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Abstract We carry out a detailed analysis of the X3.5 solar flare thatioed on
2002 July 20, which is the strongest partially limb-occditiare ever observed by the
RHESSI satellite. The main results are: (1) during the maijpulsive phase that lasts
~ 10 minutes, the motion of the thermal sources follows a Usshdrajectory. Non-
thermal sources move in a similar way, but in a series of fazggzags. We further
show that the non-thermal sources are actually leading dinéraction motion. (2)
During the main impulsive phase, X-ray sources at diffeegrgies continuously
form a loop-like configuration, with the highest energy s@ugup to~ 100 keV) and
the lowest energy source (down 010 keV) being located at two ends. The entire
loop-like configuration moves in a U-shaped trajectory, levtkieeping the order of
descending energy from highest to lowest during motion. fwo-thermal hard X-
ray sources with different energies are spatially well sgfgal in the distribution. The
unusual complexities of the X-ray emissions in the tenualarsorona challenge
interpretations using bremsstrahlung in a simple maguwetifiguration.
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1 INTRODUCTION

During solar flares, a large amount of free magnetic enerdgaissformed into the acceleration
of energetic particles (Miller et al. 1997). However, theamanism for particle acceleration in so-
lar flares is still not well understood. Hard X-ray (HXR) esian from solar flares is frequently
analyzed to investigate the mechanism of particle aca#erasince HXR emission during solar
flares is generally believed to be produced by high energstreles via bramsstrahlung processes
(Brown 1971). As bremsstrahlung emission is proportionathie ambient density, intense HXR
sources generally appear at chromospheric footpoint negidoyng et al. 1981). In the low den-
sity corona, HXR emission (coronal HXR source) is usuallychtainter. When intense footpoint
emission appears, coronal sources are very difficult torobsdue to the limited dynamic range of
current X-ray imaging telescopes. However, coronal HXRreesi are of particular importance for
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studying the mechanism of electron acceleration, sincéottation of the acceleration site is gener-
ally assumed to be located high in the corona. On the othet,the mechanism for the production
of HXR emission and evef-ray emission from the low density corona is not well undestei-
ther (Chen & Bastian 2012). Hence, HXR observations madetivé Reuven Ramaty High Energy
Solar Spectroscopic Imager (RHESSI) (Lin et al. 2002) hdtra@ed a new round of attention to
coronal HXR sources in recent years (Krucker et al. 2008aefiedences therein).

For flares occurring just behind the solar limb, HXR footg@mission can be completely oc-
culted and coronal HXR emissions can be observed withoagtéenited by the dynamic range of
HXR imaging telescopes. Therefore, footpoint occultecBiare very valuable for studying the be-
haviors of thermal and non-thermal emissions in the condfiale the study of coronal HXR sources
dates back to the early 1970s (e.g., Frost & Dennis 1971)lameéra of the YOHKOH spacecraft
(Kosugi et al. 1991; Tomczak 2001; Tomczak 2009), RHESSh wé unprecedented high spatial,
spectral and temporal resolution in HXR observations, Imablked a great deal of progress in this
field (Krucker et al. 2008b; Krucker et al. 2010). For corad&IR sources, the most frequently stud-
ied topic is the spatial relationship between thermal andthermal sources, like the above loop-top
source reported and studied by Masuda et al. (1994). Prestadies usually assume a radial depen-
dence or height dependence. However, we have seen thdtmraadian can be a special case (Shen
et al. 2008; Veronig et al. 2006). Therefore, there is a gtqoossibility that a non-thermal source’s
position has an offset not only in the radial direction boaih longitude and latitude. This may
be one of the reasons why later studies indicate that the diéaflare is not typical, since at most
times the projection effect will occur. In the same senseemilie accept the statistical survey made
by Krucker et al. (2008b), who showed that thermal and n@nrtial emissions are often co-spatial
with each other, and at times, they can be separated by a és@camds, then we should be aware
of the projection effect. From this point of view, we are atdleinderstand why non-thermal sources
are below thermal sources in some flares (e.g., see fig. 12nefZak 2009).

Coronal HXR sources are often very weak, and thus HXR phdtaws often been roughly clas-
sified into two energy bands during previous investigatitimsrmal and non-thermal. Their spatial
relationship is used to infer the mechanism of HXR emissiod @ven the scenario of magnetic
reconnection or particle acceleration. As is well knowrherinal X-ray source itself contains con-
tributions from an energy band (e.g., from 10 to 30 keV), amdces a non-thermal HXR source.
The spatial distribution of thermal sources at differergrgy bands gives a temperature structure
and, thus, the direction of the thermal energy flow or thetfmsof energy release. For non-thermal
HXR sources at different energies, the previous results baually assumed that they are co-spatial.
For this, we need strong limb-occulted flares to provideitbgtanformation.

