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ABSTRACT

The measurementof magnetic�eld strengthsin the so-
lar coronausingradio observationsis reviewed. This is
awell establishedtechniquethatexploits thefactthatthe
electrongyrofrequency for typicalcoronalmagnetic�eld
strengths(100–2000Gauss)lies in the radio frequency
range. Opacity from the resultinggyroresonanceemis-
sionfrom hot plasmaabove active regionsallows thedi-
rect measurementof the �eld strength,while somein-
formationon the directionof the magnetic�eld canbe
obtainedfrom polarizationmeasurements.In addition
to the gyroresonancetechniquewhich works for strong
�elds above active regions,othermeasurements,suchas
the polarizationof bremsstrahlung,alsocanprovide in-
formationon weaker quiet–Sun�elds. This paperis in-
tendedasa text versionof thepresentation,andin partic-
ular citationsarenot intendedto becomplete.

Key words: Coronalmagnetic�elds; Solar radio emis-
sion.

1. INTRODUCTION

Whenit comesto measuringcoronalmagnetic�elds, ra-
dio astronomersbene�t from what might be called the
“anthroporadiomorphic” principle: therangeof magnetic
�eld strengthsin the corona is such that electrons gy-
rate underthe Lorentzforce aboutthe magnetic�eld at
frequenciesexactly in the bandeasily accessibleto ra-
dio astronomers from the ground. This makesthe radio
regime the naturalwavelengthrangeto useto measure
coronalmagnetic�eld strengths,andnatureprovidesus
with a simplemechanismto take advantageof this fact:
gyroresonanceopacity, provided by the accelerationof
thermalelectronsin circular motion aboutthe magnetic
�eld, is suf�cient to make thecoronaoptically thick and
suchregionsstandout in radio imagesby virtue of their
million–degreebrightnesstemperatures.

In additionto thedirecteffect of magnetic�elds in pro-
ducing opacity, they also affect radio emissionthrough
their in�uence on the responseof the coronalplasmato

electromagnetic�elds, determiningwavepropertiessuch
asrefractive index andpolarization.As we will discuss,
measuringthepolarizationof radioemissionis oneof the
keys to unlockingthe informationit containson coronal
magnetic�elds. Onesimpli�cation is thatwe cangener-
ally ignorelinear polarizationof the radio emission,for
two reasons:the naturalelectromagneticmodesin the
coronalplasmaarecircularly–polarized,unlesstheradi-
ation is propagatingnearly orthogonalto the magnetic
�eld; andFaradayrotationof theplaneof linearpolariza-
tion is solargeandfrequency–dependentthatit is washed
out whentheradioemissionis summedover any normal
observingbandwidth.

Figure1 demonstratestheappearanceof theSunat radio
wavelengths.Virtually everyfeatureof thesolarcoronais
visible in radioimagesatsomewavelength,thanksto the
four well–understoodemissionmechanismsthat domi-
nateradioemission:

� Bremsstrahlung from thermal plasma, where the
opacity is provided by collisions of electronswith
ions,occursthroughoutthesolaratmosphereandis
thedominantmechanismin mostof thecorona.It is
optically thin above a few GHz andusuallyweakly
polarizeddueto the responseof the plasma.Since
bremsstrahlungopacitydependson theplasmaden-
sity asn2

e, this mechanismis really a densitydiag-
nostic.

� Gyroresonanceemission(emissionfrom nonrela-
tivistic thermalplasmaat low harmonicsof theelec-
trongyrofrequency, fB = 2.8B MHz) is strongwher-
ever B > 300 G in the coronaand producesopti-
cally thick emissionin active regionswhich maybe
highly polarized.

� Gyrosynchrotron emission(emissionby mildly rel-
ativistic electronsat harmonics10-100of the gy-
rofrequency) is producedby nonthermalelectrons
in �ares. Becausethe width of an individual res-
onancedependson Te=mec2, whereTe is the elec-
trontemperature,theresonancesareverynarrow for
thermalemisisonat coronaltemperaturesbut broad
for mildly relativistic electrons,so that in gyrosyn-
chrotron emissionresonancesgreatly overlap and
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Figure 1. A radio image of the Sunat 4.6 GHz showingtotal intensity(Stokes I, left) and circular polarization(i.e.,
StokesV, right). This image wasmadeby pointingtheVery Large Array at 23 different �elds (each of 100diameter)and
deconvolvingthedatajointly. Thespatialresolutionis 1200.

this is effectively a broadbandmechanism.Circu-
lar polarizationcanbe signi�cant whenthe source
is viewed alongthe magnetic�eld direction,while
opacityis maximizedwhenthesourceis viewedor-
thogonalto themagnetic�eld direction.

� Plasma emission when electrostatic Langmuir
wavesproducedby energeticelectronswith an un-
stablevelocity distribution areconvertedto electro-
magneticwavesat theplasmafrequency, fp = 9000p

ne, and its secondharmonic. This mechanismis
coherentandproduceshighly polarizedburstswith
very high brightnesstemperatures(in excessof the
energiesof the radiatingelecrons). However, it is
stronglysuppressedby collisionalabsorptionin the
ambientplasmaand thus is generallycon�ned to
low frequencies(1 GHzandbelow). In thepresence
of magnetic�elds, fundamentalplasmaemissionis
highly polarized.

