
Radio Observations of Gyroresonance Emission from CoronalMagnetic FieldsS. M. White and M. R. KunduDept. of Astronomy, University of MarylandCollege Park, MD 20742 USAAbstract. We review the basic characteristics of thermal gyroresonance (also known as cyclotron)emission from solar active regions, and show how radio observations combined with our understand-ing of the basic mechanism can reveal much of the magnetic and thermal structure of the coronaover active regions. 1. IntroductionSince the realization in the early 1960s [Ginzburg & Zheleznyakov 1961; Kakinuma& Swarup 1962; Zheleznyakov 1962] that the strong radio emission observed fromsolar active regions was associated with gyroresonance opacity, radio observationshave provided the only direct diagnostic of magnetic �eld strengths in the solarcorona. It is a happy coincidence that the low harmonics of the range of magnet-ic �eld strengths found in the corona (up to 2500 G) correspond to the range ofmicrowave frequencies (1 { 20 GHz) for which atmospheric transmission is not anissue and high spatial resolution radio observations are readily feasible. In view ofthe recent developments in the measurement of photospheric magnetic �elds andtechniques for their extrapolation into the solar corona (see recent reviews from the1996 SCOSTEP Workshop on Measurements and Analyses of the 3D Solar Mag-netic Fields, published in Solar Physics), it is timely to review the capabilities ofradio measurements and to discuss their use in conjunction with optical magneticdata. In this review we discuss the ideas behind the use of radio observations todetermine the physical conditions in the corona above active regions, and mentionfuture developments which will lead to a major improvement in the results obtainedfrom radio observations.Both of the mechanisms responsible for opacity in the active region corona at radiowavelengths, gyroresonance emission and bremsstrahlung (free electrons deected byions and remaining unbound, hence also known as free{free emission), are sensitiveto the magnetic �eld. Here we focus on the application of gyroresonance theory tothe interpretation of the radio observations, since it is a more direct diagnostic ofcoronal magnetic �elds. Bremsstrahlung emission in a magnetic �eld is polarizedbecause the magnetic �eld breaks the degeneracy in properties of the two naturalwave modes, so that information on the �eld is contained only in the polarizedsignal. However, in gyroresonant emission the e�ect is much more direct: it is theacceleration of electrons by the v � B magnetic force itself which produces the



2 S. M. WHITE & M. R. KUNDUopacity, so that each polarization by itself independently contains information onthe magnetic �eld. Thus bremsstrahlung and gyroresonance emission provide quitedi�erent diagnostics. The fact that bremsstrahlung is not a resonant mechanism,the dependence of the polarization of optically{thick bremsstrahlung on the localcoronal temperature gradient, and the fact that the polarization of optically{thinbremsstrahlung results from an integration of all contributions along the line of sight,result in the interpretation of bremsstrahlung polarization being less straightforward,but it still provides important complementary information which can be exploitedin the study of active regions. At frequencies below 3 GHz bremsstrahlung tendsto dominate active region emission and thereby restricts the minimum coronal �eldstrengths which can be studied with gyroresonance emission to about 200 G. Wewill not discuss bremsstrahlung further here.In the next section we discuss the basic properties of thermal gyroresonance emis-sion (also known as cyclotron emission), and in the following section we show howthese properties determine the radio appearance of solar active regions. We alsodiscuss some of the limitations of radio observations. Many people have contribut-ed over the years to our understanding of gyroresonance emission from the corona,and we will not attempt to ascribe credit for each speci�c development. Previouspapers covering similar topics include Zlotnik (1968a,b), Zheleznyakov (1970), Lan-tos (1972), Gelfreikh & Lubyshev (1979), Alissandrakis, Kundu & Lantos (1980),Kr�uger, Hildenbrandt & F�urstenberg (1985), Hurford (1986), Brosius & Holman(1989), Lee, Hurford & Gary (1993), and Vourlidas (1996).2. The Properties of Gyroresonance Emission2.1. Physical MechanismA collisionless plasma such as the solar corona (where a typical collision frequency,e.g., for a density of ne = 1010 cm�3 and temperature T = 2 � 106 K, is 200Hz) may be characterized by two frequencies corresponding to electron resonances:the frequency of oscillation of electrons in the electric �eld of the ions, known asthe plasma frequency, fp = 8980pne Hz; and the gyro frequency, which is thefrequency of rotation of an electron about the magnetic �eld due to the v � Bforce, fB = 2:80 � 106 B Hz, where B is measured in G. For typical conditionsin gyroresonant sources above active regions (ne = 1010 cm�3 and B >� 300 G),fB > fp. In such a plasma the propagating electromagnetic modes corresponding tothe free{space radiation modes are circularly polarized under most conditions. Oneof the modes, known as the extraordinary or x mode, gyrates about the magnetic�eld with the same sense of rotation as an electron, and therefore resonates stronglywith the thermal electron population; the other mode, known as the ordinary or omode, gyrates about the magnetic �eld direction with the sense opposite to that ofthe electron, and correspondingly interacts much less strongly. Since a radiotelescopegyro.tex; 8/11/1996; 15:43; no v.; p.2



