
December 1, 1999 - Astrophysical Journal, in pressObservations and Models of a Flaring LoopA. Nindos, S. M. White, M. R. KunduAstronomy Department, University of Maryland, College Park, MD 20742D. E. GaryPhysics Department, NJIT, Newark, NJ 07102ABSTRACTSimultaneous images of a aring loop at two frequencies are used to modelthe magnetic structure of the loop and the energy distribution of the radiatingelectrons. The imaging data were obtained with the VLA at 5 and 15 GHz.Additional spectral data were provided by the OVRO Solar Array at severalfrequencies between 2 GHz and 15 GHz. At 15 GHz, the are emission wasoptically thin and came from the footpoints of the aring loop, while at 5 GHzthe loop itself was outlined. Most of the 5 GHz emission was optically thickand its spatial maximum was close to the loop top. A striking feature of theobservations is that the 5 GHz emission does not reach down to the 15 GHzfootpoints. We compare the observations with calculations of gyrosynchrotronemission from an inhomogeneous magnetic loop in order to determine theconditions in the aring loop. The best �t to the OVRO uxes was reachedwith a model aring loop with photospheric footpoint magnetic �eld strengthof 870 G. The thickness of the model loop was small compared to its footpointseparation. The energy spectral index of the energetic electrons was 3.7 andtheir number density was 7:9 � 107 cm�3. The low and high energy cuto�s ofthe nonthermal electrons were 8 and 210 keV. The 5 GHz emission in this modelis at low harmonics (3{7) and harmonic e�ects are responsible for the weak5 GHz emission at the footpoints. The absence of electrons above 210 keV isnecessary in this model to explain why no emission is observed from the loop topat 15 GHz. That model reproduced well the high frequency part of the OVROux spectrum as well as the VLA spatial structure. Thus comparisons betweenthe spatially{resolved observations and models reveal the three-dimensionalstructure of the loop geometry.Subject headings: Sun: ares { Sun: corona { Sun: radio radiation



{ 2 {1. IntroductionObservations of solar microwave bursts can provide important diagnostics of accelerationprocesses in the solar corona because the radio emission is produced by energetic electronsaccelerated during the are. It is well known (e.g. see the reviews by Kundu, & Vlahos1982, Alissandrakis 1986; Bastian, Benz, & Gary 1998) that the basic emission mechanismof solar microwave bursts is gyrosynchrotron from mildly relativistic electrons (energies oftens to several hundreds of keV) trapped in aring loops. Gyrosynchrotron emission o�ersa powerful diagnostic of physical conditions in aring regions. Unlike X-ray radiation, it issensitive to magnetic �eld strength and orientation and can therefore be used to constrainthe coronal magnetic �eld in the aring source.To a �rst approximation, the morphology of microwave are emission depends on themagnetic �eld con�guration (i.e. the geometry of the aring region and its location on thedisk) and the properties of the nonthermal electrons. Simultaneous microwave, soft X-rayand/or H� observations of ares show that the magnetic con�guration can be arcades ofloops (e.g. Bastian, & Kiplinger 1991), interacting loops of di�erent size (Nishio et al.1997; Hanaoka 1997) or more complex loop systems (e.g. Kundu et al. 1982; Velusamy,& Kundu 1982; Takakura et al. 1994). Therefore, it is not surpising that high spatialresolution microwave observations of bursts have revealed a variety of morphologies. Thereader may refer to the three extensive review papers cited above for a detailed descriptionof previous observations. However, we note that the general tendency is that observationsat high frequencies show compact sources, presumably associated with the footpoints ofaring loops, while at low frequencies there is a tendency for more extended sources,indicating emission from the entire loop. This picture is consistent with the properties ofgyrosynchrotron mechanism: the magnetic �eld is much stronger near the footpoints ofthe loop, which favors the higher frequencies. A decrease of the frequency of observationhas approximately the same e�ect for the microwave are emission as an increase of themagnetic �eld. Thus when the frequency of observation decreases, we expect to haveemission not only from the footpoints but also from a signi�cant part of the aring loop.Since source morphology may vary as a function of frequency, spatially resolvedspectral observations are needed in order to obtain a complete picture of the radio are.However, in most cases images are not available and spatially unresolved spectra are usedfor the determination of the energy spectral index of the nonthermal electrons (e.g. St�ahli,Gary, & Hurford 1989). Occasionally, imaging spectroscopy of simple events has been madewith the OVRO solar array (Wang et al., 1994, 1995 ). These observations have shownthat, due to the change in magnetic �eld strength in the loop, low frequency radio emissionis concentrated near the top of the loop, and the centroid moves progressively down toward