In this paper, we analyze a partially occulted X3.5 flare titaturred on 2002 July 20. This flare
is the most energetic partially occulted event ever obskioyeRHESSI. HXR emission is observed
up to 200 keV. In particular, non-thermal high energy eroisst> 30 keV) lasts for more than
25 minutes. This provides us with an unprecedented oppityttminvestigate the spatiotemporal
relationship between thermal and non-thermal sourcesicdhona.

The paper is organized as follows. Observations and asaysigiven in Section 2. In Section 3
we discuss the results, and conclusions are given in Settion

2 RESULTS
2.1 Temporal and Spectral Behaviors

The flare analyzed in this paper occurred on 2002 July 20,tWwé&lGOES soft X-ray (SXR) starting
to increase around 20:00 UT. The flare occurred in the actigimsn NOAA 10039, which produced
many flares during its transit across the solar disk, inclgdne famous-ray flare on 2002 July 23
(Lin et al. 2003). Extrapolating the flare’s location fronettime when AR 10039 was visible on the
disk to the flaring time shows that the flare occurred abotitbighind the east limb from Earth’s
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perspective, corresponding to an occultation height oua86 Mm in the radial direction. Thus,
its HXR emissions purely originate from the corona. Desttite effective occultation, RHESSI
recorded intense HXR emission up 200 keV. From RHESSI’s database, we find that it is the
most energetic partially occulted flare ever observed bgétellite. Examining the history of X-ray
observations of coronal sources for large flares, OrbitiolgiSObservatory 5 (OSO-5) had detected
X-rays up to 220 keV from a highly occulted flare (Frost & Denhd71), however, OSO-5 had no
imaging capability. Therefore, the flare presented hererges a thorough analysis.

The flare belongs to the class of long duration events; the 8Xigsion lasts for almost 10
hours. Figure 1 shows the X-ray and microwave light curvestserved by GOES, RHESSI and
the Ovens Valley Solar Array (OVSA) (Gary & Hurford 1990). AOES SXR time profile between
20:00 and 23:00 UT is plotted in Figure 1(a). Two RHESSI rsgitcurred during this time period.
From the GOES light curve, we can see a long early rising pfrasee than one hour) that precedes
a later impulsive phase. During this period, ejections ofamal are seen in HXR anddd which
are addressed in Section 2.2 of this paper. Figure 1(b)4dty the HXR light curves obtained from
RHESSI data in seven energy bands from 20:10 to 21:50 UT. EmerRHESSI light curves, we can
see that emissions 30 keV are much more gradual than emission80 keV. The different time
profiles reflect the existence of two components in this fidaermal and non-thermal (Krucker et al.
2007a). The time profiles for emissions30 keV have two rounds of enhancement. The first round
consists of one HXR peak characterizing the main impulshasp of the flarex 21:05-21:15 UT).
The second round apparently consists of three small HXRgeédrting at about 21:27 UT. As we
will see below, the peak from 21:33 to 21:37 UT (Fig. 1(c)) slaet come from the flare’s emission.

Figure 1(d) plots the light curves of microwave emission.étdnd 16.4 GHz, as observed by
OVSA. OVSA's microwave observation covers 45 frequenciemfl to 18 GHz with a cadence of
4 s. Unfortunately, we were not able to construct a map of titeawave emission for this flare (Lee
J., private communication). Figure 1(d) shows that the aweve light curves show a good corre-
lation with HXR emissions at higher energies 80 keV), showing two rounds of enhancement.
The second round of microwave emission is even strongertti@emission from the first round
by nearly one order of magnitude, attainingsfu. The difference is due to the different emission
mechanisms associated with HXR and microwave. Microwavethermal gyrosynchrotron emis-
sions depend on many parameters including the strengtleeh#ignetic field as well as the amount
of mildly relativistic electrons, their energy spectrals and anisotropy, trapping and accumulation
efficiency, etc. (Fleishman & Melnikov 2003; Melnikov et 2D02). From the comparison with the
HXR light curves> 30 keV, we find that the last HXR peak (Fig. 1(c), 21:33-21:37 does not
come from the Sun; rather it should arise from a perturbatemsed by magnetospheric particles
around the RHESSI satellite.

