RADIO MEASUREMENTS OF CORONAL MAGNETIC FIELDS

StephenM. White
Dept. of Astronomy Univ. of Maryland,College Park, MD 20742USA

ABSTRACT

The measurementf magnetic eld strengthsn the so-
lar coronausingradio obsenationsis reviewed. This is
awell establishedechniquehatexploitsthefactthatthe
electrongyrofrequeng for typical coronalmagneticeld
strengths(100-2000Gauss)lies in the radio frequeny
range. Opacity from the resultinggyroresonancemis-
sionfrom hot plasmaabove active regionsallows the di-
rect measurementf the eld strength,while somein-
formationon the direction of the magnetic eld canbe
obtainedfrom polarizationmeasurements.In addition
to the gyroresonancéechniquewhich works for strong
elds above active regions,othermeasurementsuchas
the polarizationof bremsstrahlungalso canprovide in-
formationon wealer quiet—-Sunelds. This paperis in-
tendedasatext versionof the presentationandin partic-
ular citationsarenotintendedo becomplete.

Key words: Coronalmagnetic elds; Solarradio emis-
sion.

1. INTRODUCTION

Whenit comesto measuringcoronalmagnetic elds, ra-
dio astronomersene t from what might be called the
“anthroporadiomorphitprinciple: therange of magnetic
eld strengthsin the corona is sud that electons gy-
rate underthe Lorentzforce aboutthe magnetic eld at
frequenciesxactly in the band easily accessiblgo ra-
dio astonomes from the ground This makesthe radio
regime the naturalwavelengthrangeto useto measure
coronalmagneticeld strengthsandnatureprovidesus
with a simplemechanisnto take advantageof this fact:
gyroresonancepacity provided by the acceleratiorof
thermalelectronsin circular motion aboutthe magnetic
eld, is sufcient to make the coronaoptically thick and
suchregionsstandout in radioimagesby virtue of their
million—degreebrightnesgemperatures.

In additionto the direct effect of magnetic elds in pro-
ducing opacity they also affect radio emissionthrough
their in uence on the responsef the coronalplasmato

electromagneticelds, determiningwave propertiessuch
asrefractve index andpolarization. As we will discuss,
measuringhepolarizationof radioemissioris 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 natural electromagnetieanodesin the
coronalplasmaarecircularly—polarizedpnlessthe radi-

ation is propagatingnearly orthogonalto the magnetic
eld; andFaradayrotationof theplaneof linearpolariza-
tionis solargeandfrequeng—dependerthatit is washed
out whentheradioemissionis summedover ary normal
observingbandwidth.

Figurel demonstratethe appearancef the Sunat radio
wavelengthsVirtually everyfeatureof thesolarcoronais
visiblein radioimagesat somewavelength thanksto the
four well-understoodemissionmechanismghat domi-
nateradioemission:

Bremsstahlung from thermal plasma, where the
opacity is provided by collisions of electronswith
ions, occursthroughouthe solaratmospherandis
thedominantmechanisnin mostof thecorona.lt is
optically thin above a few GHz andusuallyweakly
polarizeddueto the responsef the plasma. Since
bremsstrahlungpacitydepend®on the plasmaden-
sity asn3, this mechanisnis really a densitydiag-
nostic.

Gyroresonanceemission(emissionfrom nonrela-
tivistic thermalplasmaatlow harmonicf theelec-
trongyrofrequeng, fg = 2.8B MHZz) is strongwher
ever B > 300 G in the coronaand producesopti-
cally thick emissionin active regionswhich maybe
highly polarized.

Gyrosyntirotron emission(emissionby mildly rel-
ativistic electronsat harmonics10-100 of the gy-
rofrequeny) is producedby nonthermalelectrons
in ares. Becausethe width of an individual res-
onancedependson Te=mec?, where T is the elec-
trontemperaturetheresonancearevery narrow for
thermalemisisonat coronaltemperaturebut broad
for mildly relatwistic electronssothatin gyrosyn-
chrotron emissionresonancegreatly overlap and
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Figure 1. A radio image of the Sunat 4.6 GHz showingtotal intensity (Stolesl|, left) and circular polarization (i.e.,
StolesV, right). Thisimage wasmadeby pointingthe Ver%/ Large Array at 23 different elds (ead of 10°diameter)and

decomwolvingthedatajointly. Thespatialresolutionis 12°

this is effectively a broadbandnechanism.Circu-

lar polarizationcan be signi cant whenthe source
is viewed alongthe magnetic eld direction,while

opacityis maximizedwhenthe sourceis viewed or-

thogonatto themagneticeld direction.

Plasma emission when electrostatic Langmuir
waves producedby enegetic electronswith an un-
stablevelocity distribution are corvertedto electro-
H1agneti0Navesat the plasmafrequeng, f, = 9000

Ne, andits secondharmonic. This mechanismnis
coherentand produceshighly polarizedburstswith
very high brightnesgemperaturegin excessof the
enegies of the radiatingelecrons). However, it is
stronglysuppressedy collisionalabsorptionin the
ambientplasmaand thus is generallycon ned to
low frequenciegl GHz andbelow). In thepresence
of magnetic elds, fundamentaplasmaemissionis
highly polarized.

