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ABSTRACT

We analyzethe frequencieof high—dgreep modesus-
ing velocity andintensity datafrom MDI. The studyis
carriedout with the local helioseismidechniqueof ring
diagramsTheresultanpowerspectraat severaldifferent
positionson the solardisk arefitted with symmetricand
asymmetricprofilesto find the centerto—limb variation
(CLV). Usingsymmetrigprofilesin theanaylsigproduces
significantdifferencesn frequeny betweervelocityand
intensitywith thedifferencesncreasingrom disk center
to thelimb. The useof asymmetrigpeakprofilesreduces
thesedifferencesandin the 3 mHz bandthe frequencies
agreereasonablyvell with eachother
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1. INTRODUCTION

Comparingpower spectraobtainedin Dopplervelocity,
total spectralintensity andmodulationfrom Global Os-
cillation Network Group (GONG), Harvey et al. [1]
founddifferentcentralfrequenciesToutainetal. [2] also
reportsystematidifferencesbetweenmodefrequencies
measuredn intensity andin velocity power spectra. It
is furthershawn in [3] thatthe useof Lorentzianprofiles
asa modelof low-degreep—modelinesleadsto system-
atic differencesn thedeterminatiorof modefrequencies
betweenintensityandvelocity obsenations. Comparing
GONG+ prototypespectraof velocity and intensity it
was shavn in [4] thatthe frequeny dependencef the
frequeng shiftis negligible below theacousticcutof fre-
gueng arounds5.3mHz andsubstantiahbove the cutoff.
This supportedhe conclusionggivenin [1]. This work
wasextendedo mary otherlocationsin [5] andtheanal-
ysis suggestedhat the frequengy shifts betweenveloc-
ity andintensityis a functionof locationon thedisk and
is highernearthe disk centerthannearthe limb. Since
the apparenfrequeny shift betweenan oscillation ob-
senedin velocity andintensitycannot be a propertyof
themode,it mustarisefrom the excitationmechanism.

However, it is known that the peaksare not symmetric
[6], andthatthe senseof the asymmetryis reversedbe-
tweenvelocity andintensity Peaksn the velocity powver
spectrahave negative asymmetry(more power towrads
lower frequenciesyhile the intensity spectrunmshaws a
positive asymmetry The effects of including the asym-
metry of the peakprofileson the fitted solar oscillation
frequenciedor low andintermediatedegreeswere stud-
iedin [7]. They foundthatthe useof asymmetrigpeak
profilesimprovesthefit to obsened spectraandthe fre-

guenciesare increasedas comparedto those obtained
when symmetric profiles are used. The analysiswas
extendedto high—dgree modesand other obserables
in [8]. Analyzing the power spectraat the disk center
throughthe ring diagramtechniquesthe study shoved
thatthe frequencie®btainedby fitting asymmetriqpeak
profiles to differentspectraagreereasonablywell with

eachother while theuseof symmetricprofilesgivessig-
nificant differencesbetweenfrequeny computedusing
intensity and velocity or line-depthspectra. Here, we
extendthe investigationgo mary differentpositionson
the solardisk to find the variationfrom the disk center
to limb. To comparetheresults,we fit the spectrausing
bothsymmetricandasymmetrigoeakprofiles.

2. DATA

Thedataconsisif velocityandintensityimagesbtained
from the MichelsonDoppler Imager(MDI) instrument
onboardSOHOfor the periodMay 19 —28, 1997when
solaractwvity wasnearminimum. We have usedspectra
from thedisk centerandat differentlongitudesfrom 15°
to 45° ataninterval of 7.5°. Eachregion of 15° x 15°
wasextracted remappedntoagrid of 128 x 128pixels,
andtracked for 1664 minutes. A 3D FFT [9] wasused
to obtainthe power asa functionof (v, k,, k,). In or-
derto enhancehesignal,the power spectraof each1664
minutesintenal are averagediogetherbeforethe fitting
procedures applied.

To bring out the peaksin the power spectrawe take the
azimuthalaveragearoundthe rings. The resultantand
rescaledspectrafor ¢ of 675 at four differentlocations
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Figure 1. Azimuthally—aveagedvelocity (lower curves)
and intensity (upper curves)power specte for £ of 675
at four differentpositionsonthesolar disk. Thelocations
are color codedandare shownin theright top corner

areshovnin Figurel. It is quietapparenthatthespectra
areasymmetric At low frequeng, theasymmetnagrees
with theknown results;velocity hasnegative asymmetry
i.e. morepower on lower frequeng side. The peaksin
theintensityspectrunshow positive asymmetryThereis
alsoanindicationthat the asymmetryof velocity power
spectrais reversedat higherfrequenciesThus, it is nat-
ural to expectthat the determinatiorof the frequencies
would be improvedif the asymmetryis includedin the
fitted peakprofile.