RADIO OBSERVATIONS OF CORONAL MAGNETIC FIELDS 3can generally detect both modes independently, as opposite circular polarizations,this di�erence in the strength of interaction of the two modes provides a powerfuldiagnostic.The frequency width of a given cyclotron resonance is proportional to ��1=2 s fB ,where � = mec2=kBT . Since � � 3000 in the corona, the cyclotron resonances arevery narrow and, for a given value of fB , opacity is only signi�cant at frequenciesvery close to discrete harmonics sfB , s = 1,2,3,... (at much higher temperatures theindividual resonances have signi�cant width and may overlap). Equivalently, if weare observing an inhomogeneous corona at a frequency f , gyroresonance opacity isonly signi�cant at those discrete points along the line of sight at which fB = f=s,s = 1,2,3,... The thermal width of the cyclotron resonance at coronal temperaturesis such that B varies by less than 2% across a resonant layer, corresponding to aphysical width of less than 200 km for typical coronal magnetic gradients (scalelength � 104 km). The narrow physical thickness of the gyroresonant layers is animportant feature of this mechanism: since they are much smaller than relevantgradients in ne; B and T (except possibly in the vicinity of current sheets), thesephysical properties may be regarded as constant across any given gyroresonant layer.2.2. OpacityThe formal expression for gyroresonance opacity is discussed in many places [Zheleznyakov1970; Melrose 1980; Robinson & Melrose 1984] and will not be derived here. Insteadwe will simply quote the expression for the optical depth � of a gyroresonance layer(the absorption coe�cient integrated through the layer) as a function of the fre-quency f , the harmonic number s (which determines fB = f=s and hence B in thelayer), and the angle � between the magnetic �eld direction and the line of sight:�x;o(s; f; �) = :0133 ne LB(�)f s2s! �s2 sin2 �2� �s�1 Fx;o(�) (1)where LB(�) is the scale length of the magnetic �eld (B=@B@l ) evaluated along theline of sight. For simplicity we have set the refractive index to be unity in (1). Fx;o(�)is a function of angle which is of order unity for the x mode near � = 90�, butdecreases sharply at smaller �, and is smaller in the o mode than in the x mode. Atangles � away from 90� it is often approximated byFx;o(�) � (1 � � cos �)2 (2)with � = �1 for the xmode and � = 1 for the omode. However, this approximationis really only appropriate when the two natural electromagnetic modes are perfectlycircularly polarized, and at the low harmonics (s = 1,2,3,4) relevant to the coronathis is rarely a good assumption. Zlotnik (1968a) presents accurate expressions forFx;o(�) which correctly handle the mode polarization properties. (Note that Zlotnik'sformulae are presented in the limit that the refractive index is unity, which introducesa small correction when fp � fB .) gyro.tex; 8/11/1996; 15:43; no v.; p.3
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Figure 1. The (integrated) optical depth of the s = 2; 3; 4 gyroresonance layers at 5 GHz (left,middle and right panels, respectively) as a function of the angle � between the line of sight and themagnetic �eld direction. The temperature in the source is 3 � 106 K, and the magnetic scale heightLB is 109 cm. In each panel the solid line is the optical depth of the layer in the x mode, and thedashed line is the optical depth in the o mode. The dotted lines show the optical depth obtainedusing the circularly{polarized mode approximation (2). The density used for this calculation wasdecreased as s increases to simulate the decrease of ne with height: the values are shown in eachpanel.In Figure 1 we present exact calculations of � , the optical depth of a gyrores-onant layer, for typical coronal conditions (T = 3 � 106 K, LB = 109 cm) and a�xed frequency of 5 GHz at the appropriate harmonics s = 2, 3 and 4. Both the x(solid lines) and o (dashed lines) modes are shown. For comparison, we also plot theapproximation represented by (2) (dotted lines).A number of features should be noted in this �gure:� For typical coronal conditions, the x mode is optically thick (� � 1) in the s =2 and 3 layers over a broad range of angles �. The o mode is optically thick overmost of the s = 2 layer, and may be at least marginally optically thick over a smallportion of the s = 3 layer if � is large. Harmonics greater than s = 4 do not haveany signi�cant optical depth in the quiet solar corona.gyro.tex; 8/11/1996; 15:43; no v.; p.4



RADIO OBSERVATIONS OF CORONAL MAGNETIC FIELDS 5� At each harmonic and angle the o mode opacity is always at least an order ofmagnitude smaller than the x mode opacity, despite the fact that (2) predicts thatthey should be nearly equal for a range of � around 90�. The approximation (2) isadequate for the x mode at small �, but is poor for the o mode at all �, being easilya factor of 2 or more in error even at small angles.� The opacity drops sharply towards small � in both modes. At angles very close to90�, the o mode opacity dips sharply since it must be a factor of � smaller than thex mode opacity exactly at � = 90� (e.g., Bornatici et al. 1983, Robinson 1991). By(1), the opacity is zero at � = 0� for s > 1. The sin2s�2 �{dependence of (1) causesthe fall{o� towards small � to be much more rapid as s increases.