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ABSTRACT

We use high-resolution radio observations to study the physical parameters of a
flaring loop. The loop is visible at radio wavelengths due to gyrosynchrotron emission
by nonthermal electrons (energies typically above several hundred keVeeateel
by the flare. We are able to measure the loop thickness and length with a qmecisi
of order 7. We find that the loop length increases from about Bitially to about
80" in the decay phase of the event. The loop (averaged along its length) initially is
no more than Bwide. The soft and hard X-ray data obtained with the SXT and HXT
telescopes on the Yohkoh satellite are consistent with the same loop asesbaerv
radio wavelengths (although the soft X-ray morphology has some small differences
early in the event). This event was accompanied by a coronal mass ejeatican a
coronal dimming visible in SOHO/EIT images, so it involved a very largkime of
the corona, yet the radio observations clearly indicate that much of the energgeel
in the low corona was restricted to a region apparently no more than 2000 km.across
As the event proceeds the loop develops a bright feature at the looptop in both the radio
and soft X-ray images that cannot be reproduced in gyrosynchrotron loop models in
which the electron distribution has relaxed by pitch angle scatterindl tibdi loop.

This prevents us from using the flare properties to measure the magneticrieeigtbt
and variation along the loop. The bright looptop source may require that trapping of
electrons take place at the looptop late in the event.

Subject headings: Sun: flares — Sun: corona — Sun: radio radiation

1. INTRODUCTION

Observations of distinct magnetic loops are one of the major research tools fortanders
ing conditions in the solar corona. Because the corona is collisionless the transpbstsidal
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properties across field lines (as distinct from transport by motions of the iinedd themselves) is
very slow (i.e., the timescale for transport orthogonal to the field is much Iahgerother rele-
vant timescales such as propagation of plasma along the field anehAlfave transit times), and
the assumption that transport is predominantly along field lines, combined wittottservation
of magnetic flux, allows us to constrain some physical parameters that cannotdreeshsEUV
and soft X-ray observations of distinct loops can be used to infer temperanadbes to study
the dependence of physical parameters with height in the corona. Studies sucle dmtleelseen
used to test theories of coronal heating. Loops could in principle be used to infer todgid
strengths in the solar corona by using the observed change in the cross section of éHdwight
in conjunction with a measurement of the field strength at the loop footpoint in the phetes
(e.g., Klimchuk et al. 1992; Aschwanden 1998), although in practice it is not straighifdhe
identify the magnetic field at a footpoint.

Radio observations of coronal loops offer a quite different viewpoint. In particldaps
rendered visible by the gyrosynchrotron emission from nonthermal electrons amifzalyi valu-
able for the study of magnetic fields in the corona because the emission mechagisaepends
intrinsically on the magnetic field in the loop, and the emission mechanisnelisuwderstood.
Gyrosynchrotron loops have projection effects that are very different from thdsbited by
optically-thin bremsstrahlung-emitting loops. The dependence of loop appearance otaphysi
parameters has been investigated by a number of groups (e.g., Petrosian 1982; Deiflni& D
1982; Klein & Trottet 1984; Alissandrakis & Preka-Papadema 1984; Preka-Papadeniss&arAl
drakis 1988, 1992; Preka-Papadema et al. 1997; Bastian et al. 1998; Nindos et al. 2000; Kundu
et al. 2001b). However, only rarely have the observations been of sufficientyouealie used to
exploit this understanding. Seldom have complete loops been seen in the data. Mo/ typica
loop footpoints are seen (Shevgaonkar & Kundu 1985; Bastian & Kiplinger 1991; Alissandrakis
et al. 1993; Kundu et al. 1995; Nishio et al. 1997) or, at low frequencies, a portion of thepoopt
is optically thick and dominates the emission (Marsh & Hurford 1980; Marsh &081; Holman
et al. 1982; Shevgaonkar & Kundu 1985; Bastian & Kiplinger 1991). Gary et al. (1996) observed
a long-lived, large, complete flare loop but the emission mechanism was fHanenasstrahlung
and less information on the magnetic field structure was available.

More recently there have been several examples of flare loops suitable fdratimparison
with models. Nindos et al. (2000) observed a flare with the Very Large Arresioh the flare loop
was visible at 5 GHz and simultaneously the loop footpoints were imaged at 15 Thidy.were
able to show that the magnetic field in the loop varied from 870 G at the footpoint tG28@he
looptop, 1.9x 10° cm above the surface. By contrast, Kundu et al. (2001b) observed 3 more flares
with the Nobeyama Radioheliograph at 17 and 34 GHz in which complete loops were found, and
showed that the lack of variation in brightness along the loop required thatlibditte magnetic
field variation from footpoint to looptop. This is consistent with studies of nonfldoogs in the
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EUV and soft X-rays which show little change in the apparent thickness of loops botpdint
to looptop (Klimchuk 2000; Watko & Klimchuk 2000). We note however that selection exfitav
in which a complete loop is visible at high radio frequencies necessarégtsah favor of loops
with relatively little variation of B along the loop.