Becauseradio wavelengthsare in the Rayleigh–Jeans
limit (i.e.,well to thelongwavelengthsideof thethermal
peakin the electromagneticspectrum),the radio bright-
nesstemperatureonthesky is proportionalto thetemper-
atureof thesource:TB = (1� e� t )Te, wheret is theopti-
cal depththroughthesource.In particular, wherever the
atmosphereis optically thick to radio emission,the ob-
servedradiobrightnesstemperatureis theactualtemper-
atureof theelectronswhich producetheemission.This
factprovidesausefultool: any featurewhich is observed
to have a coronalbrightnesstemperatureis thereforeop-
tically thick.

Most of the emissionfeaturesvisible in Fig. 1, where

essentiallyall the visible structureis real, are due to
bremsstrahlungfrom the densestplasmain the corona.
The backgrounddisk is due to the fact that the observ-
ing frequency of 4.6 GHz, the solar atmosphereis op-
tically thick in the upperchromospheredue to thermal
bremsstrahlungat a layerwherethetemperatureis about
20000K. Thereis also a signi�cant contribution to the
disk from the optically thin quiet corona. This and the
presenceof spiculesat the limb makes the radio disk
signi�cantly biggerthanthephotosphericdisk (by about
3000at this frequency). The coronais optically thin to
bremsstrahlungeverywhereat this frequency, sodensity
contrastshows up very well in the total intensity map:
low–densitycoronalfeaturesincludethe �lament chan-
nel acrossthe southpolar region as well as elsewhere,
wherebrightnesstemperaturesareof order7000K below
disklevel,while brighterfeaturesareseenoverplagenear
active regions(wherethebrightnesstemperatureis typi-
cally 50000–100000K). However, thebrightestfeatures
areover sunspotsin active regionswherethe brightness
temperaturesarein excessof 106 K: thesearelocations
wherethemagnetic�eld in thecoronais largeenoughto
make the coronaoptically thick, requiringabout600 G
at this frequency. Thecircularpolarizationimageshows
that thesegyroresonancesourcesare highly polarized,
and they re�ect the orientationof the magnetic�eld in
thecorona:wherethe �eld in thesourcepointstowards
us, the circular polarizationis positive (right–circular–
polarizationdominates),and where the magnetic�eld
pointsaway from usthecircularpolarizationis negative.

Figure 2 further illustrates the fact that radio emis-
sion from active regions is dominatedby coronalmag-
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Figure 2. Portrait of a solar active region at four dif-
ferent wavelengths:soft X–rays(top left), photospheric
magnetogram (top right, from Big Bear Solar Observa-
tory), radio emissionat 1.4 GHz (lower left) and at 4.6
GHz(lower right).

netic �elds at frequenciesabove a few GHz. At lower
frequencies,such as 1.4 GHz in the image shown,
bremsstrahlungis generallyoptically thick over signif-
icant active regions becauseof the f � 2 dependenceof
bremsstrahlungopacity, andtheoptically thick layerof-
tenliesabovethecorrespondingoptically thick level due
to gyroresonanceemissionwhich is thereforenot seen
in the images. Thus the 1.4 GHz radio imageclosely
resemblesthe soft X–ray image, which is also domi-
natedby densitycontrast. However as frequency rises
bremsstrahlungbecomesoptically thin andtheradio im-
ageno longer looks like the soft X–ray image: rather,
it more closely resemblesa photosphericmagnetogram
(asin the4.6GHz imagein Fig. 2) becausethebrightest
featuresare now gyroresonanceemissionfrom regions
wherethemagnetic�eld exceeds600G in thecorona.

2. GYRORESONANCE EMISSION

A collisionlessplasmasuchas the solar corona(where
a typical collision frequency, e.g., for a densityof ne =
1010 cm� 3 andtemperatureT = 2 � 106 K, is 200Hz)
may be characterizedby two frequenciescorresponding
to electronresonances:the frequency of oscillation of
electronsin the electric �eld of the ions, known as the
plasmafrequency, fp = 8980

p
ne Hz; andthegyro fre-

quency, which is thefrequency of rotationof anelectron
aboutthemagnetic�eld dueto thev � B Lorentzforce,
fB = 2:80 � 106 B Hz, whereB is measuredin G. For
typical conditionsin gyroresonantsourcesabove active
regions(ne = 1010 cm� 3 andB> 300G), fB > fp. In such
a plasmathe propagatingelectromagneticmodescorre-

spondingto the free-spaceradiation modesare circu-
larly polarizedundermostconditions.Oneof themodes,
known astheextraordinary or x mode,gyratesaboutthe
magnetic�eld with thesamesenseof rotationasanelec-
tron, and thereforeresonatesstrongly with the thermal
electronpopulation;theothermode,known astheordi-
nary or o mode,gyratesaboutthe magnetic�eld direc-
tion with the senseoppositeto that of the electron,and
correspondinglyinteractsmuchlessstrongly. Sincea ra-
dio telescopecangenerallydetectboth modesindepen-
dently, asoppositecircularpolarizations,this difference
in thestrengthof interactionof thetwo modesprovidesa
powerful diagnostic.