Becauseradio wavelengthsare in the Rayleigh-Jeans
limit (i.e.,well to thelongwavelengthsideof thethermal
peakin the electromagnetispectrum)the radio bright-
nesgemperatur@nthesky is proportionato thetemper
atureof thesourceTg = (1 e Y)Te, wheret is theopti-
cal depththroughthe source.In particular wherever the
atmospherés optically thick to radio emission,the ob-
senedradiobrightnesgemperaturés the actualtemper
atureof the electronswhich producethe emission. This
factprovidesausefultool: any featurewhichis obsened
to have a coronalbrightnesdemperaturas thereforeop-
tically thick.

Most of the emissionfeaturesvisible in Fig. 1, where

essentiallyall the visible structureis real, are due to
bremsstrahlundgrom the densesiplasmain the corona.
The backgrounddisk is dueto the fact that the observ-
ing frequeng of 4.6 GHz, the solar atmosphereas op-
tically thick in the upperchromospherelue to thermal
bremsstrahlungt alayerwherethetemperaturés about
20000K. Thereis alsoa signi cant contribution to the
disk from the optically thin quiet corona. This andthe
presenceof spiculesat the limb malkes the radio disk
signi cantly biggerthanthe photospheridisk (by about
30%%at this frequeng). The coronais optically thin to
bremsstrahlungverywhereat this frequeng, so density
contrastshowns up very well in the total intensity map:
low—densitycoronalfeaturesincludethe lament chan-
nel acrossthe southpolar region aswell as elsavhere,
wherebrightnesdemperatureareof order7000K belon
disklevel, while brighterfeaturesareseeroverplagenear
active regions(wherethe brightnessemperatures typi-
cally 50000—-10000K). However, the brightestfeatures
areover sunspotsn active regionswherethe brightness
temperaturesrein excessof 10° K: thesearelocations
wherethemagneticeld in the coronais largeenoughto
male the coronaoptically thick, requiringabout600 G
atthis frequeng. Thecircular polarizationimageshows
that thesegyroresonanceourcesare highly polarized,
andthey re ect the orientationof the magnetic eld in
the corona:wherethe eld in the sourcepointstowards
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 regionsis 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
magnetagyram (top right, from Big Bear Solar Observa-
tory), radio emissionat 1.4 GHz (lower left) and at 4.6
GHz (lowerright).

netic elds at frequenciesabove a few GHz. At lower
frequencies,such as 1.4 GHz in the image shawn,
bremsstrahlungs generallyoptically thick over signif-
icant active regions becauseof the f 2 dependencef
bremsstrahlungpacity andthe optically thick layer of-
tenlies above the correspondingptically thick level due
to gyroresonancemissionwhich is thereforenot seen
in the images. Thusthe 1.4 GHz radio image closely
resembleshe soft X-ray image, which is also domi-
natedby density contrast. However as frequeng rises
bremsstrahlunpecomeptically thin andtheradioim-
ageno longer looks like the soft X-ray image: rather
it more closely resemblesa photospherianagnetogram
(asin the4.6 GHz imagein Fig. 2) becausehe brightest
featuresare now gyroresonancemissionfrom regions
wherethemagneticeld exceeds600G in thecorona.

2. GYRORESONANCE EMISSION

A collisionlessplasmasuchasthe solar corona(where
a(%)ical collision frequeng, e.g.,for a densityof ne =
10'° cm 3 andtemperaturel = 2 10° K, is 200 Hz)
may be characterizedby two frequenciecorresponding
to electronresonancesthe frequeng of oscillation of
electronsin the electric eld of the ions, known asthe
plasmafrequeng, f, = 8980 Ne Hz; andthe gyro fre-
queng, whichis the frequeng of rotationof anelectron
aboutthe magneticeld duetothev B Lorentzforce,
fg= 2:80 10° B Hz, whereB is measuredn G. For
typical conditionsin ggroresonansourcesabwe active
regions(ne= 10°cm °andB> 300G), fg > f;. Insuch
a plasmathe propagatingelectromagnetienodescorre-

spondingto the free-spaceradiation modesare circu-

larly polarizedundermostconditions.Oneof themodes,
known asthe extraordinary or x mode,gyratesaboutthe
magneticeld with the samesenseof rotationasanelec-
tron, and thereforeresonatestrongly with the thermal
electronpopulation;the othermode,known asthe ordi-

nary or o mode,gyratesaboutthe magnetic eld direc-
tion with the senseoppositeto that of the electron,and
correspondinglynteractsmuchlessstrongly Sinceara-

dio telescopecan generallydetectboth modesindepen-
dently, asoppositecircular polarizationsthis difference
in thestrengthof interactionof thetwo modesprovidesa
powerful diagnostic.