{ 3 {the footpoint at higher frequencies. For this reason, the looptop spectrum falls o� moresteeply at high frequencies than does the footpoint spectrum.Inhomogeneous models of the microwave spatial structure of aring loops have beencomputed by Alissandrakis, & Preka-Papadema (1984), Preka-Papadema, & Alissandrakis(1988, 1992) and Bastian, Benz, & Gary (1998) . All of them give a satisfactory qualitativeinterpretation of the elementary loop burst emission described above. Similar models ofstellar loops have been calculated by Jones et al. (1994) and Franciosini & Chiuderi{Drago(1995) . However, in most previous studies (the paper by Preka{Papadema et al. 1997 isprobably the only exception) no attempt has been made at detailed modeling of the spatialstructure of individual high resolution observations of bursts. In this paper, we study asimple small are which was observed at 15 GHz and 5 GHz with the VLA. Additional totalpower ux spectra were obtained by OVRO. We try to reproduce the observed microwavemorphology of the VLA maps as well as the OVRO ux spectrum using an inhomogeneousmodel of gyrosynchrotron emission. Comparison between the observations and models willallow us to derive constraints about the magnetic con�guration of the aring region and thephysical properties of the nonthermal electrons.2. Data AnalysisThe VLA observations were carried out on July 1, 1992. The CD con�guration wasused to image the area around the west sunspot of active region NOAA 7216 at 4.86 GHz(5 GHz) and 14.98 GHz (15 GHz). The heliographic coordinates of the center of the �eldof view at both frequencies were N15E53. The observations lasted only 76 min (from 17:02UT to 18:18 UT). The instrument was split into two subarrays, observing at 5 and 15 GHz,respectively. This yielded simultaneous coverage at two frequencies at the cost of reducedmapping ability. The are studied here occurred from 17:17 UT to 17:40 UT. The VLA'shigh{time{resolution gating processor was used to observe with a time resolution of 0.4sec but with the two circular polarizations gated so that each is integrated for alternate0.2 sec periods. However, an inspection of plots of the visibility amplitudes as a functionof time showed no rapid uctuations of the radio emission, and we therefore average theoriginal u-v databases so that the e�ective time resolution is 5 sec. The standard CLEANalgorithm was used to produce snapshot images of the radio emission during the time ofthe are. We used self{calibration to improve the dynamic range of the snapshot maps. Inorder to maintain positional consistency, we used the CLEAN image from the precedinginterval as the model at each step. For a slowly{varying source such as this, this procedureshould work well. Inspection of burst movies made without the application of this technique



{ 4 {showed that the radio sources danced around due to phase errors, particularly at 15 GHzwhere the atmosphere has more e�ect on measured phases. The self-calibration procedureremoved this motion. The �nal dynamic ranges of the snapshot maps were 25 and 17 for 5GHz and 15 GHz total intensity maps, respectively. The CLEAN beams of the �nal mapswere about 7:900 � 1400 at 5 GHz and 3:700 � 3:100 at 15 GHz.The spectral data consisted of total power uxes obtained with the two 27-m OVROantennas (antennas 1 and 2) at 45 frequencies between 18 GHz and 1 GHz at a timeresolution of 12 sec. In our study, we did not use the uxes at low frequencies (from 1 to 2GHz) because at those frequencies the data from antennas 1 and 2 were not consistent witheach other.A KPNO full-disk magnetogram was available. The are occurred during the periodwhen the magnetogram was obtained. Unfortunately, neither H� nor Yohkoh observationswere available during the are. No BATSE hard X-ray data were available for this event.3. Radio ObservationsIn Figure 1 we present contour plots of the VLA observations in total intensity, I, andcircular polarization, V , at 5 and 15 GHz at the time of maximum. The white contoursrepresent the steady 15 GHz sunspot-associated emission. No signature of that sunspot wasfound at 5 GHz in either the are snapshot maps or the map made with the non{are data.We believe that the 5 GHz active region emission was too complex to be mapped usingonly 53 min of observations obtained with the 13 antennas of the 5 GHz subarray; it doesnot a�ect our are images signi�cantly because the likely peak brightness temperature ofthe active region emission, 3 MK, is much smaller than the typical brightness temperatureof the are at 5 GHz, 20 MK. The lowest 5 GHz contour of Fig. 1 is at about the levelexpected from the brightest active region emission.At 15 GHz, the are showed two compact sources presumably associated with thefootpoints of a magnetic loop system �lled with energetic electrons. The bulk of the loop isseen at 5 GHz. We note that a synthesis instrument is not sensitive to large sources due tothe lack of su�ciently short baselines and for �xed antennas this problem is worse at higherfrequencies. We must therefore address the question of whether the absence of emissionfrom the looptop at 15 GHz is a real e�ect or due to the lack of sensitivity of the 15 GHzdata to sources as large as the loop seen at 5 GHz. We therefore produced an arti�cial15 GHz observation of the loop by convolving the original 15 GHz u-v samples with a 5GHz model image. The model image we used was the snapshot map which corresponded to



{ 5 {the peak of the 5 GHz event. The resulting data were mapped and cleaned as before. Theresulting 15 GHz map clearly shows the loop of the 5 GHz model image, but with two smallnegative depressions being present as well. 70% of the original model ux was recovered inthe 15 GHz map. We conclude that the VLA 15 GHz images would show a loop if therewas 15 GHz emission from a loop like that seen at 5 GHz; the absence of loop emission at15 GHz implies that any such emission must be much weaker than the footpoint emission.As we pointed out in section 1, the magnetic �eld is much stronger near the footpoints ofthe loop, which favors the higher frequency. The peak of the 5 GHz emission is locatedclose to the middle (or top) of the loop feature. Usually, loop top maxima occur when theemission is optically thick because the magnetic �eld is lowest at the loop top and thereforethe e�ective energy of the electrons emitting there is higher. This was directly con�rmedby the OVRO spectral data, which show that the emission peaked at 5.4 GHz (see Fig.3). Note a remarkable feature of the images: the 5 GHz loop emission does not overlapwith the peak 15 GHz emission, particularly at the eastern footpoint. This implies thatthe bright 5 GHz emission does not extend all the way down to the feet of the loop. Thise�ect was sometimes more or less prominent than in Fig. 1 but it was present in almost allsnapshot images that we produced. We con�rmed the relative position of the 5 and 15 GHzimages by noting that the 5 GHz snapshot images show no signi�cant image motion fromone snapshot to the next. We can therefore assume that the 5 GHz position correspondsto the observed position, which is known to high precision relative to a nearby astrometricreference source. The 15 GHz images can be located on the Sun thanks to the presence ofthe sunspot source whose boundaries match the umbra of the sunspot seen in the Kitt Peakmagnetogram. We estimate that the uncertainty in the relative positions of the 5 and 15GHz images is of order 100, which is much smaller than the o�set of the 15 GHz footpointemission from the bottom of the 5 GHz loop.The V maps of the are show that both 15 GHz footpoint sources were left-handcircularly polarized and the same was also true of the bulk of the 5 GHz emission. Thesense (but usually not the degree) of polarization can be a�ected if there is a neutral linein the corona along the line of sight: the e�ect is to reverse the sense of polarization ofthe limbward source. The sources on the near side of the neutral line in the active regiongenerally show their intrinsic polarization. In this case, the polarizations of the emission ofthe sources on the near side of the neutral line (the sources to the west) are both consistentwith extraordinary (x mode) mode polarization relative to the direction of the underlyingmagnetic �eld (negative polarity, i.e., downgoing). This identi�cation is con�rmed by thepolarization of the 15 GHz sunspot source, which should be x mode and matches thepolarization of the western 15 GHz footpoint. The degrees of polarization of the 15 GHzfootpoint sources are typically 55% for the eastern footpoint and 25% for the western



