of downflows is still uncertain.
® New finding in this Letter.

of Fig. 4b), which is similar to the shape of the downflows.
These works may help to explain what downflows are.
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