The frequeny width of a given cyclotron resonanceu
u 2sfg, wherep = mec®=kgT. Sincep  3000in the
coronathecyclotronresonancearevery narrav and,for
agivenvalueof fg, opacityis only signi cant atfrequen-
ciesvery closeto discreteharmonicssfg, s=1,2,3,... (at
muchhighertemperaturetheindividual resonancekave
signi cant width and may overlap). Equivalently; if we
are observingan inhomogeneousoronaat a frequeng
f, gyroresonancepacityis only signi cant at thosedis-
cretepointsalongthe line of sightat which fg = f=s, s
=1,2,3,... Thethermalwidth of the cyclotronresonance
at coronaltemperaturess suchthatB variesby lessthan
2% acrossa resonantayer, correspondingo a physical
width of lessthan 200 km for typical coronalmagnetic
gradients(scalelength  10* km). The narrav physi-
cal thicknessof the gyroresonantayersis animportant
featureof this mechanism:sincethey are muchsmaller
thanrelevantgradientsn ne; B andT (exceptpossiblyin
the vicinity of currentsheets)thesephysicalproperties
may be regardedas constantacrossary given gyroreso-
nantlayer.

Theexpressiorfor theopticaldeptht of agyroresonance
layer (the absorptioncoefcient integratedthroughthe
layer) as a function of the frequeng f, the harmonic
numbers (which determinesfg = f=s andhenceB in
the layer), and the angle g betweenthe magnetic eld
direction and the line of sightis (Zhelezryakov, 1970;
Melrose,1980;Robinson& Melrose,1984):

nelg(qg) 2 2sirkq St
f s 2

txo(s f;q) = :0133 Fxo(Q)

1)

where Lg(q) is the scalelength of the magnetic eld
(Bz%) evaluatedalongthe line of sight. For simplicity
we have settherefractiveindex to beunity in (1). Fxo(0)
is a function of anglewhich is of orderunity for the x
modenearq = 90, but decreasesharplyat smallerq,
andis smallerin theo modethanin thex mode.At angles
g away from 90 it is oftenapproximatedy

Feold 1 scosq’ @)

with s = 1 for thex modeands = 1 for theo mode.
However, this approximationis really only appropriate



when the two natural electromagnetianodesare per
fectly circularly polarized,and at the low harmonics(s
=1,2,3,4)relevantto the coronathis is rarelya goodas-
sumption.

A summaryof the propertiesof gyroresonancemission
follows:

For typical coronalconditions,the x modeis opti-
cally thick (t 1) in thes = 2 and 3 layersover
a broadrangeof anglesg. The o modeis optically
thick overmostof thes= 2 layer, andmaybeatleast
mauginally optically thick overasmallportionof the
s=3layerif gislarge. Harmonicggreatethans= 4
donothave ary signi cant opticaldepthin thequiet
solarcorona.

At eachharmonicandangletheo modeopacityis al-

waysatleastanorderof magnitudesmallerthanthe
x modeopacity despitehefactthat(2) predictsthat
they shouldbe nearlyequalfor a rangeof g around
90 . The approximation(2) is adequatédor the x
modeat small g, but is poor for the 0 modeat all

g, beingeasilyafactorof 2 or morein errorevenat
smallangles.

The opacity dropssharplytowardssmall g in both
modes. By (1), the opacityis zeroatq = 0 for
s> 1. Thesir® 2g-dependencef (1) causeshe
fall-off towardssmall g to be muchmorerapid ass
increases.

For eachincreaseof s by 1, the opacityin a given
modeat a given angledropsby slightly morethan
2 ordersof magnitude. This is largely dueto the
u Sdependencef (1). Theimportanceof thislarge
changeén opacityfrom onelayerto thenext is thata
givenharmoniclayeris likely to be eitheroptically
thick overawide rangeof anglesq, or elseoptically
thin everywhere.

An important point to be emphasizeds that gyrores-
onanceobsenationsare sensitve to the absolutemag-
netic eld strengthB, whereascorventional (Babcock
or Leighton style) optical magnetographmeasureonly
the line-of-sight componenbf the magneticeld, B =
Bcosg, andthusareof limited valuefor regionsnearthe
solarlimb. Further in mary caseamagnetographmea-
suremagnetic ux averagedoveraresolutionelement(a
pixel or a seeingcell) andarethusaffectedby the lling
factorof themagneticeld within theresolutionelement;
radiomeasaurements B arenot affectedby this lling
factor