The frequency width of a given cyclotron resonanceµ
µ� 1=2sfB, whereµ = mec2=kBT. Sinceµ � 3000in the
corona,thecyclotronresonancesareverynarrow and,for
agivenvalueof fB, opacityis only signi�cant at frequen-
ciesverycloseto discreteharmonicssfB, s= 1,2,3,.. . (at
muchhighertemperaturestheindividualresonanceshave
signi�cant width andmay overlap). Equivalently, if we
areobservingan inhomogeneouscoronaat a frequency
f , gyroresonanceopacityis only signi�cant at thosedis-
cretepointsalongthe line of sight at which fB = f =s, s
= 1,2,3,.. .Thethermalwidth of thecyclotronresonance
at coronaltemperaturesis suchthatB variesby lessthan
2% acrossa resonantlayer, correspondingto a physical
width of lessthan200 km for typical coronalmagnetic
gradients(scalelength � 104 km). The narrow physi-
cal thicknessof the gyroresonantlayersis an important
featureof this mechanism:sincethey aremuchsmaller
thanrelevantgradientsin ne; B andT (exceptpossiblyin
the vicinity of currentsheets),thesephysicalproperties
may be regardedasconstantacrossany givengyroreso-
nantlayer.

Theexpressionfor theopticaldeptht of agyroresonance
layer (the absorptioncoef�cient integratedthroughthe
layer) as a function of the frequency f , the harmonic
numbers (which determinesfB = f =s and henceB in
the layer), and the angleq betweenthe magnetic�eld
direction and the line of sight is (Zheleznyakov, 1970;
Melrose,1980;Robinson& Melrose,1984):

t x;o(s; f ;q) = :0133
neLB(q)

f
s2

s!

�
s2 sin2q

2µ

� s� 1

Fx;o(q)

(1)

where LB(q) is the scale length of the magnetic�eld
(B=¶B

¶l ) evaluatedalongthe line of sight. For simplicity
wehavesettherefractive index to beunity in (1). Fx;o(q)
is a function of anglewhich is of orderunity for the x
modenearq = 90� , but decreasessharplyat smallerq,
andis smallerin theo modethanin thex mode.At angles
q away from 90� it is oftenapproximatedby

Fx;o(q) �
�
1 � s cosq

� 2 (2)

with s = � 1 for thex modeands = 1 for theo mode.
However, this approximationis really only appropriate
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when the two natural electromagneticmodesare per-
fectly circularly polarized,andat the low harmonics(s
= 1,2,3,4)relevantto thecoronathis is rarelya goodas-
sumption.

A summaryof thepropertiesof gyroresonanceemission
follows:

� For typical coronalconditions,the x modeis opti-
cally thick (t � 1) in the s = 2 and 3 layersover
a broadrangeof anglesq. Theo modeis optically
thick overmostof thes= 2 layer, andmaybeatleast
marginallyopticallythick overasmallportionof the
s= 3 layerif q is large.Harmonicsgreaterthans= 4
donothaveany signi�cant opticaldepthin thequiet
solarcorona.

� At eachharmonicandangletheo modeopacityisal-
waysat leastanorderof magnitudesmallerthanthe
x modeopacity, despitethefactthat(2) predictsthat
they shouldbenearlyequalfor a rangeof q around
90� . The approximation(2) is adequatefor the x
modeat small q, but is poor for the o modeat all
q, beingeasilya factorof 2 or morein errorevenat
smallangles.

� The opacitydropssharplytowardssmall q in both
modes. By (1), the opacity is zero at q = 0� for
s > 1. The sin2s� 2q-dependenceof (1) causesthe
fall-off towardssmallq to bemuchmorerapidass
increases.

� For eachincreaseof s by 1, the opacity in a given
modeat a given angledropsby slightly morethan
2 ordersof magnitude. This is largely due to the
µ� s dependenceof (1). Theimportanceof this large
changein opacityfrom onelayerto thenext is thata
givenharmoniclayer is likely to beeitheroptically
thick overawiderangeof anglesq, or elseoptically
thin everywhere.

An important point to be emphasizedis that gyrores-
onanceobservationsare sensitive to the absolutemag-
netic �eld strengthB, whereasconventional (Babcock
or Leightonstyle) optical magnetographsmeasureonly
the line-of-sightcomponentof the magnetic�eld, Bl =
Bcosq, andthusareof limited valuefor regionsnearthe
solar limb. Further, in many casesmagnetographsmea-
suremagnetic�ux averagedovera resolutionelement(a
pixel or a seeingcell) andarethusaffectedby the�lling
factorof themagnetic�eld within theresolutionelement;
radiomeasaurementsof B arenot affectedby this �lling
factor.