{ 6 {footpoint but reached values as high as 80-90% and 45-50% respectively. Such high degreesof polarization imply that the 15 GHz emission was optically thin. At 5 GHz the degreeof polarization is typically 20% near the loop top, and decreases as one approaches thefootpoints.In �g. 2 we present the time pro�les of the 5 and 15 GHz VLA emission. TheVLA uxes were computed by summing up all pixels in the are images with brightnesstemperatures higher than the lowest contours of �g. 1. The 5 GHz pro�les are simple;they show a rapid increase to the maximum intensity (within 2 min) and a much slowerdecay. The 15 GHz time pro�les show that the microwave emission was higher at theeastern footpoint with the exception of the period 17:19:45 { 17:20:23 UT when the peakof the western footpoint emission was a factor of 3.6 higher than the eastern footpointemission. This may indicate a secondary precipitation of energetic electrons above thewestern footpoint of the aring loop. The morphology of the corresponding 5 GHz mapsdid not change but a local peak in the 5 GHz V time pro�le is clearly present about 5 secbefore the peak of the 15 GHz western footpoint emission.Fig. 3 shows the OVRO total power uxes from antennas 1 and 2 at the time ofmaximum of the event. The turnover frequency was 5.4 GHz. The OVRO and VLAuxes at both 5 and 15 GHz were consistent to within 20%, which is acceptable given theuncertainties in instrumental calibration. We used the OVRO total power uxes from 6GHz to 15 GHz to compute the slope � of the high frequency part of the are spectrum.Once � is known, the computation of the electron energy spectral index � is straightforwardprovided that the emission is optically thin (� = 1:22 � 0:90�, Dulk 1985). We �nd that� = 3:7. Due to local interference problems at the right circular feed of antenna 2, the lowfrequency part of the OVRO right-hand polarization (RCP) ux spectra (from 1 GHz to2 GHz) was not reliable; thus we have no information about the polarization of the areat low frequencies. At high frequencies the OVRO uxes show left circular polarization,in rough quantitative agreement with the uxes from the VLA V maps (di�erences about20%). The OVRO polarization spectra also show that from 2.8 GHz to 4 GHz, there is areversal of polarization. 4. Model Computations4.1. Input parametersThe morphology of the radio images and the mostly slow nature of temporal variabilityclearly suggest that the radio emission arises from nonthemal electrons trapped in a loop. In



{ 7 {this section we will use the data in conjunction with model calculations of gyrosynchrotronemission to determine the physical parameters of the loop. The parameters we investigateare as follows:Magnetic loop geometry. The exact nature of the magnetic geometry cannot bedetermined since it can be quite complex. For modeling we require a geometry in which the�eld lines form natural loops, and choose for simplicity a line{dipole magnetic �eld. The�eld lines are circles with a common tangent point at the dipole: the magnetic �eld fallso� quandratically with distance from the line dipole. We adopt the �eld of an in�te linedipole truncated at a length corresponding to the length of the arcade of loops which weare modeling. The physical parameters of most interest are the magnetic �eld strengths atthe footpoints and at the loop top. We will therefore not attempt to reproduce the spatialemission pro�les in detail, but will focus on reproducing the behavior at the footpoints andat the loop top. In the line dipole con�guration, the magnetic �eld strengths at loop topand footpoints are controlled by the height of the loop and the separation of the footpoints:a large ratio of height to footpoint separation yields a large ratio of footpoint �eld strengthto loop{top �eld strength. There is no variation in the direction orthogonal to the plane ofthe loop (parallel to the line dipole) and we merely specify a loop thickness correspondingto the dimension of the source in this direction. The thickness is scaled along the loop byB�0:5 in order to simulate magnetic ux conservation.Loop orientation. In the simplest version of a line dipole the �eld lines lie in verticalplanes above the dipole and orthogonal to the dipole axis. The heliographic latitude andlongitude a�ect the appearance of the loop. In our code, the loop can be placed at anyheliographic latitude and longitude with an arbitrary orientation with respect to the localnorth. We choose a set of parameters so that the model loop visually resembles the observedloop.Energy spectrum. We assume that the energy distribution of the radiating electrons isa power{law over a �nite energy range. Four parameters characterize the energy spectrum:the low energy cuto�, the high energy cuto�, the power{law slope and the total numberof electrons in the distribution. We are assuming a trapped distribution isotropic in pitchangle. The assumption of a trapped distribution merely means that time variations shouldoccur on a timescale much longer than the bounce period for an electron in the loop, whichis less than a second for a 100 keV electron in a loop 2 � 109 cm long.Once these parameters are speci�ed, we compute gyrosynchrotron emission from the