� For each increase of s by 1, the opacity in a given mode at a given angle drops byslightly more than 2 orders of magnitude. This is largely due to the ��s dependenceof (1). The importance of this large change in opacity from one layer to the next isthat a given harmonic layer is likely to be either optically thick over a wide rangeof angles �, or else optically thin everywhere.An important point to be emphasized is that gyroresonance observations aresensitive to the absolute magnetic �eld strength B, whereas conventional (Babcockor Leighton style) optical magnetographs measure only the line{of{sight componentof the magnetic �eld, B cos �, and thus are of limited value for regions near the solarlimb. Further, in many cases magnetographs measure magnetic ux averaged overa resolution element (a pixel or a seeing cell) and are thus a�ected by the �llingfactor of the magnetic �eld within the resolution element; radio observations are nota�ected by this �lling factor.3. Gyroresonance radio emission from active regions3.1. Radio emission from a dipole magnetic fieldHere we will use a dipole magnetic �eld (vertically{oriented and seen looking directlyonto one pole, often used as a model for isolated sunspots) to illustrate the ways inwhich the properties of gyroresonance emission a�ect the appearance of solar activeregions at microwave frequencies. Figure 2 shows the expected appearance of a aperfectly dipolar �eld (of peak surface �eld strength 2500 G) at a frequency of 5GHz. The upper panel shows the four lowest gyroresonant layers (s = 1, 2, 3, 4,corresponding to B = 1785, 892, 595 and 446 G, respectively), with the line{typeindicating whether the layer is optically thick in a given mode. A solid line in theupper panel indicates that the layer is optically thick at both x and o modes; adashed line indicates that only the x mode is optically thick; and a thin dotted linerepresents a region of the layer optically thin in both modes. The thin solid linesare magnetic �eld lines. In the bottom panel we plot the brightness temperatureseen by an observer looking straight down on the dipole. In this panel the solid linerepresents the x mode brightness temperature, which the observer will see as onegyro.tex; 8/11/1996; 15:43; no v.; p.5



6 S. M. WHITE & M. R. KUNDUcircular polarization (right circular polarization if the spot is of positive magneticpolarity), while the dashed line represents the o mode (seen by the observer as theopposite circular polarization).A height of zero in the atmospheric model used for this calculation correspondsto the base of the corona. The density is 1010 cm�3 at the base and decreasesexponentially with a scale height of 5000 km. The temperature is 6000 K belowthe corona and 1.0� 106 K at the base, increasing to 3.0� 106 K at a height ofabout 15000 km. The morphology of the radio emission can easily be understoodby referring to the gyroresonance (GR) layers and the details of the temperaturemodel, and recalling that along any given line of sight we only see down to thehighest optically thick layer:� Neither mode is optically thick in the s = 4 layer, but at the outer edges of thislayer there is enough opacity in the x mode to produce a brightness temperature oforder 105 K, which provides the outer boundary of the radio source.� On the s = 3 layer, the o mode is only (marginally) optically thick at the low{lying outer edge of the layer where � is largest, but the temperature is relativelylow there because of the low altitude. The x mode is optically thick in the s = 3layer to within � 5000 km from the center of the umbra, and the peak brightnesstemperature in the x mode occurs close to the inner edge of this optically{thickregion since the height of the layer, and therefore the temperature, is maximumthere.� At smaller radii where the s = 3 layer is optically thin, the main contributionto the x mode comes from the s = 2 layer which is lower and therefore at a lowertemperature: this shows up as a drop in brightness temperature at small radii.� In the very center of the s = 2 layer where the line{of{sight is along the �eld line,the xmode is optically thin and there is a narrow low{temperature feature. However,it is only a fraction of an arcsecond across and would be di�cult to observe.� In the o mode the central depression in brightness temperature due to the trans-parency of the s = 2 layer at small � is much broader, and at the center of the spoteven the s = 1 layer is optically thin in the o mode, but still has su�cient opacityto maintain the brightness temperature at 3.0� 105 K.� The sharp features in the o mode pro�le at radii of order 104 km are due to thegap between the radius at which the optically thick s = 2 layer drops beneath thecorona and the radius at which � increases su�ciently for the s = 3 layer to become(in this case only marginally) optically thick.3.2. The Effect of Viewing AngleSince the angle � is so important in determining the opacity of a GR layer, changingthe viewing angle can have a dramatic e�ect on the appearance of the radio sourceand this is shown in Figure 3, where we view the same dipolar coronal �eld at anangle 20� to the vertical. The format of the �gure is identical to that of Fig. 2 exceptthat the dipole and the surface have been tilted to show them as the observer wouldgyro.tex; 8/11/1996; 15:43; no v.; p.6