3. GYRORESONANCE EMISSION FROM AC-
TIVE REGIONS

Here we will use a dipole magnetic �eld (vertically-
orientedandseenlooking directly onto onepole, often
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Figure 3. Plots of the gyroresonancelayers of a dipole
sunspotmodel (upper panel) and the predictedbright-
nesstemperaturesresultingfrom an observationof such
a spot (lower panel), viewednearly vertically (actually
1� off vertical). In the upperpanel the thin solid lines
are magnetic lines of force and the dottedlines are the
s = 1; 2; 3; 4 gyroresonancelayers,with s = 4 thehigh-
estands = 1 thelowestlayer. Where thegyroresonance
layersare optically thick (i.e., t � 1) in theo mode, they
havebeenoverplottedwith a thick solid line. Exceptin
thes = 1 layer where thex modedoesnot propagate, a
layerwhich is optically-thick in theo modeis alsothick in
thex mode. If a gyroresonancelayer is optically thick in
thex modebut not in theo mode, it is overplottedwith a
thick dashedline. In thelower panel,thex-modebright-
nesstemperature is shownbya solid line andtheo mode
brightnesstemperature by a dashedline. Thefrequency
is 5.0 GHz, thedipole is buried at a depthof 1.2 � 109

cm,andthemaximum�eld strengthat thesurfaceis 2500
G. In themodeltemperature increaseswith radial height
from1.0� 106 K at thebaseof thecorona(zero heightin
this case)to 3.0 � 106 K at about15000km.

usedas a model for isolatedsunspots)to illustrate the
waysin which thepropertiesof gyroresonanceemission
affecttheappearanceof solaractiveregionsatmicrowave
frequencies.Figure3 shows theexpectedappearanceof
a perfectly dipolar �eld (of peaksurface�eld strength
2500G) ata frequency of 5 GHz. Theupperpanelshows
thefour lowestgyroresonantlayers(s = 1, 2, 3, 4, corre-
spondingto B = 1785,892,595and446G, respectively),
with theline-typeindicatingwhetherthelayeris optically
thick in a givenmode.A solid line in theupperpanelin-
dicatesthat the layer is optically thick at both x and o
modes;a dashedline indicatesthat only the x modeis
optically thick; anda thin dottedline representsa region
of the layeroptically thin in bothmodes.The thin solid
linesaremagnetic�eld lines.In thebottompanelweplot
the brightnesstemperatureseenby an observer looking
straightdown on the dipole. In this panelthe solid line
representsthex modebrightnesstemperature,which the
observerwill seeasonecircularpolarization(right circu-
lar polarizationif thespotis of positive magneticpolar-
ity), while thedashedline representstheo mode(seenby
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Figure 4. Radiocontours (at two frequenciesin each senseof circular polarization)plottedover a white light image of
a sunspotfor a particularly simplespotobservedcloseto disk centerwith the Very Large Array on 1994October15.
Contours are plottedat brightnesstemperaturesof 1,3,5,7...� 105 K. 4.5GHzcorrespondsto a magnetic�eld strength
of 540G if emissionis at s= 3, while8.0GHzcorrespondsto 950G. Theradioemissionis low over thecenterof thespot
where weare lookingnearlyparallel to themagnetic�eld directionin thecoronaandtheopacityis low, whereasat the
outeredge of thespottheopacityis high becauseq is larger andoptically thick radio emissionat coronal temperatures
is observed.

theobserverastheoppositecircularpolarization).

A heightof zeroin the atmosphericmodelusedfor this
calculationcorrespondsto the baseof the corona. The
densityis 1010 cm� 3 at thebaseanddecreasesexponen-
tially with a scaleheightof 5000km. The temperature
is 6000K below thecoronaand1.0� 106 K at thebase,
increasingto 3.0� 106 K at a heightof about15000km.
Themorphologyof the radioemissioncaneasilybeun-
derstoodby referring to the gyroresonance(GR) layers
and the detailsof the temperaturemodel, and recalling
thatalongany givenline of sightweonly seedown to the
highestoptically thick layer:

� Neithermodeis optically thick in the s = 4 layer,
but at the outeredgesof this layer thereis enough
opacityin thex modeto producea brightnesstem-
peratureof order 105 K, which provides the outer
boundaryof theradiosource.

� On thes = 3 layer, theo modeis only (marginally)
optically thick at the low-lying outer edgeof the
layerwhereq is largest,but thetemperatureis rela-
tively low therebecauseof the low altitude. The x
modeis opticallythick in thes = 3 layerto within �
5000km from thecenterof theumbra,andthepeak
brightnesstemperaturein thex modeoccurscloseto
theinneredgeof thisoptically-thickregionsincethe
heightof thelayer, andthereforethetemperature,is
maximumthere.

� At smallerradii wherethe s = 3 layer is optically
thin, the main contribution to the x mode comes
from the s = 2 layer which is lower andtherefore
at a lower temperature:this shows up asa drop in
brightnesstemperatureat smallradii.