{ 8 {loop using a code in which the gyrosynchrotron emissivity and opacity are calculatedexactly at speci�ed points along the loop, and the emitted radio ux is calculated usingsimple radiative transfer (see Schmahl, Kundu, & Dennis 1986; Nitta et al. 1991).The extraordinary and ordinary mode emissions are calculated separately, and thestandard quasi-longitudinal approximation to the electromagnetic mode properties is used(Zheleznyakov 1970).The footpoint separation of the model loop is determined from the 15 GHz VLAimages: it is d = 2.6 � 109 cm which corresponds to the observed separation of the easternand western 15 GHz sources. The size L of the 15 GHz sources is about 5.3 � 108 cm andimposes an upper limit on the transverse dimension of the model loop (because our �nalmaps are the convolution of the sky brightness distribution with the VLA beam). The radiospectral index from the OVRO data gives a power{law energy spectral index of � = 3:7(see section 3). The remaining parameters are the number density of the nonthermalelectrons, their lower and upper cuto� energies, the heights above the solar surface of thelines of force of the magnetic �eld which form the loop and the strength of the magnetic�eld at the photosphere. (We do not have suitable magnetic �eld data for a nonlinearforce{free reconstruction of the magnetic parameters from photospheric measurements.)The orientation of the loop is also variable subject to the constraint that it should resemblethe observed loop. In particular, the model loop always lies in a vertical plane above thesurface whereas the real loop may be tilted: we can simulate this by changing the latitudeof the apparent loop.Loughhead, Wang, & Blows (1983) developed a geometrical method for thereconstructing the true shape of loops observed in solar images. Their formulas give theazimuth angle �, de�ned as the angle between the line joining the footpoints and the localdirection of solar west, and the inclination angle � between the plane of the loop and thelocal vertical plane. They assume that the loop's central axis lies in a plane, the footpointscan be located and the loop is symmetrical about its top. Applying their formulas (10),(11), (16) and (17) to the 5 GHz are loop assuming the footpoints to be the 15 GHzsources, we �nd � = 24� and � = 65�. However, these values are subject to uncertaintybecause the assumption that the loop is symmetrical about its top may not be correct. Thevalue of � that we �nd di�ers from recent results for other loops from SOHO EIT (e.g.Aschwanden et al. 1999) or older results from H� data (Loughhead, Wang, & Blows 1983)which give lower values of �. This discussion indicates that ultimately the loop orientationshould be regarded as a free parameter in our program.



{ 9 {4.2. ResultsAs a �rst attempt to model the observations we �nd a set of free parameters whichreproduces the OVRO spectrum. We computed model total intensity uxes at the samefrequencies that OVRO data were available from 15 GHz to 2 GHz, using the �xedphysical dimensions described above and varying the remaining parameters. The best �tto the OVRO uxes at the peak of the event was obtained with a model loop located atheliographic longitude 50� east and latitude 50� north and with a 45� orientation (azimuth)with respect to the local north. The photospheric magnetic �eld stength at the footpointsof the model loop was 870 G. The heights above the solar surface of the upper and lowerlines of force of the magnetic �eld which formed the loop were 1:9 � 109 cm and 1:8 � 109cm, respectively. The transverse dimension of the loop was 5:25 � 107 cm. The loop was�lled with energetic electrons with density Ne = 7:9 � 107 cm�3 and low and high energycuto�s at 8 keV and 210 keV, respectively. Fig. 3 shows the model spectrum (dottedline) and the OVRO spectra from antennas 1 and 2. The agreement between the modeluxes and the observations is excellent at high frequencies. The turnover frequency of themodel ux spectrum was 5{5.2 GHz while the observed turnover frequency was 5.4 GHz.However, the low frequency part of the spectrum was not reproduced as satisfactorily asthe high frequency part: the discrepancies between the model and the observations were ashigh as a factor of 2.5. Steep low{frequency ux spectra have been observed several timeswith OVRO (e.g. see St�ahli, Gary, & Hurford 1989). The only way to match better the lowfrequency model uxes to the corresponding OVRO uxes was either to use a thinner loopor an electron distribution with a lower high-energy cuto� and/or a lower low-energy cuto�.But all cases produced much lower uxes at high frequencies.The Razin e�ect (Razin 1960; Klein 1987; Belkora 1997) is not included in ourcomputations. The fact that the discrepancies generally increase as the frequency decreasedmay imply that indeed the disagreement was due to the Razin e�ect. However, thisinterpretation has problems because most of the model ux at low frequencies comesfrom regions close to the top of the loop which correspond to coronal heights with lowerdensities. We think it more likely that the discrepancies are due to the over{simpli�edloop model we use: this a�ects the optically{thick geometry{dependent low{frequencypart of the spectrum more than the high{frequency optically{thin part. Thermal free{freeabsorption along the line of sight by overlying loops may provide an alternative explanationfor the discrepancy. This process requires high{density, low{temperature thermal plasmas.Unfortunately, we cannot check this speculation due to the lack of suitable data.We do not attempt to reproduce the OVRO circular polarization uxes in detail withour model because our calculations do not include mode coupling e�ects outside the loop