It requires radio data of exceptional quality in order to be able to measure amp@drame-
ters such as loop length as a function of time and loop thickness as a function ntdiatang the
loop. In this paper we take advantage of such data obtained with the Nobeyama Radrapélito
study the physical conditions in a flare loop and compare them with models and wathiXrages
from the Yohkoh spacecraft. The radio emission is produced by nonthermal eleatwalsrated
by the flare, and thus the properties of the loop reveal something about the acmelezgton
itself. We discuss the observations in the next section and then analyze theappysperties of
the flare loop in the following section. We then conclude by comparing the measuemigh
loop models in order to address the physical properties of the loop.

2. THE OBSERVATIONS

We use data from the following sources to study this event: (i) imaging data ahd B4
GHz from the Nobeyama Radioheliograph (NoRH); (ii) radio light curves at 9.4, 17 a@&H35
from the Nobeyama Radio Observatory polarimeters (NoRP); (iii) hardyXieages from the
Hard X-ray Telescope (HXT) on the Yohkoh satellite; (iv) soft X-ray gaa from the Soft X-ray
Telescope (SXT) on Yohkoh; (v) extreme ultraviolet images in the Fe XII Adme from the
Extreme-ultraviolet Imaging Telescope (EIT) on the SOHO satellitegvg longitudinal magne-
tograms from the Michelson Doppler Interferometer (MDI) on SOHO. Since tteesdds and data
processing are very similar to previous event analyses we will not providiésdatthem here; the
analyses are described in, e.g., Kundu et al. (2001a).

2.1. Time Profiles

Figure 1 shows radio and X-ray time profiles of this event. It occurred abdpaphic coordi-
nates S23E60 at 03:06 UT on 1999 May 29. The figure shows 9.4, 17 and 35 GHz time profiles at
1 second time resolution; time profiles in all four HXT channels (LO: 14—-23 keV, 28133 keV,
M2: 33-53 keV, H: 53-93 keV) at varying resolutions of order of seconds; and the GOES 1-10
keV light curve at 3 second resolution (the GOES classification was M1.6).

The 14-23 keV hard X-ray data start to rise at 03:06:40 UT, reach a peak at 03t08:dad
then stay at a high level for almost 6 minutes before beginning a gradual decayhdarreets with
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photons above 23 keV show a similar rise but then decay much more rapidly, $berets little
emission detectable after 03:12 UT. The GOES light curve has a gradual risdotsnot end
until the HXT LO channel starts to decay.

The radio data do not resemble any of the X-ray light curves, with a riséngfaat 03:08

UT, a relatively broad main peak lasting 3 minutes and then a slow decag gaatinuing for
another 20 minutes. The main radio peak has a radio spectrum falling with fregabove 9.4
GHz, implying nonthermal emission from accelerated electrons in coronghetia fields as the
emission mechanism (Dulk 1985; Bastian et al. 1998). Since the radio light doves resemble
either the nonthermal hard X-ray light curve or the thermal soft X-ray lighteume must attribute
the radio emission to a population of energetic electrons that is not identitedse that produce
the hard X-rays.

2.2. Magnetic Context

Figure 2 shows a SOHO/MDI magnetogram at the time of the flare (white contayrsj-s
imposed on a preflare SOHO/EIT 18&-e XII image and black contours showing the location of
the flare loop in a post-flare SOHO/EIT 185Fe X image. Since the three images used for this
figure are all full-disk images, we estimate the accuracy of the ovettalye about one EIT pixel,
or 2'6. Because the flare occurred close to the limb, the magnetic field may slsevirfieersions
on the limbward side of sunspots due to the canopy effect.

The flare occurred in a region containing positive-polarity spots, and thedoaaitthe south-
ern footpoint of the flare loop appears to be very close to one of these spots. The niotiygoimt,
however, lies above a region of much weaker mixed-polarity field. On ths lvge would expect
that the flare loop will show stronger magnetic field strengths at its southenpdiobtwhile pre-
cipitation of any trapped nonthermal electrons will occur preferentialth@tveaker-field northern
footpoint, which may thus show stronger hard X-ray emission.

This event was also associated with a CME and with a coronal dimming.eVvegare 3
presents half-resolution EIT 195Fe XII images taken just before and just after the flare, and their
difference image. There was an apparent evacuation of the corona, or at dessstity depletion,
in the volume apparently lying above the main flare loop in projection. It is pissible that
the density depletion lay at longitudes eastward of the flare loop and appearsiabdaee loop
due solely to projection effects. The coronal dimming could be a temperate@ edther than
a density depletion if the material affected is heated so that it no lorgiates in the 19%
bandpass, but one then expects this material to show up as bright at other wavelemiths
apparently is not seen, and one requires a mechanism to heat nearly instantaae@ungliarge
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volume of the corona. Despite the influence of this event on a large volume as implibeé by
CME and coronal dimming, we will see that the flare energy release visiblefirXsrays and
nonthermal electrons was confined to a narrow bundle of magnetic field lines.