3. GYRORESONANCE EMISSION FROM AC-
TIVE REGIONS

Here we will use a dipole magnetic eld (vertically-
orientedand seenlooking directly onto one pole, often
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Figure 3. Plots of the gyroresonancdayers of a dipole
sunspotmodel (upper panel) and the predictedbright-
nesstempeaturesresultingfrom an observationof such
a spot (lower panel), viewed nearly vertically (actually
1 off vertical). In the upperpanelthe thin solid lines
are magneticlines of force and the dottedlines are the
s= 1; 2; 3; 4 gyroresonancdayers, with s = 4 thehigh-
estands = 1thelowestlayer Wheke thegyroresonance
layers are optically thick (i.e.,t 1) in theo mode they
havebeenoverplottedwith a thick solid line. Exceptin
thes = 1 layer whele the x modedoesnot propagate a
layerwhichis optically-thidkin theo modeis alsothickin
thex mode If a gyroresonancéayer is optically thick in
thex modebut notin the o mode it is overplottedwith a
thick dashedine. In thelower panel,the x-modebright-
nessempeatureis shownby a solid line andtheo mode
brightnesstempeature by a dashedine. Thefrequency
is 5.0 GHz, the dipoleiis buried at a depthof 1.2 10°
cm,andthemaximumeld strengthat thesurfaceis 2500
G. In themodeltempeature increaseawith radial height
from1.0 10° K at thebaseof the corona(zeo heightin
thiscase)to 3.0 10° K at about15000km.

usedas a model for isolatedsunspots}o illustrate the
waysin which the propertiesof gyroresonancemission
affecttheappearancef solaractive regionsatmicrowvave
frequencies Figure 3 shaws the expectedappearancef
a perfectly dipolar eld (of peaksurface eld strength
2500G) atafrequeng of 5 GHz. Theupperpanelshovs
thefour lowestgyroresonantayers(s= 1, 2, 3, 4, corre-
spondingo B =1785,892,595and446 G, respectiely),
with theline-typeindicatingwhetherthelayeris optically
thick in agivenmode.A solid line in the upperpanelin-
dicatesthat the layer is optically thick at both x ando
modes;a dashedine indicatesthat only the x modeis
optically thick; anda thin dottedline represents region
of the layer optically thin in bothmodes.The thin solid
linesaremagneticeld lines.In thebottompanelwe plot
the brightnessemperatureseenby an obsener looking
straightdown on the dipole. In this panelthe solid line
representshe x modebrightnesgemperaturewhich the
obsenerwill seeasonecircularpolarization(right circu-
lar polarizationif the spotis of positive magneticpolar
ity), while thedashedine representthe o mode(seerby
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Figure 4. Radiocontouss (at two frequenciesn ead senseof circular polarization) plottedover a white light image of
a sunspoffor a particularly simplespotobservedcloseto disk centerwith the Vlery Large Array on 1994 October15.

Contous are plottedat brightnesstempeaturesof 1,3,5,7...

10° K. 4.5 GHz correspondgo a magnetic eld strength

of 540G if emissioris at s= 3, while 8.0 GHzcorrespondso 950G. Theradio emissioris low overthe centerof the spot
whele we are looking nearly parallel to the magnetic eld directionin the coronaandthe opacityis low, wheeasat the
outer edge of the spotthe opacityis high becausey is larger and optically thick radio emissiorat coronal tempeatures

is observed.

theobsenerastheoppositecircularpolarization).

A heightof zeroin the atmospherianodelusedfor this
calculationcorrespondgo the baseof the corona. The
densityis 1019 cm 3 at the baseanddecreasesxponen-
tially with a scaleheightof 5000km. The temperature
is 6000K below the coronaand1.0 10° K atthe base,
increasingo 3.0 10° K ata heightof about15000km.
The morphologyof the radio emissioncaneasilybe un-
derstoodby referringto the gyroresonancéGR) layers
andthe detailsof the temperaturenodel, andrecalling
thatalongary givenline of sightwe only seedown to the
highestoptically thick layer:

Neithermodeis optically thick in thes = 4 layer,

but at the outeredgesof this layer thereis enough
opacityin the x modeto producea brightnesgem-
peratureof order 10° K, which providesthe outer
boundaryof theradiosource.

Onthes = 3layer, theo modeis only (mamginally)
optically thick at the low-lying outer edge of the
layerwhereq is largest,but the temperatures rela-
tively low therebecausef the low altitude. The x
modeis opticallythick in thes = 3layerto within
5000km from the centerof theumbra,andthe peak
brightnesgemperaturén thex modeoccurscloseto
theinneredgeof this optically-thickregionsincethe
heightof thelayer, andthereforethetemperatureis
maximumthere.

At smallerradii wherethe s = 3 layeris optically
thin, the main contribution to the x mode comes
from the s = 2 layerwhich is lower andtherefore
at a lower temperaturethis shavs up asa dropin

brightnesgemperaturet small radii.

In thevery centerof thes = 2 layerwheretheline-
of-sightis alongthe eld line,thex modeis optically
thin andthereis a narrov low-temperaturdeature.
However, it is only afractionof anarcseconécross
andwould bedif cult to obsere.