{ 10 {which will a�ect the sign of the polarized uxes. We do however use the spatial distributionof the polarized ux in the following modi�cations of this �t to the spectrum.In �g. 4 we present the morphologies at 4.86 and 14.98 GHz of the model �t to thespectrum. In �g. 5 we show contour plots of the same models after we convolved eachmodel with the appropriate VLA beam. In �g. 6 we compare a one-dimensional pro�leof the VLA data at the time of maximum ux with the model uxes as a function of thedistance along the loop, convolved with the appropriate VLA beam. The VLA pro�les werecomputed along the curve shown in �g. 1. The model computations indicate that at 15 GHzthe radio emission is about 50% polarized and optically thin and comes from the footpointsof the loop. The 15 GHz model footpoint emission is asymmetric and the highest emissionwas associated with the limbward footpoint of the loop. This is true even though themagnetic �eld strength in the footpoints of the model loop was symmetric. Alissandrakis &Preka-Papadema (1984) and Preka-Papadema & Alissandrakis (1988) have shown that foran east-west loop located away from the disk center, the peak of the microwave emission liesat the diskward part of the loop. However, this result is not appropriate for our observationsand models because our loop is not oriented in the east{west direction. In our models, thestrongest 15 GHz source is associated with the limbward footpoint of the loop because theorientation of the model loop is such that the values of the angle between the magnetic�eld and the line of sight are higher in the limbward part of the loop. Preka-Papadema &Alissandrakis (1992) have also shown that two-dimensional high{azimuth optically{thinmodel loops located away from the disk center may produce peak microwave emission closeto their limbward parts in agreement with our computations.At 5 GHz the model emission comes from the entire loop. Most of the emission isoptically thick with the exception of the east{central part of the loop where the opticaldepth is close to 1. Our model footpoint magnetic �eld is strong enough such that theentire 5 GHz emission comes from low harmonics of the gyrofrequency (harmonics 3{7)and the harmonic structure in the I model emission is clearly seen in �g. 4. The peak ofcircular polarization corresponds to the area where the optical depth is close to unity. LocalV peaks are also present at the edges of the I harmonic structures. The convolution of themodels with the VLA beam gives a total intensity peak at the central{west part of the loopand a circular polarization peak at the central{east part of the loop (see �g. 5).Overall, the model resulting from the �t to the spectrum reproduced most of thespatial features of the VLA observations in a qualitatively satisfactory way: both the modeland the observations show optically thin footpoint emission at 15 GHz and emission fromthe entire loop at 5 GHz. The model 15 GHz emission was asymmetric with the strongestsource located at the limbward part of the loop in agreement with the observations. The



{ 11 {observation show that at 15 GHz, the eastern footpoint source was a factor of 1.7 strongerthan the western footpoint source. In our model this ratio is 1.5 after the convolution.The model 5 GHz emission peaks close to the loop top. But the peak is not as prominentas it is in the observations. Furthermore, the bulk of the 5 GHz I model bright emissiondoes not overlap with the 15 GHz model sources in agreement with the observations. Afterconvolution with the VLA beam, the 5 GHz V pro�le shows a peak close to loop top butdisplaced with respect to the I peak.By changing the input parameters, we checked whether it is possible to achieve an evenbetter agreement between the model and the observed morphologies at 5 GHz and 15 GHz.Changes to the parameters have the following e�ects:Magnetic �eld strength. A larger magnetic �eld strength increases the opacity andthus decreases the number density of electrons required to produce the same optically{thinux. It also decreases the e�ective harmonic at which the electrons are radiating at agiven frequency, which means that electrons are capable of producing optically thick 5 GHzemission from the low{�eld central{east region at the loop top if, e.g., the footpoint �eldreaches 1000 G. An even larger �eld strength is required to give loop top emission at 15GHz. A �eld as small as 600 G at the footpoints means that 15 GHz emission is practicallyundetectable from the western footpoint.Loop thickness. A change in the loop thickness increases the opacity proportionately,which raises the optically thin uxes without changing the optically thick uxes greatly.The thickness cannot be increased greatly without the whole loop becoming visible at 15GHz, in contrast to the observations.Electron number density. In the optically thin limit changing the number density hasthe same e�ect as increasing the magnetic �eld, while it has little e�ect in the opticallythick limit.Electron energy cuto�s. Imposing an upper limit to the electron energies present in thedistribution has a strong suppression e�ect on radiation at high frequencies which requiresvery energetic electrons (high Lorentz factors) if the magnetic �eld is not strong. Thusincreasing the upper energy cuto�, e.g. to 400 keV, increases the opacity of the loop top at15 GHz dramatically and allows it to become visible. By contrast, decreasing the uppercuto� to 100 keV suppresses nearly all emission at 15 GHz when the footpoint �eld strength



{ 12 {is 800 G. Increasing the lower energy cuto� has little e�ect on the high{frequency emissionsince the low{energy electrons do not radiate at 15 GHz, but it increases the mean energyof the electrons radiating the optically thick emission at 5 GHz and makes it brighter.Viewing angle. In practice, the viewing angle can be changed if we change the looplocation and orientation. In most cases, the changes a�ect the model microwave morphologydramatically, because the gyrosynchrotron emission mechanism depends strongly on theangle between the magnetic �eld and the line of sight.For simplicity, we simulate a change in the angle of tilt of the loop with respect tothe local vertical by changing the latitude of the loop: this will have essentially the samee�ect as maintaining the latitude but adding a tilt because the gyrosynchrotron calculationsdepend most strongly on viewing angle; other parameters, such as the polar angle of theloop, are in fact poorly constrained. The model loop is located at latitude 50� north whilethe latitude of the are was 20� north. We also simulated model loops located at theheliographic coordinates of the are. In all cases, no matter what the azimuth of the modelloop was, the shape of the projection of the loop on the plane of the sky did not look likethe 5 GHz VLA aring loop. This implies that the observed loop was tilted with respect tothe local vertical; we estimate that the tilt angle was about 30�.Our tests showed that the only way to make the 5 GHz I peak more prominent and atthe same time move the peaks of the 5 GHz I and V model emission to the location of theVLA peak is to use the input parameters from the best �t to the OVRO uxes except toincrease the footpoint �eld strength to 1070 G. In this case, the east{central part of theloop becomes optically thick and the convolution with the VLA beam gives the desiredmorphology. However the resulting uxes are too high (7 SFU and 27 SFU at 15 GHz and5 GHz respectively). In order to lower these uxes we may either make the loop thinnerand/or decrease the number density or the energy cuto�s of the energetic electrons. Thesecombinations can easily lead to the correct uxes but at the same time, they destroy themorphology because they make the central part of the loop optically thin at 5 GHz.4.3. Polarization imagesBased on gyrosynchrotron theory, the intrinsic polarization of the radio emission shouldbe x mode (with respect to the direction of the magnetic �eld in the source) as long as theoptical depth does not exceed about 4; for large optical depths the polarization should be inthe sense of the o mode because the source function for the ordinary mode is higher than for