2.3. Loop Images

Figure 4 presents radio and soft X-ray images of this event which show thatzotharmal
and nonthermal emissions are dominated by a single loop. (To clarify this destyipy the term
“loop” we mean a collection of adjacent magnetic field lines sharing a commopholmgy and
adjacent footpoints. Thus, a “single loop” does not mean a single field line; since nodggidt
lines have no thickness there must be infinitely many field lines in a loop of froiteme and
the field lines within the loop may have unresolved structure.) Each of the coluntinis figure
shows images at a certain wavelength: 34 GHz total intensity imagesleftieelumn (there is no
circular polarization information at 34 GHz), 17 GHz total intensity ingmethe second column,
contours of the degree of circular polarization at 17 GHz in the third column, and YdBKadh/
images in the fourth column. The first radio images are earlier than th&s#Etimage because
Yohkoh flare mode, which obtained full-resolution images adequate to resolvedpedid not
commence until 03:08. The radio images are produced using super-resolution technitijiges at
cost of some signal-to-noise (e.g., see the discussion in Nindos et al. 1999). Themagés iin
Fig. 4 are deconvolved using the CLEAN algorithm and the clean components &nedessing
“clean-beam” gaussians of @esolution at 34 GHz and’%at 17 GHz.

The 34 GHz images (left column) initially show brightening in the two legs of vbleabmes
the main flare loop. The loop top is initially faint but subsequently brightens, and 4yl @&
the southern side of the loop top is the brightest feature at 34 GHz. Initiallyotntern leg of
the loop is clearly brighter than the northern leg in the radio images, but ihéetyg of the loop
show similar brightness levels throughout, and there is no brightness peak at therftsotfgdie
apparent height and footpoint separation of the loop are both of order 30

The 17 GHz total intensity images (second column) appear to be consistent Wi Gidz
images being observed with poorer resolution, but with more flux (see Fig. 1). dreedef
circular polarization at 17 GHz is never very large, not exceeding 20-30%, arte wvhially the
largest circular polarization appears to be near the loop top or the northeratignithe flare it is
concentrated at the southern footpoint of the loop where (as we inferred aboveaginetio field
is probably higher.

At first glance the SXT soft X-ray emission appears to be similar to tthe taop in shape and
dimension, but on closer inspection some clear differences are evidentlytii@SXT emission
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appears to consist of two disjoint features: a shorter arc coincident withotitbesn leg of the
radio loop, and a longer arc linking the northern footpoint of the radio loop and the loop top. As
the event proceeds, the gap between these two features is filled, and tkea@pfource takes on

the appearance of a single loop brightest at its apex, as in the radio loops atriater t

Figure 5 shows expanded SXT images of the loop at a selection of times, withape ef
the radio loop overplotted. At early times the soft X-ray emission does notappeome from a
continuous loop. The radio images (and specifically those at 34 GHz that have the bjutesdt
resolution) do appear to show a single continuous loop.

This flare was detected in hard X-rays by Yohkoh/HXT and images can be matié enargy
channels but with varying time resolutions. Figure 6 compares HXT imagekeatesdtimes with
a representative SXT image. In the rise phase before 03:09 UT (left coluhting & XT channels
show sources at both of the inferred footpoints of the flare loop, with the northern doeinge
markedly stronger than the southern source. In the highest energy channel (53-98d&\gre
insufficient counts to make more than one good image, which is dominated by countsriitithe i
peak (Fig. 1). It shows that the highest energy emission is dominated by thervietk@orthern
footpoint, as expected on the basis of the magnetic configuration (e.g., Melrose & White 1979)
the ratio of counts in the north to the south is at least 6. The sequence of imaged.@ thannel
shows a source appearing at the loop top and growing in strength to dominate the ramgrgy
14-23 keV, there is no evidence for emission at the loop top in any of the higher-ecteagyels,
so this event does not qualify as a “Masuda’-type event (Masuda et al. 1994).

An interesting feature shown by Figure 6 is that the southern footpoint of the loopsmov
westwards relative to the northern footpoint during the event. This can mastyclee seen by
comparing the position of the southern footpoint in the HXT M1 and M2 images with thle SX
image, which is the same in all panels. In the M1 images the southern footpoiesrabout 8in
5 minutes, or 19 km's' (in projection).

3. LOOP PARAMETERS
3.1. Loop Fitting

The radio images of the flare loop have sufficient dynamic range for us to determin@fmos
the physical parameters in detail as a function of time. 128 radio imagesmate at both 17 and
34 GHz, from 03:06:01 UT to 03:20:01. The intervals between images are irregulgeetally
5 s, with a longer separation of 15 s for the first 7 and last 17 images.

For each image we first determined the loop shape (the “spine” of the loop)\itdyatis
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follows. Given a point on the loop’s spine, the next point is determined by stepping alethapip
by a discrete amount in the direction specified by the previous two points. A Gadssigtion
is fitted to a one-dimensional cross-section of the intensity profile measutiedgonal to the
loop direction. The location of the peak of the Gaussian is taken to be the looppositis is
appropriate because the true loop width must be smaller than the size of thdebrarused to
restore the images (6at 34 GHz and 9 at 17 GHz; if this were not the case the loops would
appear to have a FWHM much larger than that of the clean beam size). TheoiiithGaussian
is converted to the equivalent full width at half maximum (FWHM). The sé&ap points resulting
from this procedure is irregularly spaced and was converted to a regupetyed grid for the final
analysis. This fitting procedure occasionally had problems at the loop top whem®thedrvature
was sharp and the loop width appears to broaden considerably later in the aged).(F

To within the signal-to-noise, the 17 and 34 GHz loop shapes resulting from thisdoirece
were found to agree with each other. This is to be expected if both frequeneipsoduced by the
same set of electrons. The radio spectrum (Fig. 1) falls with increastogiéncy above 9 GHz,
indicating optically-thin nonthermal emission at 17 and 34 GHz, and in thistbadeop shapes
should be the same at both frequencies. The fact that we find this to be the cdmetakan to
confirm the results of the fitting procedure. Representative examples of tlderditi® loop shape
are overplotted on the soft X-ray images in Figure 5.