The time profiles of X-ray emissiorn30 keV (Fig. 1(b)) look similar to the GOES soft X-ray
emission (Fig. 1(a)). However, as mentioned above, X-mgytlcurves>50 keV (Fig. 1(c)) show a
good correlation with their microwave counterpart (Fig))(Microwave emission arises from non-
thermal gyrosynchrotron emission. From the light curvies,ttansition of energy between thermal
and non-thermal X-ray emission can be estimated to be inahger of 30-50 keV. To precisely
distinguish between thermal and non-thermal emissionpgatsal fitting to the X-ray emission is
needed. During the second and third peaks (the second réXachy enhancement), HXR emission
is contaminated by emissions from magnetospheric pastiéde only create spectra during the
period of the first peak~ 21:06—-21:19 UT), and assume a similar spectral behavighéorest.

Figure 2 shows nine spectra, and the time for each spectryiotied in Figure 1(b) using
vertical parallel lines. Most of the spectra are readilyohesd into two components: thermal and
non-thermal. After a number of tests, we find that a multithed and broken power law with a
fixed power law index of —1.5 below the break represents the\dall. It is worth mentioning that,
for some fittings, the value of chi-square arises mainly fthenthermal fitting around 10 keV. The
fitting results show that HXR emission above 40 keV can begaégarded as non-thermal.
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Fig. 1 X-ray and microwave time profiles of the 2002 July 20 flare G&ES soft X-ray (1.6 keV)
time profile from 20:00 to 23:00 UT. During this time periodiat RHESSI nights occurred. (b+c)
RHESSI hard X-ray time profiles at different energy bandsrduthe period 21:00-21:50 UT. (d)
Microwave time profiles from OVSA at 1.6 GHbl(€) and 16.4 GHzlglack) during the same time
period as panels (b) and (c). In the lower part of panel (n)e mpairs of vertical adjacent parallel
lines show the positions of the nine time periods for the spen Fig. 2.
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Fig. 2 Spectral fitting results during the nine time periods shawpanel (b) of Fig. 1. The data are
shown as histograms, and the sum of all the fitted componemjizén as the solid black line. We
can see that most of the spectra are clearly resolved intm#ie@nd non-thermal components. The
best explanation for each of the data is found to be a mutiperature thermal fittingo{ue line)
plus a broken power-law fittingéd line).

Near the peak time of the flare, the flux at 50 keV is well aboephoton s! cm~2 kevV—!
from the two dotted lines in Figure 2(c). For occulted flam#her by observation or extrapolation,
the flux at 50 keV is usually around 0.01 photort £m~2 keV~! (Krucker et al. 2008b). Again,
from a spectral point of view, this is an energetic partialtgulted flare.

Figure 3 shows the temporal evolution of the spectral pararseduring the main phase
(21:05:36-21:15:00). Thermal emissions dominate beloke30and initially show the hottest tem-
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Fig. 3 Temporal evolution of the spectral fitting parameters in Big

peratures, followed by slowly decreasing temperatures.erhission measures slowly increase with
time. Compared to the statistical results for flares, thengis among those with flat or hard spec-
tra. The spectral evolution behavior shows the usual saftHsoft pattern, and the breakup energy
between the thermal and non-thermal sources slowly inesaaih time.

2.2 Ha and X-ray Jets during the Early Phase

This event was also observed by the EUV Imaging Telescopg @Il%ﬁ (Delaboudiniere et al.
1995) onboard the Solar and Heliospheric Observatory (SJo&f@ full disk Hx telescope at the
Big Bear Solar Observatory (BBSO). The full disk EUV and ldbservations show no emissions
from the disk, confirming that the flare’s footpoint emissi@me fully occulted.