{ 13 {the extraordinary (physically, it takes higher{energy electrons to make the o mode opticallythick since it has weaker intrinsic opacity). The intrinsic polarization should switch fromone side of the loop to the other as the component of the magnetic �eld along the line ofsight changes sign. We do not observe any change in polarization across the loop, and the 5GHz loop emission has the same sense of polarization as the 15 GHz footpoints.The lack of a polarization change from one side of the loop to the other is commonlyobserved and is believed to result from mode coupling at a point in the corona along theline of sight where the direction of the magnetic �eld reverses (e.g., White, Thejappa, &Kundu 1992; Alissandrakis, Nindos, & Kundu 1993). The fact that the optically thick 5GHz loop emission and the presumably optically thin 15 GHz footpoint emission have thesame sense of polarization, which is x mode from the sources nearest to earth, indicatesthat the optical depth of the loop emission is not large enough to make it polarized in thesense of the o mode, i.e., less than about 4.In order to simulate the e�ect of polarization inversion on the model V contour plotsand pro�les (see �g 5 and 6), before the convolution we changed the sign of the polarizationuxes which correspond to positive angles between the magnetic �eld and the line ofsight (presumably associated with the limbward part of the aring loop which is a�ectedby the polarization inversion) The model 5 GHz V pro�le shows three components afterthe convolution with the VLA beam: the strongest (middle) component showed negativepolarization, in agreement with the observations while the other two components showedpositive polarization. The positive components are due to the presence of optically thickregions polarized in the sense of the o mode (the grey circles in �g. 4) and the convolutionwith the VLA beam does not wash them out. Unfortunately, a direct comparison betweenthe 5 GHz model V pro�le and the VLA V pro�le is not conclusive because the strongcomponent of the model V pro�le is displaced with respect to the peak of the VLA pro�le.Of course, it is possible to change the model input parameters and make the optical depthof the 5 GHz emission low enough so that the polarization should be in the sense of the xmode along the entire loop. However, in such a case neither the uxes nor the morphologyof the I emission agree with the observations. Furthermore the limited dynamic rangeof the VLA observations should be considered: the dynamic range of the 5 GHz V map(de�ned here as peak ux divided by three times the rms map noise �) is only 8. The ratiobetween the peak ux of the strong model V component and the east component is 15 andthe ratio between the strong model V component and the west component is 7.9. Thusif such o-mode sources were present, their polarization would be below or at the limit ofVLA's dynamic range.



{ 14 {5. ConclusionsWe presented VLA observations of a simple small are at 15 GHz and 5 GHz.Additional spectral data were provided by the OVRO Solar Array. At 15 GHz, the areemission came from two compact highly polarized sources which traced the footpoints ofthe aring loop. The whole loop itself was seen to emit at 5 GHz. The maximum of the5 GHz emission was associated with the loop top. The reason that the two frequenciesappeared di�erent was not instrumental because the 15 GHz baselines were short enough tomap, at least partially, a feature with the dimensions of the 5 GHz loop (see the discussionin section 3). The di�erent morphologies at the two frequencies reect the properties ofgyrosynchrotron emission from mildly relativistic electrons in an inhomogeneous loop. Thefootpoints are bright at the higher frequency because the magnetic �eld of the loop is muchhigher at the footpoints. At the lower frequency almost the whole loop is optically thick andthe maximum occurs at the loop top where the magnetic �eld is weakest and consequentlymore energetic electrons are required to produce optically thick emission. The polarizedemission was a�ected by propagation e�ects which inverted the sense of polarization in thelimbward part of the aring loop. The peak of the 5 GHz V map was located at the looptop, approximately at the same location as the I peak.We tried to reproduce the VLA spatial structure as well as the OVRO radio spectrumusing a simple inhomogeneous gyrosynchrotron model. The observations provided importantconstraints to the model input parameters. The parameters which determine the locationof the loop were chosen so that the shape of the model loop resembled the shape of theloop{like 5 GHz VLA source. The distance between the 15 GHz VLA sources gave thefootpoint separation of the model loop. The spectral index of the OVRO total power dataprovided the power law energy spectral index of the model nonthermal electrons. The otherinput parameters were free. The best �t to the spectral data as well as a qualitativelysatisfactory agreement with the morphology of the VLA maps was achieved using thefollowing values: the photospheric magnetic �eld strenth was 870 G. The heights above thesolar surface of the two lines of force which formed the loop were 1:9� 109 cm and 1:8� 109cm. The transverse dimension of the loop was 5:25 � 107 cm. The density of the energeticelectrons was 7:9� 107 cm�3 and their low and high energy cuto�s were 8 keV and 210 keVrespectively. The agreement between the computed and observed uxes was very good athigh frequencies. At low frequencies where the exact geometric shape of the loop is moreimportant, the discrepancy between the computations and the observations was as high asa factor of 2.5 probably due to our simpli�ed loop model.This model reproduced in a satisfactory way most of the features of the VLAobservations. At 15 GHz, the model emission showed optically thin highly{polarized