In the 0 modethe centraldepressionin brightness
temperaturedue to the transpareng of thes = 2
layer at small g is muchbroader and at the center
of the spoteventhes = 1 layeris optically thin in
the o mode,but still hassufcient opacityto main-
tainthe brightnesgemperaturat3.0 10° K.

The sharpfeaturesin the o modepro le at radii of
order10* km aredueto the gapbetweerthe radius
at which the optically thick s = 2 layer dropsbe-
neaththe coronaandtheradiusatwhich q increases
sufciently for the s = 3 layerto become(in this
caseonly maminally) optically thick.

An example of the obsened radio emissionfrom a

sunspoheardisk centeris shavn in Figure4 andit does
in generaltermsreproducethe propertiesshovn by the

model sunspot. The outer boundaryof the bright radio

emissionis muchlargerat 5 thanat 8 GHz, becauséhe

eld strengthneededo make the coronaoptically thick

is smallerat 4.5 GHz (540 G) thanat 8.0 GHz (950 G).

Theemissiordropsoff in thecenterof the spotwherewe

arelooking alongthe magnetic eld andopacitydrops;
at the sametime, the temperaturén the coronaover the

centerof theumbrais lower thanit is overthepenumbra.
In theo modeimagegatbothfrequencies)heholein the

centerof the radio sourceis muchmore prominentthan
in the x modedue to the lower opacity of the 0 mode.
Obsenationssuchasthesecon rm our understandingf

the gyroresonancenechanismand so we canuseit to

determinecoronalmagnetograms.
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Figure 5. Radio specta at two locationsin the radio
emissionfrom an activeregion modelof Mok etal. The
solid and dashedlines correspondto the two senseof
circular polarization. The two polarizationsare opti-
cally thick in different harmoniclayers. The edges (in
frequency)whete the optically thick layer drops below
the transition region can be identi ed by the dramatic
dropin brightnesgempeature: fromtheratio of theedge
frequenciesn the two modesthe harmonichumbes of
thecorrespondingyyroresonancdayers canbeidenti ed
and the magnetic eld strengthcan be identi ed unam-
biguously

Comparisonof high—quality radio obsenations of gy-
roresonancemissionfrom active regionswith extrapo-
lations of surfacemagnetic eld obsenationshave been
shawn to be a powerful approacho understandingoro-
nal magnetic elds. Leeetal. (1997)shavedthatactive
regionswith strongsheardisplaycoronalgyroresonance
radio sourceghat cannotbe explainedby potential— eld
extrapolationsof photospherianagnetogramsgon rm-
ing that coronalcurrentsin uence the coronalmagnetic
eld in waysthat shov up directly in the radio images.
Lee et al. (1998) then shaved that a nonlinearforce—
free extrapolationof a high—qualityvectormagnetogram
could satishctorily reproduceghesesourcesandfurther
shavedthatthetemperaturén thecoronacouldbelinked
tothepresencef coronalcurrentsLeeetal. (1999)com-
paredthe temperatureneasurecn the samemagnetic
eld line at two differentradio frequenciesgorrespond-
ing to two differentheightsn thecoronaandshovedthat
thetemperaturearewell correlatedor eld linesdeter
minedfrom thenonlinearforce—freeextrapolationbut not
from ary otherapproach.Thesestudiesshav the value
of comparison®f directmeasurementsf B from radio
datawith extrapolationf surface elds.

4. CORONAL MAGNETOGRAPHY

It is importantto note that coronalmagnetic elds are
intrinsically a three—dimensionaproblem, unlike pho-
tosphericmagnetic elds, and thusthey require a dif-

ferentmindset. Optically thin diagnosticshave line-of-
sight problemsto deal with; hereradio hasan adwan-
tagebecausét is optically thick, sothatwe getdifferent
layersof the coronaat differentradio frequencies.Ex-
trapolationsof surface elds will continueto be crucial
becausehe radio obsenationsdont measurehe height
of the gyroresonancéayers(just asoptically—thindiag-
nosticsdon't measurehe positionof a sourcealongthe
line of sight), so the radio datado not provide absolute
heightinformation (althoughthey do provide somerela-
tive heightinformation). Extrapolationof surface elds
canuseradio measurement® help resole ambiguities
and issueswith non-force-freephotosphericeld data.
But for radio measurement® be usefulwe needatele-
scopethat makes high-quality, high-resolutionmapsof
the Sunat mary frequenciesimultaneouslyto measure
awide rangeof magneticeld strengths.

The Frequeng Agile Solar Radiotelescope(FASR)
projectis designedo besuchatelescopdBastian,2003;
Gary, 2003; Bastian,2004). It will be a multi—-element
( 100antennas)mnulti-frequeng (0.02—24GHz) array
designedspeci cally to obsenethe Sun. FASR will pro-
ducehigh spatialresolutionimages(1°%at 20 GHz) of the
full solardisk at mary closely—spacedrequencieswith
high time resolution( 1 second).FASR will producea
continuous3D picture of the solaratmospherdrom the
chromospherep into the mid corona.

