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Abstract. The Mira-type starR Leoniswas obsered at two

differentepochsn theK bandwith theFLUORbeamcombiner
on the IOTA interferometerA variationof diameteris clearly
detectedor the very first time at this wavelengthrevealingan
apparenpulsationof atmospheritayersverycloseto thestellar
photosphereWe discussthe excessof visibility measuredat
high spatialfrequenciesand shav thatthey very likely reveal
smallerdiametersof the photospherg22—24mas)thanthose
deducedon the basisof shorterfrequengy componentsThis
smallerdiametemakesR Leonisafundamentapulsator Mira

models are comparedto our data and a disagreementvith

spatialintensitydistributionanddynamicabehaiour is found.
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1. Intr oduction

Amongall classe®f variablestars Mira-type starsmaybedis-
tinguishedasthey play animportantrole in the enrichmenbf
theinterstellarmediumwith dustandgasthrougha massloss
processoccuringon the Asymptotic Giant Branch.Pulsations
of the centralcoreinducelargevariationsof brightnesof Mira
variablesn thevisibleandsmallemodulation®f infraredmag-
nitudes.Our Sunwill enterthe Mira phaseatthetwilight of its
life. Becausethey are very luminous, cool and embeddedn
a dustshell that extendsover several hundredsof solarradii,
thesestarsarewell suitedto be studiedwith high angulareso-
lution techniquestinfraredwavelengthsTheadwantageof the
K bandfor theseobsenationsis thatit is closeto the peakof

Send offprint requeststo: G. Perrin(perrin@hplyot.obspm.fr)
* basednobsenationscollectedatthelOTA interferometerwWhip-
ple Obsenatory, Mount Hopkins,Arizona.

flux emittedby the starandthatthe opacityof theshellis lower
thanin thevisible, allowing usto seedeepeiinto the star

Oneof the closestandmostluminousMiras, R Leonishas
beenstudiedby mary othergroupsusing diversehigh angu-
lar resolutiontechniquesn the visible and nearinfrared do-
mains.Speckleinterferometridmagingin thevisible shaveda
dependencef size with wavelength(Labeyrie etal. (1977)).
The angular diameter of R Leonis has been determined
at 2.16um by Di Giacomoetal. (1991) using the lunar oc-
cultation technique.Geometrydependencavith wavelength
was confirmedby multi-apertureobsenationsin the visible
(Tuthill etal. (1994),Haniff et al. (1995)).Usinglong baseline
interferometryat11.15um, Danchietal. (1994)have obsered
thedustaroundR Leonis.Recently Lattanzietal. (1997)have
studiedR Leoniswith the Fine GuidanceSensoiof theHubble
SpaceTelescopeasa visible interferometeandclaim a detec-
tion of a 20% relative differencein size of the staralongtwo
orthogonabxes. The COAST interferometehasmonitoredthe
diametemnf the staratvisible wavelengthduringthreeconsec-
utive photosphericcycles and huge periodic variationsof the
diameterof somelayersin the atmospherdéave beendetected
(Burnsetal. (1998)).

We present,in this paper somenew obsenationsof the
Mira-type starR Leonisin K at two differentepochsin 1996
and1997.Thesenew data,complementaryo thoselisted be-
fore, presentevidenceof time-dependengeometricalproper
ties of the photospheref the star In Sect2, obsenrationsat
thelOTA interferometemwith the FLUOR beamcombinerthat
have producedthesedataare presentedin Sect3, we study
theintensityprofile of R Leonisanddiameterdor thedifferent
periodsare derived. We establishand discussthe variation of
the diameterof the photospherevith visible phasein Sect4
andthe correspondingffective temperaturesrederived. The
resultsin K on variability are comparedo otherevidence.In
Sect5 we discusgheimplicationsof the high frequeng visi-
bilities obtainedin 1997on the modelingof R Leonis.Finally,
considerationsor future obsenationsaregiven in Sect6.
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Table 1. Theobsereddata
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Date meanJD  Visual Projected Azimuth Spatialfrequeny Visibility

(d/mly)  —2450000 phase baselingm) @) (arcsec!) (%)

17/04/96 190 0.24 15.38 60.7 34.70 21.27+0.35
17/04/96 190 0.24 14.26 80.3 32.18 27.23 £ 0.41
17/04/96 190 0.24 14.13 86.9 31.88 27.23 £ 0.40
17/04/96 190 0.24 14.13 92.5 31.88 27.18 £ 0.43
18/04/96 191 0.25 15.01 65.4 33.85 23.73 £ 0.33
03/03/97 510 0.27 32.37 63.10 73.02 07.70 + 0.32
04/03/97 511 0.28 10.76 68.50 24.28 42.48 £ 0.36
04/03/97 511 0.28 10.30 86.00 23.24 45.56 £+ 0.41
05/03/97 512 0.28 15.25 62.50 34.40 17.61 £0.71
06/03/97 513 0.28 15.19 63.20 34.27 16.56 £ 0.50
06/03/97 513 0.28 14.67 70.90 33.10 17.51 +0.29
06/03/97 513 0.28 14.38 77.00 32.43 19.34 + 0.36
10/03/97 517 0.29 20.89 58.50 47.13 11.88 £+ 0.60
10/03/97 517 0.29 19.57 71.20 44.15 12.55 + 0.96