We note that the properties that we measure for this loop may not refer to thessarok
magnetic field lines throughout the flare, so the interpretation of the evolution pftiperties of
the loop depends on the model being invoked (e.g., successive brightening of adjacdimieield
versus a fixed set of field lines that moves and spreads apart).

3.2. Loop Intensity Profiles

Once the loop shapes have been determined, we can plot the variation of intatisitysw
tance along the loop. Again, since the true loop width is smaller than the nonmsodiitien of the
images, we can simply use the intensity of the radio image at the peak loGatithns purpose.
This is shown in Figure 7 for 34 GHz total intensity, and 17 GHz total interesiy circularly
polarized flux. Time increases from the bottom to the top of the figure. For convenigrecloop
is extended beyond the point at which the loop cross-section can reliably be fihethands by
linear projection of the last few reliable points. This is a crude moviedig@esentation of the
evolution of the loop with time.

The 34 GHz loops initially show peaks in the two legs of the flux tube, but as is apparent
Fig. 4 the intensity profiles do not show a sharp peak at the footpoints: rather, draghat an
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extended region of each leg above the footpoint is bright. As time proceeds, the pd¢agdags
are replaced by a peak in the center, with the northern leg becoming brighmehthaouthern leg.

At 17 GHz the signal-to-noise is somewhat better and the resolution is somewhat, gwor
the intensity profiles are smoother than at 34 GHz. They show essentiallyaitine lsehaviour,
but with the central peak appearing prominent slightly earlier than at 34 ®¥zdo not believe
that there is a significant difference between the two frequencies in gpgce As noted earlier,
the polarization of this event is weak, but the southern footpoint shows a peak throughetg. T
appears to be significant polarization at the northern footpoint in the early stdgles event.
Weak polarization is expected from optically thin gyrosynchrotron emission wiertiee source
is viewed along a line of sight that is nearly orthogonal to the magnetic field ireat the
source, which may well be the case for the footpoints of this loop, so the weak pdilamizs not
surprising.

3.3. Loop Length

A clear feature of Fig. 7 is that the length of the loop increases with tinefinidg the ends
of the loop at each time by the points at which the flux drops to 10% of the maximum intevsity
can measure this effect and the results are shown in Fig. 8. Both 17 and 3¢ 1&@jttzs are shown.
The difference between the two frequencies is a consequence of the definition @bphlergth
and the different signal-to-noise in the images, so the absolute length meastsdmave little
meaning but the variation is similar at both frequencies until late in tle@tewhen the 34 GHz
emission is weak and the measurements are less significant. The 17 Gldaaatie loop length
increasing by about 20rom 03:08 to 03:20 UT. The corresponding velocity is 19 km,svhich
is similar to the velocity inferred for the motion of the hard X-ray sourctéha southern footpoint.
The radio images also seem to show elongation of the southern leg retative horthern leg
during the event (Fig. 4). Since this is a CME event, it is possible that the footpepairation is
similar to the well-known spreading of theaHibbons in a two-ribbon flare. Typical velocities
for this phenomenon are 5 — 20 kms(Zirin 1988). Sakao (1999) reports that the hard X-ray
footpoints of loops typically separate at (deprojected) speeds of order 50%mwisich is similar
to the projected separation speed measured here. However, Figures 2aggk3t that the loop
is predominantly north-south in orientation, with the southern footpoint to the edast oiorthern
footpoint. In this geometry, spreading of the footpoints is not likely to produce the auzbesult
in which the southern leg lengthens and the southern footpoint moves to the west.
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3.4. Loop Width

The loop fitting procedure employed here also yields the variation of loop thickniéss w
distance along the loop. Figure 9 shows the full width at half maximum of the Gau#sian
loops for periods when the signal to noise is adequate to make a measurement alon§jthmst
loop. We use 34 GHz loops since those images have better spatial resolution, but byn@342 t
GHz emission is too weak for this to be done. Figure 9 indicates that the widiles&entially
constant along the loop except near the top of the loop where, as noted earlier, tharkaipre
complicates the fitting of the loop thickness, and in addition the loop broadensagt d@s the flare
proceeds in both radio and X-ray images.

We use the median of the widths of the loop at each point along the loop to represent the
overall loop width. There is little difference between the median of tpes&s and the mean. The
results are plotted as filled circles in Figure 10. The width appears tadperlat 17 GHz than at
34 GHZ, but the resolution of the images at the two frequencies is differentt AligHz images
have been convolved with & 9FWHM) Gaussian in restoring the clean components while the 34
GHz images have been convolved with’a®aussian. To determine the true width of the loop
we need to deconvolve the size of the gaussian functions used to smooth the firoagée raw
measured widths. The results are shown as open circles on Figure 10. The deedrivblnd
34 GHz widths agree with each other remarkably well considering the diffefeatveen the raw
measurements at the two frequencies. Both show the mean loop width ingré@sn about 3
initially to about &' by 03:12 UT, when the radio loops are dominated by the looptop source and
the mean width no longer has much meaning.