As stated above, from the GOES soft X-ray light curve, thera islowly rising phase that
lasts for more than one hour before the onset of the impufghase (Fig. 1(a)). During this phase
several Hv ejections appear along parallel directions. The lower |[sasfd-igure 3 give the temporal
series of an 4 ejection during 20:09:37-20:17:37 UT. The ejection sp@&agthes 90 kms'. All
Ha ejections fade away at certain heights. The informatioruaitfee position of a BBSO image
is obtained from an alignment with a continuum image takervii3! onboard SOHO by visual
sunspot matching. The accuracy of the alignment is estin@téoe within2”. A RHESSI night
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Fig.4 Upper panels: a series of RHESSI maps showing an X-ray ejection (8—15 kkMng the
slowly rising phase £ 20:09-20:13 UT). The contour levels are the same for all fintervals,
being 50%, 70% and 90% of each maximum emission. The whiteeddline marks the axis of the
ejection.Lower panels: Ha ejections during the slowly rising phase. On the first Map, contours
of the X-ray emission correspond to the first X-ray map in thpar panels which are over plotted.
Regarding the descending motion of the non-thermal souseesFig. 5 for more details.
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occurs during this phase, however, we can still make someS8#ifhaps before the night (upper
panelsin Fig. 4). RHESSI maps in the energy band 8-15 ke\twiwere obtained with the CLEAN
imaging algorithm (Hurford et al. 2002), clearly show a sin¥atay source being ejected from an
elongated source. Because RHESSI is not a direct imagitrgimsnt, the jet-like signature observed
by RHESSI may correspond to an SXR jet. As we can see, thetidineaf the X-ray jet is along the
direction of the Hv ejections.

2.3 U-shaped Trajectory of Thermal and Non-thermal Sources

The flare has sufficient counting statistics to make it pdsgib analyze the coronal HXR source
with high temporal and spectral resolution. Firstly, we iaterested in its motion during the flares.
For the first time, we will show the motion of a non-thermal HE&urce. For this purpose, we make
CLEAN maps in the energy range 10-20, 20-30, 30—-40 and 40eV0With a time resolution of
16s. From the results of spectral fitting in Figure 2, emissabove 40 keV can be safely taken
as purely non-thermal, especially during the rising phisshould be pointed out that the coronal
source is very complex. The emission sources are sometiragsiarly shaped and consist of double
emission kernels. There is no standard way to define an ea@attdn for such sources. Nevertheless,
the concept of ‘center of mass’ (a centroid) is a statidiicabrrect first order way to define the
location of the irregularly-shaped sources. When a sogroet a single source with a round shape,
the position of the centroid is neither the site of maximunission nor a symmetrical center. To
add the weight of the maximum emission site, we measure theass centroid position within a
contour level of 50%. For the value of the centroid itselg érror is withinl”” (Hurford et al. 2002).
Sometimes, the change in centroid values contains a catitibfrom the changes in the brightness
distribution within the 50% contour. However, as we will sdge use of centroids can generally
reflect the motion of the HXR sources in this flare.

The temporal series of centroid positions for the four epéands is plotted in Figure 5. We can
see that the motion of pure thermal sources follows a smoeathdped trajectory (Fig. 5(a)). We also
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Fig.5 Trajectories of the coronal sources at different energydbaArrows represent the direction
of movement for the centroids. In each panel, a dotted U-athépe fitting the smooth trajectory at

10-20 keV is shown. Four red arrows that correspond to the sene periods are specially drawn
to show the obvious descending motion of the non-thermal KX&ces. Note that higher energy
sources are actually leading the motion. This causes diffaimes for the turning point of the U-

shaped trajectories at different energy bands,©.81:09:00 UT for 10-20 keV and 21:08:20 UT
for 40-70 keV.

see that the centroids of non-thermal sources have largguditions. Non-thermal sources move in
a series of large zigzags, but a U-shaped pattern of motinrclearly be seen. Thus, we can say
that the trajectories at all energies follow a U-shaped gomdition. The timing for the turning point
roughly corresponds to the peak time of the flare’s main isipalphase. The U-shaped trajectory
can be associated with the “early contraction” and “latgragsion” of flare loops (Shen et al. 2008).
Loop contraction is generally seen as a continuous motidinesmal emission from higher to lower
altitude for a few minutes followed by an increase in altéutat exceeds the initial starting point
within a few minutes. Actually, for several of the coronaliszes analyzed recently in the literature,
we can see early descending motion followed by later asogndiotion in altitude (e.g., Krucker
et al. 2007a; Krucker et al. 2007b). It is worth noting that thotion is not in the radial direction

at all.
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Fig. 6 HXR maps of four energy bands during four time periods. The fone periods are the same
as the ones for the red arrows in Fig. 5. Contours are show@%t 30% and 90% levels of each
maximum emission. The yellow arrows show the direction ofaading time and the plus signs
show the position of the computed centroids.