� In theverycenterof thes = 2 layerwheretheline-
of-sightisalongthe�eld line, thexmodeisoptically
thin andthereis a narrow low-temperaturefeature.
However, it is only a fractionof anarcsecondacross
andwouldbedif�cult to observe.

� In the o modethe centraldepressionin brightness
temperaturedue to the transparency of the s = 2
layer at small q is muchbroader, andat the center
of thespoteven thes = 1 layer is optically thin in
theo mode,but still hassuf�cient opacityto main-
tain thebrightnesstemperatureat 3.0� 105 K.

� The sharpfeaturesin the o modepro�le at radii of
order104 km aredueto thegapbetweentheradius
at which the optically thick s = 2 layer dropsbe-
neaththecoronaandtheradiusatwhichq increases
suf�ciently for the s = 3 layer to become(in this
caseonly marginally) optically thick.

An example of the observed radio emission from a
sunspotneardisk centeris shown in Figure4 andit does
in generaltermsreproducethe propertiesshown by the
modelsunspot.The outerboundaryof the bright radio
emissionis muchlargerat 5 thanat 8 GHz, becausethe
�eld strengthneededto make the coronaoptically thick
is smallerat 4.5 GHz (540G) thanat 8.0 GHz (950 G).
Theemissiondropsoff in thecenterof thespotwherewe
are looking alongthe magnetic�eld andopacitydrops;
at thesametime, the temperaturein thecoronaover the
centerof theumbrais lower thanit is over thepenumbra.
In theo modeimages(atbothfrequencies)theholein the
centerof the radiosourceis muchmoreprominentthan
in the x modedue to the lower opacity of the o mode.
Observationssuchasthesecon�rm our understandingof
the gyroresonancemechanism,andso we can useit to
determinecoronalmagnetograms.
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Figure 5. Radio spectra at two locations in the radio
emissionfrom an activeregion modelof Mok et al. The
solid and dashedlines correspondto the two sensesof
circular polarization. The two polarizationsare opti-
cally thick in different harmoniclayers. The edges (in
frequency)where the optically thick layer drops below
the transition region can be identi�ed by the dramatic
dropin brightnesstemperature: fromtheratio of theedge
frequenciesin the two modes,the harmonicnumbers of
thecorrespondinggyroresonancelayerscanbeidenti�ed
and the magnetic �eld strengthcan be identi�ed unam-
biguously.

Comparisonof high–quality radio observations of gy-
roresonanceemissionfrom active regionswith extrapo-
lationsof surfacemagnetic�eld observationshave been
shown to bea powerful approachto understandingcoro-
nal magnetic�elds. Leeet al. (1997)showedthatactive
regionswith strongsheardisplaycoronalgyroresonance
radiosourcesthatcannotbeexplainedby potential–�eld
extrapolationsof photosphericmagnetograms,con�rm-
ing that coronalcurrentsin�uence thecoronalmagnetic
�eld in waysthat show up directly in the radio images.
Lee et al. (1998) then showed that a nonlinearforce–
freeextrapolationof a high–qualityvectormagnetogram
could satisfactorily reproducethesesources,andfurther
showedthatthetemperaturein thecoronacouldbelinked
to thepresenceof coronalcurrents.Leeetal. (1999)com-
paredthe temperaturemeasuredon the samemagnetic
�eld line at two differentradio frequencies,correspond-
ing to two differentheightsin thecorona,andshowedthat
thetemperaturesarewell correlatedfor �eld linesdeter-
minedfrom thenonlinearforce–freeextrapolationbut not
from any otherapproach.Thesestudiesshow the value
of comparisonsof direct measurementsof B from radio
datawith extrapolationsof surface�elds.

4. CORONAL MAGNETOGRAPHY

It is important to note that coronalmagnetic�elds are
intrinsically a three–dimensionalproblem, unlike pho-
tosphericmagnetic�elds, and thus they require a dif-

ferentmindset. Optically thin diagnosticshave line-of-
sight problemsto deal with; here radio hasan advan-
tagebecauseit is optically thick, sothatwe getdifferent
layersof the coronaat different radio frequencies.Ex-
trapolationsof surface�elds will continueto be crucial
becausethe radio observationsdont measurethe height
of the gyroresonancelayers(just asoptically–thindiag-
nosticsdon't measurethepositionof a sourcealongthe
line of sight), so the radio datado not provide absolute
heightinformation(althoughthey do provide somerela-
tive heightinformation).Extrapolationsof surface�elds
canuseradio measurementsto help resolve ambiguities
and issueswith non-force-freephotospheric�eld data.
But for radiomeasurementsto beusefulwe needa tele-
scopethat makes high-quality, high-resolutionmapsof
theSunat many frequenciessimultaneously, to measure
a wide rangeof magnetic�eld strengths.