To check that these widths are plausible and independent of the deconvolution method, we
have produced super-resolved images at selected times using maximum elgcopyolution of
images with a pixel size of/. The maximum entropy method utilizes a smoothness constraint,
i.e., the result of the deconvolution is the smoothest image that is consistetievidivty map and
the dirty beam to within the specified noise level. Since the noise levetimiages is independent
of pixel size whereas the signal per pixel does vary with pixel size, tafedg we are sacrificing
dynamic range to achieve high spatial resolution. The results are shown in Riguria these
images the effective spatial resolution varies across the image dependihg twtal signal-to-
noise level, so it is not straightforward to state what the spatial rasnlig at any given point.
However, at 03:09 UT the images appear to be consistent with a median wittth brightest
locations of order 3, as determined from Figure 9. It cannot be ruled out that the true loop width
is less than this initially, but the images clearly show that the loop witttheases with time as
shown in Figure 10, and so the loop width must be of ordesfimore at later stages.
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4. FLARE LOOP MODELS
4.1. Radio Loop Models

The radio data for this event are of such quality that the physical parametersnded for
the flare loop are amongst the best measurements yet for a flare loop observewvavealength.
The results of the previous section indicate that the flare loop during the impulsige pes
approximately 60 long in projection and just’3across. The corresponding mean brightness
temperatures are of order510’ K at 17 GHz (flux 200 sfu) and & 10° K at 34 GHz (peak flux
80 sfu).

As noted earlier, the radio spectrum indicates that the loop radiates via noaihgyrosyn-
chrotron emission, i.e., mildly relativistic electrons gyrating in a coronafjnetic field of order
hundreds of gauss. The emissivity of this mechanism has a strong dependence on magmetic fi
strength and on the angle between the viewer’s line of sight and the magnetic fetdadhi in
the source: the emissivity is much larger when this angle is close“téth®® when the source is
viewed along the magnetic field. It should be noted that because of the viewing-angle degende
of gyrosynchrotron emission, loops emitting by this mechanism have projectionsefest dif-
ferent from those of soft X-ray loops: in particular, whereas looking along a loop pesdutght
emission in X-rays due to the increased line-of-sight column, emission frggrasynchrotron
loop actually decreases because the low opacity parallel to the line of siglat $teonger effect
than the increase in column depth.

Since 17 and 34 GHz are clearly on the high-frequency side of the radio spectkainpea
this event, their source must be optically thin. Unfortunately, the loop intepsitffles are not
consistent with standard filled-loop models of such sources for most of the everttasAbeen
shown by many previous studies, an optically thin loop in which the magneticdigalihes from
the footpoint to the looptop will generally be brightest at the footpoints of the loop. The angle
between the magnetic field and the line of sight also plays an important rolertitits loop this
angle is expected to be large almost everywhere along the loop if the loop is indéledowth
as appears to be the case (e.g., Fig. 2). Even if the loop has a significant stetiamdation the
looptop emission will be diminished since an east-west loop near the limbrakdiaely low angle
between the magnetic field direction at the top of the loop and the line of sight tihilegs have
a large viewing angle, which should further enhance the ratio of footpoint to looptop bréghtne
Figure 12 shows model flare loops calculated using an inhomogeneous gyrosynchrotron code with
realistic parameters and a geometry similar to the loop observed ieuveig, for a very optically
thick frequency (5.0 GHz), a marginally optically thick frequency (9.4 GHz) andoptically
thin frequency (17 GHz). At the optically thick frequency the sides of the loopedioshe loop
top are bright while the footpoints are relatively faint; at the higher optidhly frequency the
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footpoints are bright and the level of emission decreases monotonically as heiglaises. The
optically thick frequency is completely unpolarized at the footpoints of the loopetheroptical
depth is high, and moderately polarized at the loop top where the loop is vieweg a&ary
the line of sight and the loop is only marginally optically thick (optical depth cltosenity for
this calculation); at the optically thin frequency there is only weak poladraat the footpoints
because the magnetic field is nearly orthogonal to the line of sight.

Note that the observed loop profiles for this event resemble the optically thinifi Figure
12 in the early phase of the event when the two legs of the loop are bright and the loofatop, is
but none of the model loops resemble the observed source in the later stages of thehevetie
looptop dominates both the radio and X-ray emission.

If the magnetic field is constant along the loop then (since it follows that #etreh distri-
bution will be homogeneous on timescales longer than the bounce time, of order 1 secas) or le
the relative brightness of looptop and footpoints is solely determined by the viewgig.aOne
could then perhaps produce a looptop radio source if both legs of the loop point at the observer
whereas the looptop is orthogonal to the line of sight, but given the projected shape obphe |
and its location so close to the limb the resulting deprojected shape wouldybeoreradial and
highly elongated along the line of sight, with narrow footpoint separation but wewylegs. Such
a morphology is not plausible. In an optically-thin gyrosynchrotron model for a loop with the
apparent geometry of this event, it is not possible for the looptop to appear as brigtibas late
in the event if the loop is filled with energetic electrons along its lengththiearthe change in the
appearance of the loop with time has no obvious explanation. However, if the ec&lgetrons
were initially distributed throughout the loop but later were trapped prefaignin a low-field
region near the top of the loop and precipitated only slowly, then initially thelevloop would
be seen and while at later stages there would be few electrons at the loop faogairthe radio
emission could be dominated by the looptop source.