This is the first time that non-thermal HXR sources have beeealed to have a similar pattern
of movement as the thermal sources. In Figure 5(d), four rema are specially drawn to show
the obvious descending motion of the non-thermal part ottrenal source. The red arrows in all
panels of Figure 5 correspond to the same time period. Itsy &anote that higher energy non-
thermal sources are setting the phase, i.e. non-thermatesmare actually leading the way during
the U-shaped motion. This causes different times for tharngrpoint of the U-shaped trajectories at
different energy bands, e.g.21:09:00 UT for 10-20 keV and 21:08:20 UT for 40—-70 keV. Hére,
is worth mentioning that the 2002 July 23 flare (homologouki®flare) has given us what appears



970 J. H. Shen et al.

to be a new class of coronal HXR sources, namely coronal eetihat precede the impulsive phase
(Lin et al. 2003). This coronal source also has a U-shapetmand a fixed temperature gradient.
However, for this flare, little information can be found abthe non-thermal part of the coronal
source due to the appearance of intense non-thermal fowggoission.

The U-shaped trajectory of the non-thermal sources idyatakbxpected. For the sake of clarity,
in Figure 6, HXR maps for the four energy bands during fouretiperiods are plotted together for
visual inspection. In Figure 6, the four time periods aresame as the ones for the red arrows in
Figure 5. Contours are shown at 50%, 70% and 90% levels of magimum emission. From the
emission kernels and ‘+’ signs (the position of computedrceas), it is clear that the- 40 keV
non-thermal source has the kind of descending motion deplay the red arrows in Figure 4. This
shows that the centroid obtained with the ‘center-of-massthod can be used to trace the motion
of the HXR sources.

2.4 Spatial Distribution of Thermal and Non-thermal Sources

For a coronal source, what we are always interested in areldive positions between the thermal
and non-thermal sources. For this purpose, we make CLEANsrmapight energy ranges with a
time resolution of 16 s during the impulsive period of thedlé21:05-21:30UT). The energy bands
are 10-12,12-14,14-16, 16—-20, 20-25, 25-30, 30-50, aridB®keV, respectively. For this study
we use centroids computed in the same way as in Figures 4 &ndiable result is that the centroid
positions of the non-thermal and thermal sources form aepedontinuous loop-like configuration
during a number of time periods.

Figure 7 shows one example for the time period 21:08:12-828UT. From Figure 7(a) we
can see an obvious loop-like spatial distribution for ceials with different energies. Furthermore,
the loop-like configuration is formed in order of descendingrgy, with the highest energy emission

150 Emmm TTEETTEL FEETT T I TP UVTY IVRUVETTEE INUTRRETRN PRI T TN

RHESSI 21:08:12-21:08:28 UT

1704

+ \\
E +

E 50—100kkev
2103 30-50 keV
2103 35 30 kev

1 10-12keV
AN S —

-980 -970 -950 -930 -910 -980 -970 -950 -930 -910

Fig. 7 A sample loop-shaped configuration of X-ray emissions d¢iht energy bands during the
period 21:08:12-21:08:28 UT. (a) The spatial distributadrthe centroid positions of the sources
at eight energy bands. (b) RHESSI contours overplotted amalteneous K image. The contour
levels are at 95% of the maximum emission. The eight energgidishown with different colors are
listed in panel (a). The solid line shows the Sun’s limb.
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Fig.8 Temporal evolution of the spatial configuration formed wiitle centroid positions (plus
signs) of the coronal sources at eight different energieadthe main X-ray peak phase (21:05:16—
21:13:16 UT). The solid line shows the Sun’s limb, and th@tepresent different energy bands
(cf. Fig. 6). The whole configuration follows a U-shaped rantias depicted in panel (y).

sources (up te-100 keV) and the lowest energy sources (down-f® keV) being located at two
ends of the loop. The two legs are distributed with thermal mon-thermal sources, respectively.
We plot 95% contours of the HXR emission at the eight diffeemergy bands over a single map,
as shown in Figure 7(b), and see a similar configuration fersghatial distribution. The loop-like
spatial distribution is maintained for about seven mindi@sng the main impulsive phase.

Figure 8 plots the temporal evolution of the loop-like splatlistribution formed by the cen-
troids of the HXR emission at the eight different energy tsddring this time period. Apart from
panels (a)-(d) and panels (v)—(x), the loop-like spatiatritiution looks very solid. Actually, the
whole configuration is moving, following the U-shaped pattcontraction and expansion as re-
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Fig. 9 The spatial configuration of X-ray emission in the contextef and EUV flare images at
the later two peaks (cf. Fig. 1). Upper rows: contours atedéht energies (3-8, 8-12, 12-18, 18—
28, 28-50, 50-100 keV) during the time period 21:27:38-21:2 UT. The contour levels are at
90% of the maximum emission. Lower rows: similar to the upsvys, but during the time period
21:30:07-21:30:47 UT.