The Frequency Agile Solar Radiotelescope(FASR)
projectis designedto besucha telescope(Bastian,2003;
Gary, 2003;Bastian,2004). It will be a multi–element
(� 100antennas),multi–frequency (0.02–24GHz) array
designedspeci�cally to observetheSun.FASRwill pro-
ducehighspatialresolutionimages(100at20GHz)of the
full solardisk at many closely–spacedfrequencieswith
high time resolution(� 1 second).FASR will producea
continuous3D pictureof the solaratmospherefrom the
chromosphereup into themid corona.

Garyetal. (2005)havenow demonstratedthemethodfor
measuringthe magnetic�eld strengthat the baseof the
coronafrom realisticdataof thetypethatFASRwill pro-
vide. The techniquerestson two facts: (i) Along any
givenline of sight thecoronawill beoptically thick and
show MK brightnesstemperaturesup to a frequency de-
terminedby the maximum�eld strengthin the corona,
which usuallywill occur at the baseof the corona. At
higherfrequenciestheoptically thick layerslie below the
transitionregion andproducelower brightnesstempera-
tures,sosharpedgeswill beseenin frequency spectraof
thebrightnesstemperature.(ii) Theproblemthenis de-
terminingwhich harmonicnumberan edgecorresponds
to: s = 2, 3 or 4. To solve this problemwe usethe fact
that exceptwhenB is orthogonalto the line of sight (in
whichcaselikely s=3), thetwo circularpolarizationswill
be optically thick at differentharmonicsand thus have
edgesat differentfrequencies.Becausewe only have a
limited rangeof harmonicsto consider, the ratio of the
edgefrequenciesin thetwo polarizationswill bea ratio-
nal numberthatunambiguouslydeterminestheharmon-
ics for bothpolarizations.

Garyetal. (2005)haveusedamodelactiveregiondevel-
opedby Mok etal. (2005)to testthismethod.Theresults
areshown in Figs.5 & 6. Themodelconsistsof a coro-
nal magnetic�eld extrapolatedfrom a photosphericvec-
tor magnetogramwith temperatureanddensityspeci�ed
self–consistentlythroughoutthe coronausinga heating
modelwith a volumetricheatingrateproportionalto the
local valueof B. This modelwasfoldedthrougha radia-
tive transfercodethat calculatedthe gyroresonanceand
bremsstrahlungemissionat a large numberof closely–
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Figure 6. (Lower panel) Comparisonof the determi-
nation of the magnetic �eld strengthat the baseof the
corona along a cut acrossthe modelactiveregion with
theactual�eld strengthsin theinput model.Thisis a re-
alistic experimentusing the techniquedescribedabove,
and showsthat the high frequencyresolutionimaging
data provided by FASR will produce coronal magne-
togramsroutinely. The two upperpanelsare greyscale
representationsof the magnetic �eld input model (left)
and radio–derivedmeasurement(right): the location of
the cut is shownby the white line. Improvementsin the
analysistechniquesuch as continuityargumentsshould
beableto cleanupareaswhere themethoddid not work
aswell dueto, e.g., thetwo edgesbeingat thesamehar-
monic.

spacedfrequencies,andtheresultingradiomodelswere
“observed” by convolving them with real telescopere-
sponsefunctionsandthencarryingout thedeconvolution
exactly asFASR will do. Fig. 5 shows radio brightness
temperaturespectaat two locations,with edgesclearly
visible at different frequenciesin the two polarizations.
Using theseedgeswe can identify B at the baseof the
coronain every pixel in the imagewheregyroresonance
emissionmakesthe coronaoptically thick. In Figure6
we comparetheradio–measuredmagnetic�eld strengths
with the actualinput model valuesfor a cut acrossthe
region,showing how well thetechniqueworks.

In summary, gyroresonancemeasurementsyield the fol-
lowing resultsfor coronalmagnetography:

� Radio observationscan measurecoronalmagnetic
�eld strengthsabove 300 G anywherein the solar
corona

� Thetechniquemeasurestemperaturesonsurfacesof
constant�eld strength,so it directly seesregionsof
strongheatingin thecorona.

� Becauseemissionis optically thick in regions of
strong�elds, weget3D informationon �elds.

� Thetechniqueis relatively insensitiveto density, and

thereforecomplementsother techniqueswhich are
dominatedby densitycontrast

� Presentlynoabsoluteheightinformationcanbeob-
taineddirectly from theradiodata:hereinformation
from otherwavelengthsmaybehelpful.

� Thesemeasurementswill play an importantrole in
testing techniquesfor extrapolatingsurface �elds
into corona.

5. OTHER METHODS

As notedearlier, sincethe presenceof a magnetic�eld
altersthe propertiesof the coronalplasmait leaves its
imprint on all theemissionmechanismsandin principle
they all containinformationon thecoronal�eld thatcan
beexploited. We mentionsomeof thepossibilitieshere,
but this is by no meansanexhaustive list: morecompre-
hensiveinformationmaybefoundin thevolumeby Gary
& Keller (2004).