Garyetal. (2005)have now demonstratethe methodfor
measuringhe magnetic eld strengthat the baseof the
coronafrom realisticdataof thetypethatFASR will pro-
vide. The techniquerestson two facts: (i) Along ary
givenline of sightthe coronawill be optically thick and
shav MK brightnesgsemperaturesip to a frequeng de-
terminedby the maximum eld strengthin the corona,
which usuallywill occurat the baseof the corona. At
higherfrequenciesheoptically thick layerslie below the
transitionregion and producelower brightnesgempera-
tures,sosharpedgeswill be seenin frequeny spectreof
the brightnessemperature(ii) The problemthenis de-
terminingwhich harmonicnumberan edgecorresponds
to: s= 2, 3 or 4. To solwe this problemwe usethe fact
that exceptwhenB is orthogonalto the line of sight (in
which casdikely s=3), thetwo circularpolarizationswill
be optically thick at differentharmonicsand thus have
edgesat differentfrequencies.Becauseve only have a
limited rangeof harmonicsto consider the ratio of the
edgefrequenciesn thetwo polarizationswill bea ratio-
nal numberthatunambiguoushdetermineghe harmon-
ics for bothpolarizations.

Garyetal. (2005)have usedamodelactive region devel-
opedby Mok etal. (2005)to testthis method.Theresults
areshavn in Figs.5 & 6. The modelconsistsof a coro-
nal magneticeld extrapolatedrom a photospherivec-
tor magnetogramvith temperaturenddensityspeci ed
self-consistentlfthroughoutthe coronausing a heating
modelwith a volumetricheatingrate proportionalto the
local valueof B. This modelwasfoldedthrougha radia-
tive transfercodethat calculatedthe gyroresonancend
bremsstrahlungmissionat a large numberof closely—



Figure 6. (Lower panel) Comparisonof the determi-
nation of the magnetic eld strengthat the baseof the
corona along a cut acrossthe modelactive region with
theactual eld strengthsin theinputmodel.Thisis are-
alistic experimentusingthe technique describedabove,
and showsthat the high frequencyresolutionimaging
data provided by FASR will produce coronal magne-
togramsroutinely Thetwo upper panelsare greyscale
representationsof the magnetic eld input model (left)
and radio—derivedmeasuement(right): the location of
the cut is shownby the white line. Improvementsn the
analysistechniquesud as continuity argumentsshould
beableto cleanup areaswhee the methoddid not work
aswell dueto, e.g., thetwo edgesbeingat the samehar-
monic.

spacedrequenciesandthe resultingradio modelswere
“obsened” by convolving them with real telescopere-
sponsdunctionsandthencarryingout the decorvolution
exactly asFASR will do. Fig. 5 shaws radio brightness
temperaturespectaat two locations,with edgesclearly
visible at differentfrequenciesn the two polarizations.
Using theseedgeswe canidentify B at the baseof the
coronain every pixel in theimagewheregyroresonance
emissionmalkesthe coronaoptically thick. In Figure6
we compareheradio—measurethagneticeld strengths
with the actualinput model valuesfor a cut acrossthe
region, shaving how well thetechniqueworks.

In summary gyroresonanceneasurementgield the fol-
lowing resultsfor coronalmagnetography:

Radio obsenationscan measurecoronal magnetic
eld strengthsabove 300 G arywherein the solar
corona

Thetechniquemeasuretemperaturesn surfaceof
constanteld strengthsoit directly seesegionsof
strongheatingin thecorona.

Becauseemissionis optically thick in regions of
strong elds, we get3D informationon elds.

Thetechniquas relatively insensitveto density and

thereforecomplementthertechniqueswhich are
dominatedby densitycontrast

Presentlyno absoluteheightinformationcanbe ob-
taineddirectly from theradiodata:hereinformation
from otherwavelengthanaybe helpful.

Thesemeasurementwill play animportantrole in
testing techniquesfor extrapolating surface elds
into corona.

5. OTHER METHODS

As notedearlier sincethe presenceof a magnetic eld
altersthe propertiesof the coronalplasmait leavesits
imprint on all the emissionmechanismsndin principle
they all containinformationon the coronal eld thatcan
be exploited. We mentionsomeof the possibilitieshere,
but this is by no meansanexhaustie list: morecompre-
hensveinformationmaybefoundin thevolumeby Gary
& Keller (2004).