ported above. Panel (y) of Figure 8 clearly shows this. Dutire motion, the order of descending
energy in the loop-like distribution is maintained well. g the U-shaped motion, we can find that
thermal sources always have a regular temperature steyetith the direction of the temperature
gradient being fixed. Two non-thermal sources are spatiedly separated and are always situated
in one leg of the loop-like configuration. For example, dgr1:09:00-21:09:16 UT, photons larger
than 30 keV can be taken as non-thermal (see Fig. 2). Duriag#riod, the centroid positions for
the 30-50 keV and 50-100 keV sources are separated by morg’tha

Figure 9 shows the spatial relationship between the nomrtaleand thermal sources during the

following two impulsive peaks. We did not record spectraiagithis period due to high level particle
contamination from space. Nevertheless, non-thermatrelex appear with the strong microwave
emissions (approachirig? sfu) during this period as observed by OVSA (Fig. 1(d)). Tiermal

and non-thermal sources form a continuous spatial digtoibun order of descending energy. The
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configuration looks like what was reported by Masuda et &94). The centroid of the 50-100 keV
source (assumed to be non-thermal) is well abav¥)(the thermal EIT flare loops. It is worth
noting that the 50-100 keV source is situated in a dark natgion of the EUV emissions. Thus,
the 50-100 keV source is definitely from a region with fewearthal emissions and lower electron
density. Compared with the Masuda source, there are twerdiites. (1) Thermal and non-thermal
HXR sources form a continuous spatial distribution in omfestescending energy. Two non-thermal
sources are spatially well separated in the distributicretiwe assume that HXR emissions larger
than 45 keV are non-thermal. (2) The alignment of the distiim of HXR non-thermal and thermal
sources is inclined to the north with respect to the ver{iaial) direction.

3 DISCUSSION
3.1 Coronal HXR Emission Mechanism in This Flare

In this investigation, we obtained the spatial relatiopdbétween thermal and non-thermal HXR
sources and its temporal evolution. According to previgasstical results (Tomczak 2009; Krucker
et al. 2008b), the spatial relationship between thermalraordthermal HXR sources is highly di-
versified. The Masuda flare is very rare and not typical afalt.the coronal source of this flare, the
most interesting feature is that the centroids of the theamé non-thermal sources form a continu-
ous loop-like spatial distribution. The loop-like configtion is formed in an exact order for energy
with the highest energy emission sources (up to 100 keV) ladoivest energy sources (down to
10 keV) being located at the two ends of the loop. One leg isthermal and the other is ther-
mal. The loop-like configuration remains for at least sevénutes, during which time the whole
configuration has a U-shaped motion. Furthermore, two hemtal sources with different energies
are spatially well separated in the loop-like spatial disttion. During the two last HXR peaks, the
results are similar except the spatial distribution forma nearly straight line, which may be taken
as a special case for the loop-shaped configuration.

The contracting motion of thermal sources has been obsemedumber of solar flares (e.g.,
Sui et al. 2004; Li & Gan 2005, 2006; Veronig et al. 2006; Jagtal. 2009; Zhou et al. 2013; Liu
et al. 2004; Ji et al. 2007). This is the first time that thisdkaf motion has been shown for non-
thermal sources and may actually reflect the motion thatatds the site of particle acceleration.

As mentioned in the text, several images show double sowiteghe centroid appearing be-
tween the two sources. Mapping with longer time periods cosfithe co-existence of the double
sources. However, this may raise questions about usingo@ato represent the position and mo-
tion of the sources. As we have seen in Figures 6 and 7, theamting motion and loop-shaped
configuration are real, as verified by a visual inspectiorfatit, we carried out further analysis on
the sources of a limb occulted flare that occurred on 2002 Apfiihe reason for choosing this flare
is that nearly all RHESSI X-ray sources associated with tire fhre single ones with a round shape.
The analysis gave similar results, and these will be inadude future paper on statistical analysis.