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Figure 2. Plots of the gyroresonance layers of a dipole sunspot model (upper panel) and the predictedbrightness temperatures resulting from an observation of such a spot (lower panel), viewed nearlyvertically (actually 1� o� vertical). In the upper panel the thin solid lines are magnetic lines of forceand the dotted lines are the s = 1; 2; 3; 4 gyroresonance layers, with s = 4 the highest and s = 1the lowest layer. Where the gyroresonance layers are optically thick (i.e., � � 1) in the o mode,they have been overplotted with a thick solid line. Except in the s = 1 layer where the x modedoes not propagate, a layer which is optically{thick in the o mode is also thick in the x mode. If agyroresonance layer is optically thick in the x mode but not in the o mode, it is overplotted with athick dashed line. In the lower panel, the x{mode brightness temperature is shown by a solid lineand the o mode brightness temperature by a dashed line. The frequency is 5.0 GHz, the dipole isburied at a depth of 1.2 � 109 cm, and the maximum �eld strength at the surface is 2500 G. In themodel temperature increases with radial height from 1.0 � 106 K at the base of the corona (zeroheight in this case) to 3.0 � 106 K at about 15000 km.see them. On the far side of the spot from the observer (the left side of this �gure)the �eld lines at the outer edge of the GR layers are nearly orthogonal to the line ofsight and this leads to a large opacity in both modes in the s = 3 layer there andgyro.tex; 8/11/1996; 15:43; no v.; p.7
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Figure 3. A plot in format identical to Figure 2, except that now the sunspot is viewed from anangle at 20� to the axis of the dipole (the observer is again at the top of the page). The brightnesstemperature pro�les in the bottom panel are shown as the observer would see them in projection.consequently a relatively small di�erence in brightness temperature between the twomodes. Because the s = 3 layer is optically thick to a greater height on the far sidewhere � is larger, peak brightness temperatures are higher there than on the nearside, where the o mode in particular shows structure due to changes in opacity anddi�erences in temperature between the di�erent layers.3.3. Variation with FrequencyThe change in appearance of the radio emission as frequency changes may be seen inFigure 4, where we plot the radio pro�les across the dipolar �eld viewed from directlyabove in the x (upper panel) and o (lower panel) modes at frequencies from 4 GHzgyro.tex; 8/11/1996; 15:43; no v.; p.8
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Figure 6. Brightness{temperature pro�les across a model sunspot with the dipolar magnetic �eldcon�guration of Figure 2 but with a di�erent coronal temperature gradient: in this case the tem-perature rises from about 2.0 � 106 K at the base of the corona to 3.0 � 106 K at 4000 km, andthen decreases to 1.0 � 106 K at about 8000 km. As in Fig. 4, curves are plotted at frequenciesspaced by 1 GHz from 4 (outermost curve) to 16 GHz (innermost curve). The upper panel showsthe x mode pro�les and the lower panel the o mode.is brighter than the x mode because the o mode is optically thick in the s = 2 layerclose to the temperature maximum while along the same line of sight the x modeis optically thick in the higher s = 3 layer, well above the coronal temperaturemaximum. Vourlidas (1996) interprets a detection of o mode polarization from asunspot in terms of a temperature structure of this type. At high frequencies, whereall the important GR layers lie below a height of 4000 km, the pattern reverts toone very similar to Fig. 4. gyro.tex; 8/11/1996; 15:43; no v.; p.11
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Figure 8. Brightness{temperature pro�les across an isolated sunspot observed near disk center(actually 13� north{west of disk center) with the VLA by Zlotnik et al. (1996). The 6 curves eachshow the brightness temperature along a cut across the source at a di�erent frequency, starting with4.5 GHz as the outermost curve, and 14.7 & 15.0 GHz as the two innermost curves. The curves arelabelled according to frequency in the left panel which shows the x mode; the right panel shows thecorresponding o mode pro�les, which are present in the same order as in the left panel.ter of the disk can show the basic pattern of a symmetric ring of emission, with lowbrightness temperatures over the umbra where � is small. An example of pro�lesfrom such a sunspot is shown in Figure 8, taken from Zlotnik et al. (1996). This is aVLA1 observation with data at the frequencies 4.5, 5.0, 8.0, 8.4, 14.7 and 15.0 GHz.At the two highest frequencies there are no optically{thick GR layers in the coro-na and brightness temperatures remain low. In general we see that the brightnesstemperature decreases steadily as frequency increases, and the x mode brightnesstemperature everywhere exceeds the o mode brightness temperature at the same fre-quency. As discussed in the previous section, this combination of properties suggests1 The VLA is a facility of the National Radio Astronomy Observatory, which is operated byAssociated Universities, Inc., under cooperative agreement with the National Science Foundation.gyro.tex; 8/11/1996; 15:43; no v.; p.13
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-20Figure 9. Images of a simple sunspot obtained on 1993 August 17. The left panel shows the line{of{sight photospheric magnetic �eld from a magnetogram obtained at the Kitt Peak National Obser-vatory; contours are at 100 G intervals with a lowest contour of 100 G. The strongest longitudinalmagnetic �eld measured in the spot is of order 1080 G. Radio images obtained with the VLA at8.1 GHz are shown in the middle (x mode) and right (o mode) panels. In both radio images thebottom contour is at 25 � 104 K and successive contours are 50 � 104 K apart. The peak brightnesstemperature in the x mode image is 1:42 � 106 K and the peak brightness temperature in the omode is 0:43 � 106 K. Disk center is towards the upper right quadrant, 30000 north and 27000 westof the spot at the time. The beam size in the radio images is 2:000.a positive gradient of temperature with height, at least over the range of heightscovered by these