5.1. Gyrosynchrotronemissionfrom ar es

Mildly relativistic electrondocatedin magneticelds are
very ef cient producerof radio emissiondueto the gy-
rosynchrotrormechanismThis fact, combinedwith our
ability to make high spatial resolutionimagesat radio
wavelengthsprovidesa powerful techniqueto studyen-
ergy releaseand electronaccelerationprocessesn so-
lar ares from the ground in contrastto hard X-ray/g-
ray studieswhich requirespaceplatforms. In additionto
fundamentaimorphologicalinformation on the location
of the nonthermalelectronsand their behaiour, multi-
frequeng radio obsenationscanbe usedto studyquan-
titatively the physicalconditionsinsidethe are source,
thanksto thefactthe we understandhe emissionmech-
anismwell (Dulk, 1985; Bastianet al., 1998). Flares
mayshaw distinctloop shapesn which nonthermaklec-
tronsareradiatingasthey mirror backandforth between
strongmagnetic elds at the loop footpointsat the sur
face(e.g.,Figure 7: however mary ares do not shav
obvious loopsin radio images). At ary given location
in the are source the locationof the peakin the radio
spectrumdependsalmostlinearly on the magnetic eld
strengththereandonly weakly on otherparametersthis
propertyis illustratedin Figure8. The spectralindex on
the high-frequenyg side of the spectralpeakrevealsthe
enegy spectralindex of the radiatingelectrons;the de-
greeof polarizationof the radio emissionindicatesthe
localdirectionof themagneticeld; andthenumberden-
sity of nonthermaklectronscanalsobe determinedrom
measurementat several frequencies.Thus spatially re-
solvedimagingspectroscop canrevealthe completeset
of physicalparameterglescribing are sourcesput the
power of this methodcanonly be exploited with a tele-
scopethat can provide high-resolutionimagingacrossa
broadfrequeng rangequasi-simultaneouslyThis tech-
nigueis anothemajorscienceobjective for FASR.
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Figure 8. Gyrosyndirotron emissionfrom a modelcoronal magneticloop. The panelat left showshowthe appeaance
of theloop changesfromlow optically thick frequencieg4.2 GHz), wheie the loop top dominatesto high optically thin
frequencie418.7 GHz),whete the footpointsdominatebecausef the stronger magnetic elds there. Thethin solid line
indicatesthe spineof theloopin ead case In themiddlepanelare plottedlocal radio specta at threedifferentlocations
within the loop: at a footpoint(solid line), at the top of the loop (dashedine), and at a location half-way up the leg
of the loop (dottedline). In the right panelwe plot the frequencyof the peakof the radio spectrumversusthe local
magnetic eld, showingthatthere is a nearlylinear dependencef the spectal peakonthelocal magnetic eld andthus
spatially-resolvedspectoscopycanbe usedto measue thevariation of magnetic eld alongtheloop.

5.2. Polarization of bremsstrahlungemission

As notedearlier the radio emissionfrom the quiet Sun
is dominatedby bremsstrahlungmission. The contrast
visible in imagessuchasFig. 1 is dueto optically thin
densitycontrastin the corona,exactly asin soft X-ray
images. Figure9 shaws that the circular polarizationof
this optically thin bremsstrahlungan be detectedwith
presentnstrumentssoit doesoffer apossiblediagnostic.
The theory of optically thin bremsstrahlungolarization
is well understoode.g., Gelfreikh, 2004): the degree
of polarizationP is effectively proportionalto By, P =

2(fg=f) cosq.

In the caseof optically thick bremsstrahlungthe polar
izationis dueto thefactthatthe opacityof the two natu-
ral modesis differentsothatthey becomeoptically thick
in layerswith slightly differenttemperaturesThe differ-
encen temperaturdetweenhelayersshavsupaspolar
ized ux. Thefactthatthe polarizationin this caseis due
to atemperaturgradientwould suggesthatit cannotbe
usedto determinghe magneticeld propertieshut Gre-
binskij et al. (2000) have shown that the techniquestill
works. The basicideais that the radio spectrumitself
measureshetemperaturgradientwhich is the quantity
neededo determinethe longitudinal magnetic eld B;.
Provided onehassufciently dense(in frequeng) mea-
surementsf thebrightnessemperaturspectrumthelo-
calslopeof thefree—freeemissiorbrightnessemperature
spectrumm = dlog(Te)=dlog( f), canbedeterminednd
the expressionfor the measureddegree of polarization
becomed = m(fg=f) cosg=m(2:8 10°=f)B,. Thus,
B = Pf=(2:8 10°m) whereall the quantitieson the
right handsidearemeasuredDale Gary hascarriedout
testsof the techniqueandwith idealmodeldatait repro-

ducesthe longitudinalmagnetic eld well. Whenmore
realisticdataareused,jncludingnoise discretérequeny
samplingandthefactthatthespatialresolutionis propor
tional to the wavelength thenthe determinatiorof mcan
be noisy, sothatvery high quality datamay be neededo
exploit this approactextensvely.

5.3. Plasmaemission

Plasmamissioris alsopolarizedbecause¢hecornversion
of theelectrostatid.angmuirwavesdepend®ntheprop-
ertiesof the naturalmodesof the plasma,which in turn
dependonthe magnetic eld eventhoughit is generally
weakin typical sourcef plasmaemission.Emissionat
thefundamentabf the plasmdrequeng shouldbe 100%
polarizedin the senseof the 0 modein a magnetized
plasmabecaus¢hex modeis cutoff atafrequeny abore
fp. Thepolarizationof seconcharmonigplasmaemission
formed by coalescencef two oppositely—propagating
Langmuirwavesis alsounderstoodZlotnik, 1981).