What is the mechanism that produces coronal HXR emissiotisisnflare? Let us first con-
sider the thin-target model. In the thin target, energydedsr non-thermal electrons over a limited
distance are negligible. Assuming a nearly constant platenaity along the loop, a beam of non-
thermal electrons cannot produce well separated non-#léiXR sources. Then we consider the
thick target model. From the observed measure of thermastom 1.4 x 10%° cm~3) and the
source volume+{ 9 x 1027 cm?, estimated from the FWHM area to the power of 1.5)&1:09 UT,
the density of the thermal source is of the ordet.6fx 10'° cm~3. To stop an electron with 100 keV
of kinetic energy (which generates 50 keV HXR photons), awmi density ofl.7 x 102! cm~2 is
needed. Under such a density, the equivalent length camespto~ 4 x 10'° cm or 400 Mm.
An effective trapping can produce this length scale, butisppeonditions are needed for the trapped
electrons to produce the above-mentioned spatial disioibof HXR emissions at different energies.
To find these conditions we need to numerically model an HXd&iapenergy distribution using the
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kinetic Fokker-Planck equation for non-thermal electrpngpagating in an inhomogeneous mag-
netic loop and being scattered due to Coulomb collisionzifikeva et al. 2009) or wave-particle
interactions (Petrosian & Donaghy 1999; Stepanov & Tsa22K0ntar et al. 2012).

In considering the mechanisms for HXR emission from solaeflaKorchak (1971) concluded
that bremsstrahlung emission is favored in most cases htitirihierse Compton scattering (ICS)
could play a role if the ambient density in the source is lowthe framework of conceptual under-
standing, we can assume that the non-thermal part of the HXiBs@n in the spatial distribution is
produced by the ICS of keV photons in the corona on a beamativisitic electrons. During the pro-
cess of scattering, electrons lose their energy and theesedtphotons will have different energies.
Here, it is worth noting that the non-thermal emission se&0—100 keV) in Figure 8 is situated
in a dark notch region of EUV emissions. We argue that, in th&/ Elark notch region, the EUV
photons may have been converted to HXR photons via ICS. $rfltivie the existence of high energy
EUV/SXR photons (keV) is not a problem. In addition, the exiee of at least mildly relativistic
electrons is also not a problem because of the presencestdgdis of the flare of intense microwave
emission (see Fig. 1(d)). It is known that mildly relatiéselectrons producing microwaves are
trapped and accumulated in abundance in the upper partioiflaops (Melnikov et al. 2002). The
loop-shaped spatial distribution of thermal and non-tl@rsources is hard to reproduce, though
conceptually, it may be produced by scattered electronstwikeep changing direction during scat-
tering, or it may be the result of the magnetic fields guidiagiples. However, this would require a
scattering optical depth close to one if it is caused by IC8¢chvis unlikely given the relatively low
density of high energy electrons in the corona.

On the other hand, unlike small flares, the magnetic topetogf large flares are usually very
complex, giving rise to a complex emission pattern thatlehgles simple interpretation. For this
flare, we do not get an easy answer on the loop-like spatiatltaliion of HXR sources in order of
descending energy from the bremsstrahlung mechanism, fscexistence of two well separated
non-thermal sources is very hard to explain in the framewdillkCS. For ICS in solar flares, more
observations and analysis are needed. A detailed quarditstimation for the role of the ICS and
bremsstrahlung mechanisms in this flare will be carried nuhé following investigations (Chen,
B., private communication).

3.2 Preferred Direction

We have seen that the contracting and expansing motionsoaie the radial direction at all. The
overall direction of movement is north-easterly (Fig. MeTU-shaped trajectory forms at about 50
with respect to the eastern direction. For the thermal Xs@yrces, their spatial distribution forms
a temperature gradient that tells us the direction of enéloggy. During the motion of the HXR
sources, thermal sources are always aligned in a straightalnd in order of descending energy
(Fig. 8). Higher energy sources are located at a higher Htef§igures 5-6) along the expansion
path. The statistical distribution representing the dicgrof the alined thermal sources (10-12, 12—
14, 14-16 and 16-20 keV) shows that the direction of the algmt is northeastern and is in the
range of 30—40 with respect to the easterly direction during the main irspmal peak (Fig. 10). In
addition, the direction of the X-ray anddejections forms about 33orth of the easterly direction.

The preference for direction should reflect the basic fraotkvior magnetic energy release
in this flare. The pre-flare configuration and the evolutiorth& coronal magnetic field are very
important for understanding the process of magnetic reection. EUV images are usually used as
a tracer of the invisible magnetic fields.