observations. The central depression in the x mode is far broaderthan the corresponding feature in Fig. 4. This can be explained if the temperaturehas a radial dependence, i.e., the corona over the umbra is cooler than over thepenumbra (in Fig. 4 the temperature has no radial dependence). Another featurewhich is not consistent with the simple models is that the radio emission is brighteron the eastern side, closer to disk center, whereas in an atmosphere with a positivetemperature gradient viewed at a moderate angle (e.g., Fig. 3), we expect the sideaway from disk center to have brighter radio emission. In these observations, thespatial resolution, although excellent (several arcseconds), is probably inadequate tosee the sharp edges at resonance layer jumps seen in Figure 4.As a second example, Figure 9 shows VLA x and o mode images of a simplesunspot at a single frequency, 8.1 GHz, together with a photospheric magnetogramtaken by Kitt Peak National Observatory. The sunspot was located at heliocentriccoordinates S17E18 (heliographic coordinates S10E18) at the mid{time of the radioobservation, so apparent disk center is towards the top right corner of the images.If the sunspot �elds are radial at the center of the spot and diverge away from thecenter, then we are viewing the magnetic �eld largely at small � (i.e., low opacity)on the north-west side of the spot, and preferentially at large � (large opacity) onthe south{east side. This probably explains the asymmetry seen in the x modesource, which is clearly brighter to the south{east than the north{west. As in Fig. 8,the x mode is everywhere brighter than the o mode, and the x mode source isgyro.tex; 8/11/1996; 15:43; no v.; p.14



RADIO OBSERVATIONS OF CORONAL MAGNETIC FIELDS 15much larger than the o mode source. There are sharp edges to the x mode source,particularly on the south{eastern side where we expect it to be optically thick outto the boundary of the GR layer; on the north{western side the more gradual fall{o� in brightness temperature may be due to the variation of �. Note that thereare small discrete features around the penumbra, including the brightest feature inthe x mode image at the northern tip of the penumbra, which clearly do not �t asimple dipole pattern. A soft X{ray image shows a bright loop emerging from thespot penumbra at the location of the brightest feature, so this may well be a regionwhere the enhanced density and temperature associated with the loop overcome thee�ect of small � and elevate the optical depth where it would otherwise be low.Within the main body of the x mode source is a central broad and relatively atridge of emission which is � 2 � 105 K brighter than a small trough to the east(6 � 105 K), beyond which is the bright eastern rim of the sunspot radio source.It is possible that these features represent di�erent GR layers. The main ridge ofthe o mode source essentially coincides with the brightest �elds measured in themagnetogram. The peak line{of{sight �eld in the magnetogram is only 1070 G, so itis not plausible that the o mode emission arises at the fundamental GR layer (2880G) and it is more likely to be second harmonic emission (1440 G), while much ofthe x mode source is probably third harmonic emission (960 G).Both the examples used here are of simple sunspots since they most closely resem-ble our model calculation and therefore most straightforwardly illustrate the con-cepts discussed earlier. Most active regions of interest are far more complicated, andthe previous published radio images of active regions (too numerous to refer to here:see White et al. 1992 for a list of studies published prior to 1992) show the full rangeof complexity. However, we emphasize that there is no di�erence in principle betweenthe simple dipole model and a real active region: in the latter, as in the former, it isthe interplay between the the structure of the GR layers (particularly the variationof � over the layers) and the temperature and density structure of the corona whichdetermines the appearance of an active region at microwave frequencies. Much ofthe diagnostic potential of gyroresonance emission lies in the fact that at a givenfrequency it reveals speci�c well{de�ned layers, and this is equally true of simpledipolar sunspots and real active regions with more convoluted GR layers.4. Applications of Gyroresonance Emission4.1. Coronal magnetic field measurementOne of the simplest uses of radio observations is the determination of magnetic �eldstrengths at the base of the corona (e.g., Hurford 1986). The absolute value of thecoronal magnetic �eld strength is important for understanding the energetics of thecorona, and the availability of free energy stored in coronal magnetic �elds which maybe used in ares and coronal heating. Figs. 2-7 demonstrate that where the optically{thick GR layer corresponding to a given frequency and mode drops below the corona,gyro.tex; 8/11/1996; 15:43; no v.; p.15