Figurel alsoshavs a shift in frequeng betweerthetwo
powerspectraabosethecutof frequeng whichis consis-
tentwith thosein [4, 10]. Thereis a hint thatthe central
frequenciesn velocity and intensity are differenteven
below the cutoff asmarked by the solid lines. Although
the spectraare not correctedfor projection,the velocity
power is higher nearthe disk centerand decreaseso-
wardsthelimb in agreementvith the predominatelya-
dial natureof the oscillatoryvelocity field. Notethatthe
normalizatiorof thespectrao have equalmaximaresults
in anapparenteversalof the CLV of therelative velocity
power atlow andhigh frequencies.

2.1. Fitting Methods

To extract mode parametersthe power spectrumis fit-
ted with two different profiles. The symmetricprofile
model[11] considersthe peaksin the power spectrato
be Lorentzianandfits for n—valuesfrom 0 to 6 andk val-
uescorrespondingo ¢ of about180-1200:

A b
P(kg, ky, = 3
ks ks ) = o TR, ¥ R, P+ T2 T B
(1)

whereP is theoscillationpowerfor awave with atempo-
ral frequeng w andthetotal wavenumberk = k2 + k;
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Figure 2. The/ — v diagram constructedrom the fit-

tedparametesfor velocity(circles)andintensity(pluses)
spectr at diskcente. Theparametes are obtainedfrom
thesymmetrianodel.

Six fitting parameterareusedto specifythe profile: two
Dopplershifts (k,U, andk,U,) for waves propagating
in the zonal and meridionaldirections,the background
powerb, themodescentralfrequeny wo, themodewidth
I', andtheamplitudeA.

To apply the modelwith asymmetricpeakprofiles, we
take the azimuthalaverageof eachspectrato obtain2D
spectran k — w. Thesearefitted with themodelof [12]:

P(k,w) _ er[(l + S.'L‘)2 + 52] —|—eb1[1+b2(1 _ wﬁ)]’

1+ 22 B

(2)
wherez = (w — w,)/T', exp(4o) is the amplitudeof the
peakandT is the half-width. Thesix parametersdg, wo,
T, S, by, andb, aredeterminedy fitting thespectraising
amaximumlikelihoodapproachThe parameters con-
trols the asymmetnyin the peaks,andthe form of asym-
metryis the sameasthatusedin [13]. Otherparameters
have the samemeaningasin the caseof the symmetric
model.

3. RESULTS

Figure 2 shavs a characteristid — v diagramobtained
from thefits to bothvelocity andintensitypower spectra
at disk center It is clearthat fewer modesarefitted in
the intensity spectracomparedo velocity spectra. This
is alsotruewhentheasymmetrianodelis used.Compa¥r
ing the modesobtainedfrom the symmetricand asym-
metricformula, we find thatmoremodesarefitted when
thesymmetricprofileis usedbut in the caseof theasym-
metricmodel,themodesaredenselyspacedn ¢.

Figure 3 shavs the asymmetryparameterS, estimated
from spectraat disk centerand45° longitude. It is clear
thatthis parameteis negative for mostmodesn velocity,
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Figure 3. Asymmetryparameter S, obtainedfrom fits to

different2D specta for intensity(top panel)andvelocity
(bottompanel). Theleft and right panelin ead figure

refers to the disk centerand to longitudeof 45° respec-
tively. Thecolor indicatesdifferentradial orders.
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Figure 4. Differencesin frequencyat disk center ob-
tained using symmetricand asymmetricpeak profiles.
Thetop panelshowdlifferencesn intensitywhilethebot-
tom panel showsthe differencesin velocity The color
representdifferentradial orders and are marked in the
bottompanel.
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Figure 5. Frequencyifferencesetweerintensity(upper
panel)andvelocity(bottompanel)modesat threediffer-
entlongitudeggreen: 15°, blue: 30°, andred: 45°) with
respecto diskcenter Themodesarefittedusingsymmet-
ric modelprofile. Theerror bars only for 15° longitude
are shownfor clarity.

while it is positive for mostmodesin intensity spectra.
Thereis alsosomevariationwith frequeng. At highand

low frequenciesthe asymmetryassociatedvith veloc-

ity appeardo be positive confirmingthe resultsdeduced
from Figurel. It is alsopossiblethatthe form of asym-

metry usedin the model doesnot adequatelyrepresent
therealprofiles. More work is neededo understandhis

behaiour.