Figure 11 shows a basic magnetic configuration before the fldre good viewing angle permits
us to clearly see the pre-flare magnetic configuration. Weseara magnetic loop (height: 30 Mm,
span: 60 Mm, north of the dotted line in Fig. 11(a)) and an alnopen field (south of the dotted
line) inclined toward the magnetic loop. There is a dark |éabkeled by the dotted line in Fig. 11)
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Fig. 10 (a) AnEIT 1954 image at 21:12:11 UT overlaid with contours (at the 90% llpgEthermal
X-ray emissions at four different energiegd; 8—-10 keV,yellow: 10-13 keV,green: 13-16 keV,
blue: 16—20 keV). The black solid line marks the east-west dimacand the black dotted line fits
the centroid positions of the thermal X-ray emissions atfthe energy bands. The acute angle
formed between the solid and dotted lines is defined as teetiin of the temperature gradient. (b)
The distribution (percentage) for the direction of the tenapure gradient obtained during 83 time
intervals (16 s) from 21:05:00 to 21:29:48 UT.

Fig. 11 EIT195A full disk images at 21:00:51 UT (a) and 21:36:12 UT (b) andittfdifference
image (c). The red dotted line marks the location and diveaf the dark lane between a magnetic
loop and an open field that is inclined toward the loop.

between the magnetic loop and the inclined open field. Threctdaon of the dark lane is 2/horth

of east. After the flare, part of the magnetic loop and the diea disappeared, as judged from a
difference image between 21:12:11-21:00:51 UT (Fig. J1E)T 195A flaring loops appear near
the dark lane region (Fig. 11(b)). The pre-flare ‘magnet&igetry and its evolution during the flare
suggest that magnetic reconnection may have occurred utettkdane region.
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Table 1 List of Four Angles with Respect to East

Direction of the X-ray (Hv) ejections (Fig. 4) ~ 33
Direction of the temperature gradient of thermal sourcéggufiés 8-10) ~ 30° — 40°
U-shaped direction of movement for the X-ray coronal sasi€ég. 5) ~ 50°
Direction of the EUV dark lane (Fig. 11) ~ 27°

Now, we have directions for four types of different featurBisey are nearly parallel and follow
a roughly similar direction (Table 1). This is the preferdicection for this flare. We propose that
the preferred direction may reflect the direction of the entisheet, assuming that the dark lane is
the magnetic separatrix layer (Demoulin et al. 1996), artcahd cool materials are ejected along
the direction of the current sheet (Canfield et al. 1996).

4 SUMMARY

The X3.5 solar flare that occurred on 2002 July 20 is the stshpartially limb-occulted flare
observed by RHESSI. Despite the occultation, an intense EiXiRsion is observed up to 200 keV.
Near the peak time of the flare, the flux at 50 keV is well abo®ephoton s cm™—2 keV~!, two
orders of magnitude larger than average. Importantly, #re’fi non-thermal HXR emissions lasted
for more than 20 minutes. Together with RHESSI'’s resolvioger, the strong flare has given us a
rare opportunity to carry out a detailed analysis of theispanporal relationship between thermal
and non-thermal coronal sources. Few partially occultedslan history could allow researchers to
conduct such a detailed study. After performing a comprsiveranalysis, we find the following:

(1) Basically, the centroids of thermal and non-thermal H¥dirces form a continuous spatial
configuration that is distributed in order of descendinggneDuring the main impulsive phase,
the configuration looks loop-like, with the highest energurge (up to~ 100 keV) and the
lowest energy source (down to 10 keV) being located at the two ends. Most important of all,
two non-thermal sources with different energies are welbasated in the spatial distribution.
The above features of HXR emission in the corona cannot blaiexul in the framework of the
thin target and are difficult to explain with a thick targe¢trsstrahlung model.

(2) Both thermal and non-thermal sources (or the loop-likefiguration) follow a U-shaped tra-
jectory during the main impulsive phase. This can be takeheasignature of contraction and
expansion. Higher energy non-thermal sources are actealiijing the way during the U-shaped
motion. This results in different times for the turning padithe U-shaped trajectory at different
energy bands. Nevertheless, the timing for the turningtpafithe U-shaped trajectory roughly
corresponds to the peak time of the flare. This is the first tima¢ a non-thermal HXR source
has been revealed as having an initial descending motitowfetl by a later ascending motion.
Itis likely that the site that produces energetic parti¢tes acceleration site) moves downward
and upward with the contraction and expansion of the flarpdoo

(3) During the flare, there is a strong preference for thectiva of the temperature gradient derived
from thermal X-ray sources at different energies betweer2@keV, even though the sources
are moving. The direction is found to be roughly paralleltpthe direction of the U-shaped
motion, 2) the direction of the X-ray ejections during thiiah slowly rising phase, and 3) the
direction of a dark lane between the magnetic loop that itappears and the nearby inclined
open field. The four directions are northeasterly and forraragie of about 36-50°from east.
The preferred direction may reflect the direction of the entsheet.
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