16 S. M. WHITE & M. R. KUNDUthe radio brightness temperature at that frequency and corresponding polarizationshows a sharp drop from coronal to approximately chromospheric values. (Note thatthe transition region is not expected to be detected via gyroresonance emission ifits thickness is less than 100 as energy balance models predict, because its signaturewould be con�ned to the line at the intersection of the < 100{thick surface of thetransition region with the typically < 0:002{thick GR surface, and the thickness ofthis line is likely to be so narrow as to be undetectable.) Observationally it is asimple matter to detect such a signature. Thus the locations of the outer edges ofthe radio sources at di�ering frequencies contain information on the magnetic �eldstrength at the base of the corona. With data such as those shown in Figs. 4{7,several harmonics can be identi�ed unambiguously in each mode and therefore theappropriate values of s can be identi�ed, which is essential to determine absolutevalues of B. In this way, it is straightforward to map the distribution of B over thebase of the corona wherever the radio emission is dominated by bright gyroresonanceemission. This technique has been convincingly demonstrated with the Owens Valleyfrequency{agile interferometer [Gary & Hurford 1994].When only a few frequencies are available, as in VLA observations, it is possibleto map the extent of the region in the corona in which the magnetic �eld exceeds thevalues which correspond to the frequencies observed. High{frequency observationsallow us to estimate the maximum magnetic �eld strength in the corona. This canbe obtained from the maximum frequency fm GHz at which coronal brightnesstemperatures are observed, using the assumption that this will take place in thex mode in the s = 3 layer at the base of the corona where the �eld strength ismaximum. (One feature illustrated by Figure 1 is that only in extreme conditionsis the s = 4 layer optically thick, and therefore s = 3 is generally appropriate forthis purpose.) On this assumption, the maximum �eld strength is 120 fm G. Forexample, if as in White et al. (1991) there are coronal brightness temperatures at15 GHz, the coronal magnetic �eld must reach at least 1800 G. When the 17 GHzNobeyama radioheliograph measures coronal brightness temperatures from an activeregion, the coronal magnetic �eld must exceed 2000 G [Shibasaki et al. 1994]. Whenmany closely-spaced frequencies have been observed, as is possible with the OwensValley frequency{agile interferometer and RATAN{600, fairly tight limits can beplaced on the maximum magnetic �eld strength [Akhmedov et al. 1982; Lee et al.1993; Gary & Hurford 1994].4.2. Coronal currentsAn extension of this simple measurement is the identi�cation of coronal currents.Coronal currents generate magnetic �elds and therefore elevate coronal �eld strengthsabove the values expected from simple potential{�eld (i.e., current{free) extrapola-tions of surface measurements. They will also produce a characteristic reversal of �elddirection with position as one moves across the current layer. Both these features arein principle observable in radio images. Relatively little has been done in this areagyro.tex; 8/11/1996; 15:43; no v.; p.16



RADIO OBSERVATIONS OF CORONAL MAGNETIC FIELDS 17due to the di�culties of obtaining well{calibrated, unsaturated photospheric mag-netogram data simultaneous with suitable radio data (i.e., at high spatial resolutionand covering the appropriate frequency range), and the problem of identifying theheight of the radio source [Alissandrakis et al. 1980; Schmahl et al. 1982; Alissan-drakis & Kundu 1984; Chiuderi Drago et al. 1987; Schmelz et al. 1994]. Recently Leeet al. (1996) have shown a compelling example in which potential extrapolations ofphotospheric magnetic �elds were unable to explain the presence of a 15 GHz radiosource over a neutral line even with the conservative assumption that the 4th har-monic layer could have su�cient opacity to be optically thick (requiring 1330 G�elds). In this case a photospheric vector magnetogram also indicates the presenceof a strong current with footpoints in the photosphere on either side of the neutralline and consistent with a coronal current crossing the neutral line in the corona atthe location inferred from the radio data. In this case the radio data also happen tobe useful for resolving the 180� ambiguity in the photospheric magnetogram data[Lee et al. 1996].Since coronal currents are implicated in both coronal heating and solar ares, thisapplication of radio observations is potentially very valuable, and we expect this tobe an area of focus in coming years.4.3. Heights of radio sourcesPerhaps the major shortcoming of gyroresonance emission as a diagnostic is the factthat it does not yield height information directly. (Other coronal diagnostics suchas X{ray imaging share this shortcoming.) A single radio observation at multiplefrequencies is sensitive to emission from many di�erent GR layers in the corona, butis largely insensitive to the distance between the layers, and for this reason doesnot easily lend itself to height determination. When two observations at di�erenttimes are combined, the change in perspective produced by solar rotation permitsstereoscopy to be used to estimate source heights [Aschwanden & Bastian 1994].However, to carry this out correctly for gyroresonance emission requires both thatthe physical properties of the corona not change between the observations and thatthe changes in appearance expected from the dependence on � be taken into accountcarefully, which is far from trivial.In principle there is information present on the heights of the GR layers dueto the dependence of the optical depth (1) on LB, and the fact that we know themagnetic �eld strength in each layer. LB must be consistent with the height sepa-ration of isogauss layers of di�erent �eld strengths. If LB could be determined fromthe data, it may be possible to use the combination of LB, the fundamental lawr �B = 0 and the fact that B is constant within a layer to reconstruct the heightsof the GR layers, at least approximately. However, in (1) LB is coupled with theelectron density, and it may be di�cult to separate these two parameters from radiodata alone: EUV observations which provide independent information on ne, andgyro.tex; 8/11/1996; 15:43; no v.; p.17