5.1. Gyrosynchrotron emissionfr om �ar es

Mildly relativistic electronslocatedin magnetic�elds are
very ef�cient producersof radioemissiondueto thegy-
rosynchrotronmechanism.This fact,combinedwith our
ability to make high spatial resolutionimagesat radio
wavelengths,providesa powerful techniqueto studyen-
ergy releaseand electronaccelerationprocessesin so-
lar �ares from the ground, in contrastto hard X-ray/g-
ray studieswhich requirespaceplatforms.In additionto
fundamentalmorphologicalinformationon the location
of the nonthermalelectronsand their behaviour, multi-
frequency radioobservationscanbeusedto studyquan-
titatively the physicalconditionsinsidethe �are source,
thanksto thefact thewe understandtheemissionmech-
anism well (Dulk, 1985; Bastianet al., 1998). Flares
mayshow distinctloopshapesin whichnonthermalelec-
tronsareradiatingasthey mirror backandforth between
strongmagnetic�elds at the loop footpointsat the sur-
face(e.g.,Figure 7: however many �ares do not show
obvious loops in radio images). At any given location
in the �are source,the locationof the peakin the radio
spectrumdependsalmostlinearly on the magnetic�eld
strengththereandonly weaklyon otherparameters;this
propertyis illustratedin Figure8. Thespectralindex on
the high-frequency sideof the spectralpeakrevealsthe
energy spectralindex of the radiatingelectrons;the de-
greeof polarizationof the radio emissionindicatesthe
localdirectionof themagnetic�eld; andthenumberden-
sity of nonthermalelectronscanalsobedeterminedfrom
measurementsat several frequencies.Thusspatiallyre-
solvedimagingspectroscopy canrevealthecompleteset
of physicalparametersdescribing�are sources,but the
power of this methodcanonly be exploited with a tele-
scopethat canprovide high-resolutionimagingacrossa
broadfrequency rangequasi-simultaneously. This tech-
niqueis anothermajorscienceobjective for FASR.
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Figure 8. Gyrosynchrotron emissionfrom a modelcoronal magneticloop. Thepanelat left showshowtheappearance
of the loop changesfromlow optically thick frequencies(4.2 GHz),where the loop top dominates,to high optically thin
frequencies(18.7GHz),where thefootpointsdominatebecauseof thestronger magnetic�elds there. Thethin solid line
indicatesthespineof theloop in each case. In themiddlepanelareplottedlocal radiospectra at threedifferentlocations
within the loop: at a footpoint (solid line), at the top of the loop (dashedline), and at a location half-wayup the leg
of the loop (dottedline). In the right panelwe plot the frequencyof the peakof the radio spectrumversusthe local
magnetic�eld, showingthat there is a nearlylinear dependenceof thespectral peakon thelocal magnetic�eld andthus
spatially-resolvedspectroscopycanbeusedto measure thevariation of magnetic�eld alongtheloop.

5.2. Polarization of bremsstrahlungemission

As notedearlier, the radio emissionfrom the quiet Sun
is dominatedby bremsstrahlungemission.The contrast
visible in imagessuchasFig. 1 is dueto optically thin
densitycontrastin the corona,exactly as in soft X–ray
images.Figure9 shows that thecircular polarizationof
this optically thin bremsstrahlungcan be detectedwith
presentinstruments,soit doesofferapossiblediagnostic.
The theoryof optically thin bremsstrahlungpolarization
is well understood(e.g., Gelfreikh, 2004): the degree
of polarizationP is effectively proportionalto Bl , P =
2( fB=f ) cosq.

In the caseof optically thick bremsstrahlung,the polar-
izationis dueto thefactthattheopacityof thetwo natu-
ral modesis differentsothatthey becomeoptically thick
in layerswith slightly differenttemperatures.Thediffer-
encein temperaturebetweenthelayersshowsupaspolar-
ized�ux. Thefactthatthepolarizationin thiscaseis due
to a temperaturegradientwould suggestthatit cannotbe
usedto determinethemagnetic�eld properties,but Gre-
binskij et al. (2000)have shown that the techniquestill
works. The basicidea is that the radio spectrumitself
measuresthetemperaturegradient,which is thequantity
neededto determinethe longitudinalmagnetic�eld Bl .
Providedonehassuf�ciently dense(in frequency) mea-
surementsof thebrightnesstemperaturespectrum,thelo-
calslopeof thefree–freeemissionbrightnesstemperature
spectrum,m = dlog(Te)=dlog( f ), canbedeterminedand
the expressionfor the measureddegreeof polarization
becomesP = m( fB=f ) cosq= m(2:8� 106=f ) Bl . Thus,
Bl = Pf =(2:8 � 106m) whereall the quantitieson the
right handsidearemeasured.DaleGaryhascarriedout
testsof thetechniqueandwith idealmodeldatait repro-

ducesthe longitudinalmagnetic�eld well. Whenmore
realisticdataareused,includingnoise,discretefrequency
samplingandthefactthatthespatialresolutionis propor-
tional to thewavelength,thenthedeterminationof m can
benoisy, sothatveryhigh quality datamaybeneededto
exploit this approachextensively.