Figure 10 illustrates anotherexample of using plasma
emissionto measurecoronal elds (Aurassetal., 2005).
“Fiber bursts”appeaiin somecomplex solarradiobursts
asnarrov ne structurethatdrifts in frequeng with time
within broadbandemissionin the decimetewavelength
range. A modelfor theseburstsinvokeswhistler waves
ascendingpost— are coronalloops and acting as mag-
netic trapsfor nonthermal are electrons. The whistler
frequeng can be derived from the patternof emission
ridgesandabsorptiorchannelsn thedynamicspectrum:
adjacentemissionridges are assumedo be separated
by the whistler frequeng. Sincethe emissionmecha-
nismis believedto be plasmaemissiontheambientelec-



1999 May 29: NoRH 34 GHz images
30F 03:07:46 03:08:26

20F
10f
o
[}
g 0
©
_10,
-20F
-30F
t t t t t t t t
sof 03:09:16 03:10:06
20F
10F
(<}
[}
g 0
©
_10,
-20F
-30F
t t t t t t t t
sof 03:11:46 03:13:26
20F
10F
o
[
g 0
©
_10,
-20F
30- @ 1@
-30 20 -10 0O 10 20 30 -30 -20 -10 O 10 20 30
arcsec arcsec

Figure 7. Imagesof a ar e on 1999May 29 observedy

the NobgyamaRadioHeliographat 34 GHz. Thiswasa

simpleloop ar ein whichtheloopshaperemainedsteady
but someloop parametes, notablylength and footpoint
sepaation, evolvedwith time, and shiftsin the location

of brightnessmaximawere seen(Whiteetal., 2002).

tron density is simply determinedfrom f,. Knowing

the whistler frequeng andne thenallows B to be deter

mined.Aurassetal. (2005)comparedheresulting elds

atlocationsknown from theimagingdatawith magnetic
eld strengthsdeterminedrom an extrapolationof sur

face elds andfound good consisteng betweerthe two

methods.

6. SUMMARY

Coronal magnetic eld measurementswill become
greatly improved over the next decade. Optical and IR
measurementsill be carriedout at moderatespatialres-
olution off thesolarlimb. Becauséhey needto beoff the
limb, they will generallynot seestrongmagnetic elds,
andthe measurementaredif cult to comparewith sur
face elds becauseof projectioneffects. Optically thin
diagnosticawill suffer from line of sightconfusionissues
andwill be dominatedby the densesfeaturesalongary
line of sight, but offer the possibility of full Stokesmea-
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Figure 9. Contouss of circularly polarizedradio emis-
sionat 1.4 GHz (mapfrom the Very Large Array, 1991
May 7; positivecontous showpositiveStolesV or right
circular polarization, dashedcontous showleft circu-
lar polarization) overlaid on a Kitt Peak magnetagyram.
Thedisplayrange onthe magnetgramis -100to 100G.
Notethat in regionsof plage the extendedpolarizedra-
dio emissiormatdesthe underlyingmagnetic eld in di-
rection: dashedcontouss over negative B, solid contours
over positiveB.

Figure 10. “Fiber” bursts usedto measue the coro-
nal magnetic eld. Thepanelat right showsa dynamic
spectrum(frequencyon the vertical axis, 60 s of time on
the horizontal axis) with tted ber—burst tracesover
plotted. At left is a photospherianagnet@ramwith eld
lines, computedvia a potential extrapolation of surface
elds, that passthroughthe souice regions at different
frequenciegboxes,with arrows fromthe corresponding
frequenciesn the dynamicspectrumjdenti ed fromim-
agesmadewith the NancayRadioheligraph.

surements.

Radiomeasurementsy the gyroresonanctechniqueare
sensitve to theabsolutemagneticeld strengthandline-



of-sightorientationfor eld strengthsbose 100G (lower
eld strengthgorrespondo low frequenciesvhereother
sourcesof opacity tend to take over). Thereforethe
radio gyroresonancenethodreally only works for ac-
tive regions, but hasthe greatadwantagethat it works
on the disk, and thus is available for comparisonwith

surface elds. However it doesnot seeweak elds,

SO missesmagnetic ux associatedvith weak coronal
elds thatmay still play animportantrole in the corona.
Bremsstrahlungolarizationrmayoffer betterinformation
on weak elds in the coronabut it is not as preciseas
gyroresonanceneasurementsthree—dimensionahfor-

mationis presentin the radio data,but absoluteheights
arenot measuredSpatialresolutionin the radiodomain
scalesinverselywith B. Both the radio and optical/IR
measurememhethodswill becomparedxtensiely with

extrapolationsfrom surface magnetogramspreferably
from chromospheriovzector magnetogramsvhen avail-

able.
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