18 S. M. WHITE & M. R. KUNDUimproved extrapolations of surface �elds which provide an estimate of LB, may helpwith this separation.4.4. Comparison with other methodsNo other method can measure coronal magnetic �eld strengths. There is consider-able progress in our understanding of the extrapolation of photospheric �eld mea-surements into the corona, including the e�ects of currents, but no technique yetexists which claims to do this perfectly. Further, the most common techniques formeasuring photospheric �elds are susceptible to errors which will contaminate theextrapolations.Despite su�ering from the problem of all optically{thin diagnostics, line{of{sightconfusion, soft X{ray imaging observations can be extremely valuable for studies ofcoronal magnetic �elds because, when density contrast between neighbouring �eldlines is su�cient, they show the (projected) paths of �eld lines in the corona. Thiscan be particularly useful for resolving the well{known 180deg ambiguity in vectormagnetic �eld observations. Radio observations are less likely to show �eld linesdirectly because gyroresonance emission tends to be optically thick and therefore ismore sensitive to temperature contrast rather than density contrast.However, soft X{ray data are much less sensitive to absolute values of magnetic�eld strength. In their comparison of radio images with extrapolations of photo-spheric magnetic �eld observations, Lee et al. (1996) discuss the e�ects of errorsin the magnetogram on the resulting magnetic �eld images. Two of the most com-mon problems in Babcock{style magnetographs are stray light contamination andsaturation in the dark regions of sunspot umbrae. Stray light has the e�ect of dimin-ishing inferred magnetic �eld strengths by roughly the same factor everywhere, whilesaturation leads to underestimation of the strongest �eld strengths in sunspots. Cor-rections for these e�ects raise �eld strength values in the active region considerably,but potential extrapolations show that they do not change the topology of the �eldlines signi�cantly. Since soft X{ray observations only show �eld lines, comparisonsbetween soft X{ray observations and photospheric longitudinal magnetograms arenot very sensitive to errors in the magnetograms, whereas radio observations aresensitive to such errors since the increased �eld strengths change the locations ofthe GR layers. In particular, the question of whether su�cient �eld strengths arepresent in the corona to explain high{frequency radio sources at all will be a�ectedby such errors. 5. Propagation e�ectsAs noted earlier, the polarization of the natural modes in the corona changes withthe angle � between the propagation direction and the magnetic �eld. At small� the modes are purely circularly polarized; at � = 90� they are purely linearlygyro.tex; 8/11/1996; 15:43; no v.; p.18



RADIO OBSERVATIONS OF CORONAL MAGNETIC FIELDS 19polarized. As radiation propagates through the corona � will change and two thingscan happen: the radiation can retain its polarization, or it can retain its modeidentity and therefore change polarization as � changes. Away from � = 90�, theformer is generally true, i.e., strong mode coupling operates: the radiation can coupleeasily from one mode to the other and as it propagates it is apportioned between thetwo (changing) local modes such that its original sense of polarization is preserved.However, where � passes though 90� (known as the quasi{transverse or QT layer),the sense of circular polarization can reverse: e�ectively, if the transition from thenatural modes being circularly polarized to being linearly polarized is gradual, thenmode coupling is weak, mode identity is retained across the layer, and the radiationemerging from the layer has the opposite sense of circular polarization from thatwith which it entered (because the sign of cos � has changed). On the other hand,if the transition is abrupt, coupling between the modes will be strong and the senseof polarization will be preserved.Mode coupling is a strong function of frequency and magnetic �eld: the couplingcoe�cient is proportional to f4=fB3fp, so coupling tends to be strong at large heightsand weak at low heights. For a bipolar active region near the limb, radiation fromthe limbward side of the region must pass through a QT region at low altitude onits way to a terrestrial observer, and for typical conditions at microwave frequencieswe expect weak coupling and therefore polarization reversal. This is clearly seen inmany observations (e.g., Kundu & Alissandrakis 1984). This presents both a com-plication and an opportunity for studies of active regions. The complication is thatit introduces some uncertainty in determining the true sense of polarization of theradio emission in the source from the polarization observed at a terrestrial tele-scope, particularly at frequencies between 3 and 10 GHz (coupling should usually bestrong at high frequencies thanks to the f4{dependence of the coupling coe�cient).However, in practice observers are generally able to recognize the presence of weakmode coupling by comparing the large{scale pattern of radio polarization with opti-cal magnetograms, and ambiguity is rarely a problem. Once the boundary betweenweak and strong mode coupling has been identi�ed, it can be used as a diagnosticof plasma conditions in the coupling layer, using the known form of the couplingcoe�cient [Bandiera 1982; Kundu & Alissandrakis 1984; Gelfreikh et al. 1987].We have not discussed linear polarization in this review because it is not gen-erally detected: another important propagation e�ect acts to wash out any linearpolarization which may originally have been present in the radiation (in generalgyroresonance emission will contain both circular and linear polarization, depend-ing on the local nature of the natural modes in the source). As mentioned above, formost of the propagation path through the corona the natural modes are circularlypolarized, and the information on any linear polarization present is contained in therelative phase between the x and o modes. However, the two modes have slightlydi�erent refractive indices which cause the electric �elds in the modes to rotate atslightly di�erent rates even though they have the same frequency. In the solar coronathe observing frequency is generally not that far from the plasma frequency, and ingyro.tex; 8/11/1996; 15:43; no v.; p.19