5.3. Plasmaemission

Plasmaemissionis alsopolarizedbecausetheconversion
of theelectrostaticLangmuirwavesdependsontheprop-
ertiesof thenaturalmodesof theplasma,which in turn
dependon themagnetic�eld eventhoughit is generally
weakin typical sourcesof plasmaemission.Emissionat
thefundamentalof theplasmafrequency shouldbe100%
polarizedin the senseof the o mode in a magnetized
plasmabecausethex modeis cutoff atafrequency above
fp. Thepolarizationof secondharmonicplasmaemission
formed by coalescenceof two oppositely–propagating
Langmuirwavesis alsounderstood(Zlotnik, 1981).

Figure 10 illustratesanotherexample of using plasma
emissionto measurecoronal�elds (Aurasset al., 2005).
“Fiber bursts”appearin somecomplex solarradiobursts
asnarrow �ne structurethatdrifts in frequency with time
within broadbandemissionin the decimeterwavelength
range. A modelfor theseburstsinvokeswhistler waves
ascendingpost–�are coronal loops and acting as mag-
netic trapsfor nonthermal�are electrons. The whistler
frequency can be derived from the patternof emission
ridgesandabsorptionchannelsin thedynamicspectrum:
adjacentemissionridges are assumedto be separated
by the whistler frequency. Since the emissionmecha-
nismis believedto beplasmaemission,theambientelec-
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1999 May 29: NoRH 34 GHz images

Figure 7. Imagesof a �ar e on 1999May 29 observedby
theNobeyamaRadioHeliographat 34 GHz. Thiswasa
simpleloop�ar ein which theloopshaperemainedsteady
but someloop parameters, notablylengthand footpoint
separation, evolvedwith time, and shifts in the location
of brightnessmaximawere seen(Whiteet al., 2002).

tron density is simply determinedfrom fp. Knowing
thewhistler frequency andne thenallows B to be deter-
mined.Aurasset al. (2005)comparedtheresulting�elds
at locationsknown from theimagingdatawith magnetic
�eld strengthsdeterminedfrom an extrapolationof sur-
face�elds andfoundgoodconsistency betweenthe two
methods.

6. SUMMARY

Coronal magnetic �eld measurementswill become
greatly improved over the next decade.Optical and IR
measurementswill becarriedoutatmoderatespatialres-
olutionoff thesolarlimb. Becausethey needto beoff the
limb, they will generallynot seestrongmagnetic�elds,
andthemeasurementsaredif�cult to comparewith sur-
face�elds becauseof projectioneffects. Optically thin
diagnosticswill suffer from line of sightconfusionissues
andwill bedominatedby thedensestfeaturesalongany
line of sight,but offer thepossibilityof full Stokesmea-
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Figure 9. Contours of circularly polarizedradio emis-
sion at 1.4 GHz (mapfrom the Very Large Array, 1991
May 7; positivecontoursshowpositiveStokesV or right
circular polarization, dashedcontours showleft circu-
lar polarization)overlaid on a Kitt Peakmagnetogram.
Thedisplayrangeon themagnetogramis -100to 100G.
Notethat in regionsof plage the extendedpolarizedra-
dio emissionmatchestheunderlyingmagnetic�eld in di-
rection: dashedcontoursovernegativeB, solid contours
overpositiveB.

Figure 10. “F iber” bursts usedto measure the coro-
nal magnetic�eld. Thepanelat right showsa dynamic
spectrum(frequencyon thevertical axis,60 s of timeon
the horizontal axis) with �tted �ber–burst tracesover–
plotted.At left is a photosphericmagnetogramwith �eld
lines, computedvia a potentialextrapolationof surface
�elds, that passthrough the source regions at different
frequencies(boxes,with arrowsfrom the corresponding
frequenciesin thedynamicspectrum)identi�ed fromim-
agesmadewith theNancayRadioheliograph.

surements.

Radiomeasurementsby thegyroresonancetechniqueare
sensitive to theabsolutemagnetic�eld strengthandline-
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of-sightorientationfor �eld strengthsabove100G(lower
�eld strengthscorrespondto low frequencieswhereother
sourcesof opacity tend to take over). Thereforethe
radio gyroresonancemethodreally only works for ac-
tive regions, but has the great advantagethat it works
on the disk, and thus is available for comparisonwith
surface �elds. However it does not see weak �elds,
so missesmagnetic�ux associatedwith weak coronal
�elds thatmaystill play an importantrole in thecorona.
Bremsstrahlungpolarizationmayofferbetterinformation
on weak �elds in the coronabut it is not as preciseas
gyroresonancemeasurements.Three–dimensionalinfor-
mationis presentin the radio data,but absoluteheights
arenot measured.Spatialresolutionin theradiodomain
scalesinverselywith B. Both the radio and optical/IR
measurementmethodswill becomparedextensively with
extrapolationsfrom surface magnetograms,preferably
from chromosphericvector magnetogramswhen avail-
able.
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