4.2. Comparison with X-ray Loop Models

In this event there is no strong evidence for a looptop hard X-ray source at eneogies
responding to the M1 channel or higher; the detection of emission in the HXT M1 innewe f
03:09:18 to 03:09:49 is marginal at best. However, there is a strong looptop sourcet @vithe
HXT L channel as well as in the SXT images (Fig. 6), but only later in the eviévd believe
that this fact rules out projection effects as the cause of the late brightening optop: if the
brightening is a projection effect then it should have been seen earlier evéme as well, unless
the looptop elongated dramatically exactly in the direction pointing at tesdepe, which we
submit is implausible. The geometry of the event (Fig. 3) also suggests a northismuthather
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than an east-west loop in which projection effects would be expected. lbtpedp brightening
is not due to projection effects, we must look for another cause. The production of frags Xy
bremsstrahlung is proportional to the product of the densities of the ambient theectabet and
the nonthermal electrons. In order to have a looptop source other than by projeaticts,eshe of
these densities must peak at the looptop. Hydrodynamics does not allow a situatiochntieni
dominant ambient thermal density at the looptop is significantly higher than in thefldgs loop
to be sustained for more than tens of seconds (the looptop sources then have much reghee pre
than the rest of the loop and should expand at about the proton thermal speed of 40D&2 s
x 107 K). A hard X-ray source confined to the looptop therefore seems to require trapfihg
nonthermal electrons there, perhaps due to a combination of large pitch angles for tinermaht
electrons and a strong gradient in magnetic field strength from the top of the Idbp tmttom
in order for magnetic mirroring to be effective (Fletcher & Martens 1998;ddit& Alexander
1999). Scattering due to wave turbulence localized at the top of the loop maplaisa role
in trapping energetic electrons there (Petrosian & Donaghy 1999). As in thi¢, @uany flares
exhibit soft X-ray kernels which are observed to occur at looptops for extendextipeand unless
they are all due to projection effects, they imply the persistence of suladtpréssure excesses
at the looptop despite the difficulties in explaining them described above (Feldtra. 1994;
Doschek et al. 1995). Such high-density sources have also been invoked to explaand X-ray
looptop sources (Wheatland & Melrose 1995).

We note that the looptop radio source is only a factor of 2 brighter than the legs of the loop
late in the event, whereas in soft X-rays the looptop source is an order of maghitgdter than
the lower portions of the loop legs. This could also be consistent with a loop moddliahn whe
legs have higher magnetic field than the looptop but the electrons are preféydrdighed in the
low-field region at the looptop: the electrons which do make it to the loop ledewplerience
a higher magnetic field and radiate more efficiently at radio wavelengthseas¢éhe soft X-ray
emission relies on density which need not be higher in the loop legs.

4.3. Implications for Energy Release Models

In one model for eruptive flares the flare loop is formed by the reconnection of preyimuesh
field lines on opposite sides of a helmet streamer which are brought together tiypa ¥eutral
current sheet (known as the “CSHKP” model: Carmichael 1964; Sturrock 1968; Hisay/an4,
Kopp & Pneuman 1976). The early ideas have been further developed, e.g., Tsuneta (1996) and
Shibata (1996, 1999) and references therein. In this model the loop consists of satgdsgher
field lines created by reconnection at a site which moves upwards in the Gsdin@e progresses.
Thus the lower (innermost) field lines of the flare loop are fixed while the upper&dpe flare
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loop expands with time as higher and higher closed field lines are created. Th¥-reyd will

occur predominantly at the footpoints of the most recently reconnected field lindband/hen

both footpoints are visible they should be seen to separate with time: thieisafserved to be

the case (Sakao 1999). This phenomenon might be present in this event, although the iagages gi
the impression that only the southern footpoint shows motion and only the southern legsappea
to lengthen (cf. Fig. 6 and the discussion in subsection 3.3). In this scenagapeet to see the
thickness of the bundle of illuminated field lines growing with time as moreeddild lines are
created by reconnection, and the trend seen in Figure 10 is consistent witlethig he expansion

in width is only 3’ over 5 minutes, i.e., much smaller than the motion of the southern footpoint.
We also expect to see the legs move apart. The north-south separation of tisarsghegwo legs

of the loop appears to increase by abdlfrém 03:08 to 03:10, but thereafter does not change. If
the basic CSHKP model is relevant for this event, it is peculiar that the fo@point occurs in the
weaker magnetic field region while the faster moving footpoint lies over nstramger magnetic
fields: equal amounts of flux must reconnect at the current sheet and this would segoir®that

the weaker-field footpoint show greater apparent motion because it has to unther to sweep

up the same amount of magnetic flux as the footpoint in the stronger-field region.

5. CONCLUSIONS

We have used high-resolution radio observations to study the physical paraofetdisring
loop. The loop is visible at radio wavelengths due to gyrosynchrotron emission by nonthermal
electrons (energies typically above 500 keV) accelerated by the flaredatheare of sufficient
guality that we are able to measure the loop thickness and length with a preofsorder 1.
Since the radio spectrum indicates that the 17 and 34 GHz emission must belyticalwe
can use consistency between the observations at 17 and 34 GHz to confirm theemeassir We
show that the loop length increases from aboUtiéfiially to about 80 in the decay phase of the
event. The loop (averaged along its length) is measured to be’jugtd initially, increasing to at
least & later on.