Figure 4 shaws the differencesin frequeng obtained
from symmetricandasymmetridits to intensityandve-
locity spectraat disk center Thereis a considerablelif-

ferencebetweerthe two fits reachingabout45 pHz for

modeswith n = 5 and6. Sincethe shift essentiallygives
the errorintroducedby assuminghe peakprofilesto be
symmetricwe expectoppositeshiftsfor intensityandve-
locity asin [8]. Our resultfor intensityagreeswith this
interpretationandwe find thatthe frequeng shift is al-

wayspositive for intensityspectraat all locations.How-

ever, the shiftsfor velocity shavs both positive andneg-

ative valuesat all locations. Specifically low frequeng

f-modesand most of then > 4 modesshows positive
values.We speculatehatthismayberelatedto theasym-
metryparameter

Figure5 shavsthefrequeng differencedetweermodes
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Figure 6. SameasFigure 5 but for asymmetrigrofiles.

atdifferentlocationswith respecto disk centerwhenthe
fits are carriedout usingsymmetricprofiles. The differ-

enceincreasewvith distancdromthedisk centerandsug-
gestghattheshiftis afunctionof thelocationonthesolar
disk. Large variationsareseenfor the high—orderadial
modes,approachings 50 pHz for intensityspectraat a
longitudeof 45°. But it is to be notedthat the projec-
tion effectis not correctedwhich could contrituteto the
frequeng differences.We also notethat the frequengy

differencesamongvelocity modesat differentlocations
aresmallercomparedo theintensitymodes.The differ-

encesaresignificantlyreducedvhenasymmetrigrofiles
areusedfor fitting (Figure6) andit doesnot dependon

the locationon the disk. Instead,the difference which

shaws both positive andnegative values,appeargo bea
functionof thefrequeng alone.

Figure7 shavsthefrequeng differencedetweermodes
obtainedfrom the intensity and velocity using symmet-
ric profilesat four differentpositionson the disk. Ide-
ally, oneexpectsthe frequeng to be independentf the
obsenrables however, thereappeardo be significantdif-
ferences. The shifts are all positive implying a higher
frequeng for theintensity As before thedifferencesre
foundto beafunctionof locationon thedisk, increasing
from thedisk centertowardsthelimb. Sincethevariation
in frequeng obtainedfrom intensity spectraat different
disklocationsshavs largerchangesomparedo velocity
spectrawe speculatehatthefrequeng shift betweerve-
locity andintensitymostly arisefrom the intensitywhen
Lorentzianprofilesareusedto fit the spectra.
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Figure 7. Frequencydifferencesbetweervelocityandin-
tensitymodedittedusingsymmetrigtop four panelsyand
asymmetri¢bottomfour panels)profilesat four different
longitudesonthe solar disk. Thelocationsare markedin
the top paneland hasthe samemeaningfor the bottom
panel. Thecolor indicatesdifferentradial orders andis
marledin thefirstpanel.

Theuseof asymmetriqrofilesreduceshefrequeng dif-
ferencedetweerintensityandvelocity (bottomfour pan-
elsin Figure7). In the 3 mHz band the shiftsarewithin
the error estimates,and is consistentwith no change.
However, therearesystematidifferencesat the low and
high endsof the frequeng range. It is possiblethatthe
assumedorm of asymmetrydoesnot adequatelyepre-
senttherealprofilesatthesefrequeng rangesA similar
resultfor disk centerwasnotedin [8] andit wasargued
thattheassumegrofilesdoesnotadequatelgescribehe
velocity spectrawherethe signalto noiseratio is rather
high.

4. CONCLUSIONS

The power spectraobtainedfrom velocity andintensity
imagesshow a distinctasymmetryin peakprofiles. The
azimuthallyaveraged2D power spectrashav an appar



ent frequeng shift of the central frequeny obsened
in velocity and intensity belov the cutoff frequeng of
5.3mHz. This wasconfirmedby fitting Lorentzianpro-
files to the 3D power spectra.But, sincethe spectraare
known to be asymmetricwe fit the 2D spectrawith an
asymmetrionodelprofile. The known asymmetryis re-
covered;we find thatintensityhasa positive asymmetry
for all modeswhile mostof the modesin velocity has
the negative asymmetry A few modes.especiallyat the
low andhigh endsof the frequeng range shav positive
asymmetrywhich confirmsthe trend seenin the actual
2D power spectra.Thefrequencie®btainedirom veloc-
ity andintensityspectraby fitting asymmetrigpeakpro-
filesagreereasonablyvell in the3 mHzband butasmall
differenceis noticedat the thelow andhigh endsof the
frequeng range. This probablyarisesfrom the inaccu-
ratedescriptiorof theasymmetryprofile.
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