{ 15 {emission from the footpoints of the loop. At 5 GHz the model emission came from theentire loop. This picture has been observed repeatedly. For example Shevgaonkar & Kundu(1985) observed a burst with the VLA which showed two compact optically thin sourcesat 15 GHz located near the edges of a larger presumably optically thick source observedat 5 GHz. Single frequency VLA observations at 15 GHz (e.g. Marsh, & Hurford 1980)have shown compact sources located between the H� kernels of the are. Generally, looptop emission is favored when the magnetic �eld from top to footpoints of the loop does notincrease rapidly and the accelerated particles have a nearly isotropic pitch angle (Petrosian1982). The emission continues to originate from the loop top until a large number oftrapped electrons is scattered into the loss cone by additional turbulence or Coulombdeections (Holman, Kundu, & Papadopoulos 1982).The model �eld strenth was 870 G at the photosphere and 282 G at the loop top.Thus, it was strong enough so that the 5 GHz emission came from low harmonics of thegyrofrequency (harmonics 3{7). The harmonic structure is especially prominent in the Imodel (see �g. 4, top panel). This harmonic structure is much less evident when the modelis convolved with the VLA beam, and then the I and V peak uxes lie close to the loop topin rough agreement with the observations (the VLA I and V peaks were somewhat displacedwith respect to the model peaks, however). The traditional interpretation of microwavebursts assumes that gyrosynchrotron emission comes from high harmonics (10{100) of thegyrofrequency (e.g., see Kr�uger 1979; Dulk 1985). Our modeling clearly shows that thisis not always the case. The fact that the model photospheric �eld strenth is close to theKPNO magnetogram values of the magnetic �eld associated with the 15 GHz VLA sources(800{950 G) makes us con�dent that indeed most of the 5 GHz emission comes from lowharmonics of the gyrofrequency.One might think that this result is not consistent with the technique we used to derivethe energy spectral index of the energetic electrons: the expressions by Dulk (1985) are onlyvalid for harmonics greater than about 10. We computed model ux spectra with � = 3,3.5, 3.9 and 4.4. For the � < 3:7 models we tried to �t the OVRO high{frequency uxes bydecreasing one or more of the following input parameters: loop thickness, magnetic �eldstrength, electron density and the energy cuto�s. For the � > 3:7 models we increasedthese parameters. We tried all possible combinations, but using the chi{square criterion,we found that the model with � = 3:7 that we presented in section 4 was the best �t case.This result suggests that the error in the calculation of � using the Dulk (1985) formula issmaller than other errors which may come from inhomogeneities that were not taken intoaccount and the simpli�ed loop geometry.The high magnetic �elds also explain the interesting feature that the 5 GHz emission



{ 16 {did not extend all the way down to the feet of the loop. Figs 4 and 5 provide the explanation.At the eastern edge of the loop we have gyrosynchrotron emission from the third harmonicof the gyrofrequency. At the very edge of the loop the angle between the magnetic �eldand the line of sight � is not big enough to give high 5 GHz emission. But only 6 � 107 cmhigher, the optical depth becomes almost three times larger resulting in a higher 5 GHzux. The same e�ect is repeated for about 109 cm along the loop: harmonics 3{5 producelocal I peaks when the angle � is su�cient. The convolution of the model I pro�le with theVLA beam washes out those local peaks and makes the bright 5 GHz emission appear notto overlap with the peak 15 GHz emission.Magnetic trapping may also contribute to restricting the size of the 5 GHz source.The magnetic �eld strength of our model is B1 = 870 G at the footpoints of the loop andB0 = 280 G at the loop top thus the mirror ratio is about 3. Consequently, the loss coneangle is �0 = arcsin(B0=B1)1=2 � 35�. Electrons with pitch angles higher than 35� aretrapped in the magnetic loop and mirror back and forth between the same magnetic �eldstrength levels at both ends of the ux tube. If the loop is asymmetric, this e�ect preventstrapping of electrons at the part of the loop which is con�ned by the footpoint with thestrongest �eld and the height where the �eld is equal to the �eld strength of the otherfootpoint. In this case, the 15 GHz emission comes from a subset of electrons which arein the loss cone and therefore can reach the footpoint area. Independent evidence for thisscenario has been provided by Lee, Gary, & Shibasaki (1999) who studied two other aresobserved with OVRO.Our modeling also provides important constraints on the magnetic �eld geometry.The fact that we obtained a match to the observed morphology with our model loop atN50E50 while the real location of the are was N20E50 suggests that the loop was tiltedabout 30� with respect to the local vertical. This indirect result appears more reliablethan the 65� tilt that we found using the formulas by Loughhead, Wang, & Blows (1983). It is also interesting that both the thickness of the loop and its transverse dimension aresmall compared to the footpoint separation. We ended up with such small values becauseour scope was to reproduce the VLA morphology as well as the uxes. Thicker loops canalso give satisfactory morphologies at 5 and 15 GHz (provided that we change the otherfree parameters appropriately) but the resulting uxes are not consistent with the OVROvalues. Of course these small dimensions are below the VLA spatial resolution. The sameis also true of the �ne structure of the 5 GHz model emission which was washed out afterthe convolution with the VLA beam.We note that the density of energetic electrons of our model was relatively high andonly 25{40 times lower than usual electron densities of the ambient thermal plasma in