The soft and hard X-ray data obtained with the SXT and HXT telescopes on the Ysatath
lite are consistent with the same set of field lines as illuminateddad k@avelengths (although the
soft X-ray morphology has some small differences early in the event). Térd exas accompanied
by a coronal mass ejection and a coronal dimming visible in SOHO/EIT imagésinsolved a
very large volume of the corona, yet the radio observations clearly indicatentnzt of the en-
ergy release in the low corona was restricted to a region no more than 2000tk transverse
dimension. This is a challenge for our understanding of the relationship betweengéestaie
aspects of coronal mass ejections and their associated effects in thertmwa.
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Unfortunately, the loop morphology is not consistent with standard gyrosynchrotron models
for flare loops and we are unable to determine the magnetic field strength andidimrnaf B
along the loop by comparison with model loops as we have done in other events (Nindos et al.
2000; Kundu et al. 2001b). As the event proceeds the loop develops a bright feature at the looptop
in both the radio and soft X-ray images. Such a feature cannot be reproduced in girosyrc
loop models in which the electron distribution has relaxed by pitch angleesicat to fill the loop:
in such models the footpoints would be expected to be brighter than the looptop at the dbserve
frequencies, and this is observed early in the event. The bright looptop sourceequane that
trapping of electrons take place at the looptop later in the event. The soft Mrghtening there
requires that the density also be high at that location.

M. R. Kundu wishes to thank the staff of NAOJ and NRO (Japan) for their help andaldgpi
during his stay at the observatories. This research at Maryland was supppiF grants ATM
99-90809 and INT-98-19917, and NASA grant NAG 5-8192. We gratefully acknowledge the open-
data policies of the ISAS/NASA satellite Yohkoh and the ESA/NASA steeBOHO and their
instrument teams which make multi-wavelength research such as thiseaser. We thank the
referee for urging us to think carefully about the assumptions made in this analysis
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Fig. 1.— Lightcurves for the flare at radio (upper panel) and X-ray (lower panalelengths.

The upper panel shows data from the Nobeyama polarimeters at 9.4, 17 and 35 GHz at 1 second
resolution. The solid lines in the lower panel are the time profiles for the 4 YohkRGhthannels

(LO, 14-23 keV; M1, 23-33 keV; M2, 33-53 keV; and H, 53—-93 keV) in order with the LO channel
having the highest count rates and the H channel the lowest count rates. The dotthdwaele

GOES 1.5-10 keV channel, scaled and preflare-subtracted; the peak ratexisl0:5 W m—2

(GOES class M1.5).
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Fig. 2.— Overlay of (white) contours of a SOHO/MDI magnetogram from 03:12 UT on acméy/s
representation of the full-resolution (2.@ixels) SOHO/EIT 1954 Fe XII image from 01:13

UT rotated forward to the time of the magnetogram. Magnetic field contours ateeghlat
+100,200,...,800 G (line of sight component) The black contours show the location of the flare
loop in a half-resolution SOHO/EIT 195 Fe XII image from 03:24 UT.
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showing the evacuation of a large volume above the flare site. The displays ohdges are
chosen to emphasize weaker features; the white contours in the middle panehsHowation of

—-20-—

TIT T T T T [TT T T[T T T T[T T TT[TTTT[TTTH

IT 195 A 02:48 UT

N

TTT T[T T[T I T[TTTT[TTTT[TTTH

IT 195 A03:24 UT

TITTTI[TTTT[TTITH

TTT T [TT T TT T T
r .

N

C C

NN FEEE FTEN NS SRR FEER R

-950 -900 -850 -800 -750 -700
arcsec

the main flare loop in this image.

-950 -900 -850 -800 -750 -700
arcsec

-950 -900 -850 -800 -750 -700
arcsec



—-21 -

34 GHz | 17 GHz | 17 GHz V/I SXT
2 03:07:46+ | 03:07:46 \ i 03:07:46 |  03:08:L
) '
2 ol
2/ QL
20 03:09:16
10F

-10F

-20F

031l44 |

© 03:13:28

20 -10 0 10 20

arcsec arcsec arcsec arcsec

03:11:46

20F

10f

arcsec
o

-10F

-20F

03:13:26

20¢

10f

arcsec
(=]