20 S. M. WHITE & M. R. KUNDUthat case the di�erence in refractive index is relatively large and is a strong functionof frequency. We observe the Sun using radio receivers of a �nite bandwidth, and thedi�erence in rotation rates across the bandwidth received is so large that all coher-ence is lost and the information on linear polarization is wiped out: the component ofthe radiation which was linearly polarized in the source becomes unpolarized. Thise�ect is known as di�erential Faraday rotation. In principle one can detect linearpolarization by using a su�ciently small bandwidth, and there has been a recentreport of such a detection [Alissandrakis & Chiuderi-Drago 1994; Alissandrakis &Chiuderi-Drago 1995]. 6. SummaryGyroresonance emission o�ers a potentially very powerful tool for the study of coro-nal magnetic �elds. The reason for its power lies in the combination of two factors:(i) it is a resonant mechanism, which means that at any given frequency only a smallnumber of isogauss surfaces, which may be regarded as thin and homogeneous, con-tributes to the emission. This is in contrast to optically{thick bremsstrahlung, whichis not resonant and may have a \skin{depth" (the depth over which it becomes opti-cally thick) which is comparable to the scale length of gradients in T and ne. Thefact that a signi�cant thickness of corona contributes to bremsstrahlung emissionleads to formal inversion di�culties similar to those faced in the inversion of hardX{ray spectra, where electrons over a broad range of energies contribute at a singlephoton energy (e.g., Craig & Brown 1986). The discrete nature of optically thick GRlayers avoids similar problems. (ii) Gyroresonance emission is optically thick, whichmeans that along any given line of sight in one polarization we are sampling onlythe properties in that very narrow harmonic GR layer which happens to dominatealong that line of sight: by using many closely spaced frequencies, we can peel awaysuccessive layers of the corona, revealing the magnetic, temperature and densitystructure as a function of height. This combination of properties is not shared byany other means for viewing the corona, and it has clear advantages over opticallythin diagnostics, such as X{rays, for many purposes.At present we are unable to exploit fully the potential of such observations forwant of a suitable instrument. The Owens Valley frequency{agile interferometerhas convincingly demonstrated the potential of multifrequency observations [Gary& Hurford 1994], while models and VLA observations show that there is structurepresent in the corona on very �ne spatial scales which require a large multi{elementinterferometer if they are to be imaged successfully. This has in part motivated plansfor a new solar{dedicated radio telescope which will combine the imaging qualityof the VLA (suitably improved{upon) with the frequency capability of the OwensValley frequency{agile interferometer [Gary & Bastian 1996], and will be capable ofmaking observations at least as good as those modelled in Figures 4{7.gyro.tex; 8/11/1996; 15:43; no v.; p.20



RADIO OBSERVATIONS OF CORONAL MAGNETIC FIELDS 21When such a telescope exists, the challenge confronting us will be to \invert" themulti{frequency radio images in order to extract as much information as possiblefrom them regarding the spatial structure of coronal magnetic �elds, temperaturedistributions and density distributions. No such robust inversion technique exists atpresent, although in individual studies many researchers have shown that di�erentindividual pieces of the puzzle can be solved (such as the distribution of B at thebase of the corona, mentioned earlier). Combination of radio data with other wave-lengths has the potential for greatly enhancing our ability to exploit the radio data.For example, if photospheric magnetograms were error{free and could reliably beextrapolated to give the coronal magnetic �elds, determination of the temperatureand density structure of the corona would be greatly simpli�ed. In general this isnot yet the case: a more likely scenario is that extrapolations of photospheric mag-netic data will be used as a �rst approximation to the coronal �eld, and this will beadjusted iteratively as part of the analysis process. Exploring methods for inversionsuch as this will occupy the modellers in coming years while the observers worktowards a new telescope. AcknowledgementsThis review represents (some of) the acquired experience of many people working inthis �eld, too numerous to mention here. We thank Jeongwoo Lee for his encourage-ment and valuable discussions, and S. T. Wu and Pat Corder for their organizationof the SCOSTEP Workshop on Measurements and Analyses of the 3D Solar Mag-netic Fields. This work is supported by NSF grant ATM 93{16972 and NASA grantNAG{W{1541.
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