{ 17 {coronal loops (e.g. see, Kano, & Tsuneta, 1995, 1996; Aschwanden et al. 1999). However,Aschwanden & Benz (1997) found that the thermal electron density in 44 soft X-ray aringloops was 0:2 � 2:5 � 1011 cm�3, i.e. a factor of about 1700 higher than the density ofnonthermal electrons of our model. This high density was necessary to make the 5 GHzemission optically thick because the loop needed to be thin in order not to have very largeuxes at 5 GHz. The resulting loop is very thin (� 1:400) compared to its height (� 2500);however, a thicker loop does not produce a match to the VLA observations at both 5 and15 GHz, or to the spectrum observed by OVRO. A loop as thin as the one of the best�t model is needed in order to reproduce the entire observational dataset. The relativelyhigh density suggests that both the acceleration process and trapping of energetic electronswere e�cient in this aring loop. Furthermore, the absence of electrons above 210 keV isnecessary to explain why no emission was observed from loop top at 15 GHz.The good agreement between our simple gyrosynchrotron computations and theobservations veri�es that the gyrosynchrotron mechanism combined with the magnetic�eld geometry is, by far, the most important factor which determines the morphology ofmicrowave bursts. However, our model computations have not exhausted the subject. Forexample, if suitable magnetic �eld data existed, it would be interesting to constrain themodel loop geometry with nonlinear force{free extrapolations of the photospheric �eld.A still better agreement with the observations is possible, if the e�ects of the ambientmedium are taken into account. For this purpose soft X-ray observations would be valuable.Furthermore, models which incorporate the time evolution of the emission will help us toconfront the problems of energy release and particle acceleration in solar ares.6. ACKNOWLEDGMENTSThis research at the University of Maryland was carried out with support from NSFgrant ATM 96-12738 and NASA grants NAG 5-7370, NAG 5-6257 and NAG 5-7901. TheOVRO observations were made possible through support from NSF grants ATM 97-96213and AST 97-96238, and NASA grant NAG5-6381 to New Jersey Institute of Technology.SMW acknowledges gratefully the assistance in setting up the high{time{resolutionobservations provided by Tim Bastian and the VLA operations sta�.
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Fig. 1.| Contour plots of the VLA are at the time of maximum overlaid on a Kitt Peakphotospheric magnetogram. The magnetogram was observed about 5 min after the end ofthe are. The total intensity I snapshot maps are on the left and the circular polarizationV maps on the right. The solid contours show the 5 GHz emission and the dashed contoursshow the 15 GHz emission. In the 5 GHz V map the thick contours represent positivebrightness temperatures. The white contours in both images show the sunspot-associatedemission at 15 GHz. The contour levels in the I maps are (2.25, 3, 3.75, 4.5, 6, 7.5, 9, 12, 15,24)�106 K and (0.2, 0.4, 0.9, 1.4, 1.9, 2.3)�106 K for 5 GHz and 15 GHz respectively. Thecontour levels in the V maps are (-0.55, -0.45, -0.40, -0.25, -0.20, -0.15, -0.07, 0.07)�105 Kand (-23, -18, -14, -9, -4.5, -3.3, -1.6, -1.2)�105 K for 5 GHz and 15 GHz respectively. Theaxes labels denote seconds of arc from the VLA phase-tracking center. North is up, West tothe right. The white arrow indicates the direction of the limb. The VLA pro�les of �g. 4have been computed along the solid curve which is present on the I maps of this �gure.
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Fig. 2.| Time pro�les of the VLA are. From top to bottom: 5 GHz I, 5 GHz V , 15GHz I and 15 GHz V time pro�les. In the 15 GHz pro�les the solid lines show the timeevolution of the eastern footpoint emission and the dashed lines the time evolution of thewestern footpoint emission.
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Fig. 3.| OVRO total power spectra from antennas 1 and 2, at the time of maximum. Thedotted curve is the best �t model to the OVRO spectra. The model was a magnetic looplocated at heliographic longitude 50� east and latitude 50� north and with a 45� orientation(azimuth) with respect to the local north. The photospheric footpoint magnetic �eld strengthwas 870 G. The heights above the solar surface of the two lines of force which formed theloop were 1:9�109 cm and 1:8�109 cm. The distance between the footpoints was 2:64�109cm and the transverse dimension of the loop was 5:25 � 107 cm. The energy spectral indexof the energetic electrons was 3.7 and their density was 7:9 � 107 cm�3. The low and highenergy cuto�s of the nonthermal electrons were 8 keV and 210 keV respectively.
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Fig. 4.| The morphology at 5 GHz and 15 GHz of the model �t to the spectrum. Theloop total intensity and circular polarization uxes have been plotted as circles on the planeof the sky. The open circles represent total intensity ux and the �lled circles representcircular polarization ux (the black circles indicate x-mode polarization and the grey circlesindicate o-mode polarization). At each frequency, the radius of each circle is proportional tothe corresponding model I or V ux.
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Fig. 5.| Contour plots of the model morphologies presented in �g. 4. For comparison withthe observations, each model has been convolved with the appropriate VLA beam. In orderto simulate the e�ect of polarization inversion on the model V maps, before the convolutionwe changed the sign of the polarization uxes which correspond to positive angles betweenthe magnetic �eld and the line of sight (presumably associated with the limbward part ofthe aring loop which is a�ected by the polarization inversion). The contour levels in the Imaps are (1.28, 1.92, 2.56, 3.2, 3.84) SFU/beam and (0.05, 0.1, 0.2, 0.3, 0.4, 0.5) SFU/beamfor 5 GHz and 15 GHz respectively. The contour levels in the V maps are ( -0.15, -0.3, -0.45,-0.6, -0.9, 0.02) SFU/beam and (-0.3, -0.2, -0.1, -0.07, -0.035, -0.03) SFU/beam for 5 GHzand 15 GHz respectively.
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Fig. 6.| Top panel: One-dimensional representation of the VLA are at the time ofmaximum. These pro�les were computed along the solid curve shown in the left frameof �g. 1. Bottom panel: spatial pro�les of the models of �g. 4 as a function of the distancealong the loop. For comparison with the observations, each pro�le has been convolved withthe appropriate VLA beam. The inversion of circular polarization was treated as in �g. 5.In both panels, we present the absolute values of the V pro�les. For a better comparison,we have divided the VLA values with the appropriate beam.