-10F

-20F

Fig. 4.— Images of the flare at radio and soft X-ray wavelengths at 4 times dinenghpulsive
phase. The three left columns of radio images (34 and 17 GHz total intensitgavitburs at 10,
30, ..., 90% of the maximum, and contours of the 17 GHz degree of circular polarizatioaidenl
greyscale images of the 17 GHz total intensity) are obtained with the Nobeyatm@aHRaiograph,
while the right column contains full-resolution images from the Yohkoh/SXT telesat times
as close as possible to the times of the radio images (the first SXT imageigHan the first
radio images because SXT did not enter flare mode until 03:08; the SXT images usdlimthe
AlMg or Al12 filters). The resolutions of each type of image are shown in the bottwnof
panels. Relative intensities at different times may be determinedFigore 1, with the SXT light
curve being very similar to the GOES light curve. The degree of polarizatatoars are at 10%
intervals.
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Fig. 5.— Yohkoh/SXT images of the flare spanning the period shown in Figure 1. Each image
is an average of full-resolution flare-mode images taken through the AlMg orfAié® for the
period shown in each panel, intended to demonstrate the morphological changes tinagdocc
Contours are at 5, 15, 25, ..., 95% of the maximum in each panel. Overplotted on eachmanel (i
dashed black and white lines) are the morphology of the radio loop at the same perimgabta
as described in the text. The times of these loops are 03:08:21, 03:11:01, 03:13:26, 03:16:16,
03:17:46 and 03:20:01 UT.
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Fig. 6.— Yohkoh/HXT hard X-ray images (contours) overlaid on an SXT image (gadysepre-
sentation of the period 03:11:00 - 03:11:54, i.e. the second panel in Figure 5). The three columns
essentially present three different times during the rise and peak of tleeamusion. Due to the

low count rate only a single image can be made in the highest energy channel (H), ishbwen

lower left panel; the remaining panels on the bottom row of the figure are LO chanagés from

times after 03:12 UT when there are essentially no counts in the M1, M2 andriielsa Contour
intervals are at 5, 15, ..., 95% of 7, 6, 7, 2 counts érfor the LO, M1, M2, H images, respectively,
except for the two LO images in the lower row where the contours are percer@bgbscounts
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Fig. 7.— Intensity profiles measured along the loop for each of 128 maps at 34 GH=o(lefin),
17 GHz I (middle column) and 17 GHz V (i.e., circularly-polarized flux; right coluniif)e times
run from 03:06:01 UT at the bottom of each column to 03:20:01 at the top, with intervaledet
images being irregular but generally 5 s, with a longer separation of 15 s forsh& and last 17
images. The left side of each profile corresponds to the southern leg of the loop. Thesadi
scaled to the maximum at each time provided it exceeds eithel® K (34 GHz) or 5x 10° K
(17GHzland V).
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Fig. 8.— Plot of the variation of the loop length with time, where the length is definde the

distance measured along the “spine” of the loop between the extrema at 10% of threumaxi

intensity for each time (see Figure 8). Data are plotted for both 17 GHzdflircles) and 34 GHz
(open circles).
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Fig. 9.— Measurements of the deconvolved width of the loop (measured by fittingissi@aa

profile to a cross-section taken orthogonal to the loop direction at each poiatfuagction of
distance along the loop for 34 GHz images between 03:08:26 and 03:12:16. Subsequent profiles
are offset by 05 from the preceding profile, so the upper profile is offset byZ2ftom the first

profile. The profiles generally show loop widths of 2-@cept at the top of the loop where the
apparent thickness tends to be larger, at least partly because of the curvaheéop there. The
widths are full width at half maximum.
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Fig. 10.— Plots of the variation in the median loop width as a function of time at botand
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the measurements weighted by the intensity at each point. The deconvolvedswvaltuained by
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is the full width at half maximum.



17 GHz I 03 09: Ol

20}

34 GHZ: 03 09: OZL

A
10F §
O r [ ]
& of o} °
SN
-10F :
: !
-20F + 3
:::::I:::::::::':::::::::':::::::::':::::::::I::::E;ﬁ::l::::::@':::::d::::':::::::::::::Q::I::::
ol 17 GHz I: 03:10:31 i 34 GHz03:10:31
10F
2 of @ i ;
@

/4

arcsec
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and a maximum entropy algorithm implementing a smoothness constraint. Thebe anedel
brightness distributions resulting from the deconvolution, i.e., they have not beenrsdauith
a gaussian in the way that the images in Figure 4 were. In these imagdteuate/ely trade off
dynamic range for spatial resolution. At this resolution the 17 GHz circular pal@on images
show little significant emission. The effective spatial resolutionegawith position in these images
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depending on the local signal-to-noise; the narrowest features visible have MFWbtder 3.
Contours are plotted at 5, 15, 25, ..., 95% of the peak in each image (2.8 and190K at 17

GHz, 1.1 and 1.5¢ 10’ K at 34 GHz).
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Fig. 12.— Models of the appearance of a flare loop at an optically-thick low frequérzysHz,

top row), a frequency near the peak in the radio spectrum (9.5 GHz, secondndwahaptically

thin higher frequency (17.0 GHz). The three columns show (left) the total inténstye, (middle)

the circularly polarized image, and (right) flux profiles plotted versus dgganeasured along

the loop. The loop is filled with gyrosynchrotron-emitting nonthermal electrons witbreergy
spectral index of -3.5, a footpoint magnetic field of 600 G2 &@ectrons above 10 keV, a loop
height of 28 and thickness at the looptop df 2nd a footpoint separation of 44The pitch angle
distribution is uniform throughout the loop, corresponding to a relaxed distributionnaplging

a uniform particle density as well. The loop is located at a longitude 6fe&st, latitude 30

south and is turned at an angle of’@0 the equator, so that the apparent footpoint separation is
much smaller. The magnetic field at the looptop is 224 G. The dotted line inditegdscation

of the spine of the loop; contours are at 5, 15, ..., 95% of the peak in the total intensity map at
each frequency. The morphology of the loop does not change with frequency as long as the loop
is optically thin, so the 17 GHz appearance is representative of all high frecpse