2. Obserwations

R Leonis was obsered in 1996 and 1997 with the IOTA?!
interferometedocatedat the Smithsonianinstitution’s Whip-
ple Obsenratory on Mount Hopkins in Arizona. IOTA is
a two elementinterferometer(a third telescopeis under
construction) operatedboth at visible and infrared wave-
lengthgCarletonet al. (1994),Traub(1998)) Wehaveusedhe
FLUOR? beamcombinerto samplethespatialcoherencef the
sourcesProgresseportonFLUORhavebeempresentedtser-
eralconferenceéseePerrinetal. (1996a)Perrinetal. (1996b),
Couck du Forestoetal. (1998))andit will bedescribedn more
detailsin aforthcomingpaperTherecombinatioris achieved in
the photometricK bandwith single-moddluoride glassfibers.
Thefibersfilter outthewavefrontswhich arecorrugatedy at-
mospheridurbulenceandtradephaseluctuationsagainsipho-
tometric fluctuationswhich are monitored.It is then possible
to directly calibrateand correctfor the non-stationaryatmo-
spherictransferfunction,alleviating severeinaccuraciesn vis-
ibility calibrationswhich plagueclassical(multi-mode)beam
combiners.The currentaccurag on final visibility estimates
with FLUOR s 1% for mostsourcesandis asgoodas0.3%o0n
very bright sources.

The dataare acquiredwith FLUOR/IOTA in a scanning
mode A short-strole delayline sweepshroughthezerooptical
pathdifferencepositionata speedvhich keepsheopticalpath
differenceratealmostconstantandyieldsafringe frequeng of
about300Hz. Thelengthof eachscarnis of theorderof 100.m.
Dark currentsequenceare recordedafter eachsequenceand
areusedduringthe datareductionprocesgor noiseandsignal
calibration.Sequenceareacquiredevery four secondsn reg-
ular turbulenceconditionsand a whole batchof obsenations
comprisesl00sequencespreadingover afew minutes.

We have usedthe methoddevelopedby Coudk du Foresto
etal. (1997)to reducethe dataandto derive the instantaneous

! Infrared-OpticalTelescopeirray
2 FiberLinkedUnit for Optical Recombination

contrastof the fringe pacletsfrom eachbatchof obsenation
of R Leonisaswell asfor its calibrators.The “instantaneous”
transferfunctionof theinstruments computedrom thefringe
contrastmeasurean the calibrators This computatiorandthe
computatiorof thefinal visibility estimatefiavebeerpresented
in Perrinetal. (1998).

Thedatahave beencollectedusingdifferentbaselinesThe
effective wavelengthof the instrumentis 2.15um. The 1996
obsenationsweremadewith asinglel6 mbaselineln 1997 the
11m,16m,21mand38mbaselinesvereused Azimuthsof the
spatialfrequenciecommonto the 1996and1997obsenations
arethe sameto within 10°. The rangeof azimuthscoveredby
the 1997 obsenrationsis smallerthan30° becausef the quasi
North-Southorientationof the L-shapedOTA array Thedata
collectedonR LeonisatIOTA duringthetwo periodsarelisted
in Tablel.

3. Diameter and intensity profile
3.1. Uniformdisk diameter of R Leonis

The dataof Table 1 are plotted on Fig. 1. Although the exact
geometryof thestellardiskis a priori unknovn, modelsbased
on radiative transfercomputationsfor theseextendedobjects
areproposedn theliterature(seeSect.3.2). This sectiononly
dealswith the simplestmodel of a stellardisk whosesurface
brightnesdistribution is uniform.

This model, althoughquite simple,is a good representa
tion of the geometryof the starat low spatialfrequenciesAs
amatterof fact,for spatialscaledargerthanonestellarradius,
smallerdetailson the surfaceof starsarenotvisible. Spotsand
limb variationshave a negligeablecontritution to the general
geometry As a consequenceahe amplitudeof the spatialfre-
quenciesof the stellarimageare accuratelydescribedby the
uniform disk visibility functionfor frequencieswvithin thefirst
null of this function.

Datapointswith spatialfrequenciesessthan40cyclesper
arcsecondhave beerfitted by a uniform disk modelfor thetwo
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phasesTheonly parameteof thismodelis theapparenangular
diameteof thestar For thetwo periods thediameteryielding
the smallestresidualf thefits are:

¢up.1996 = 28.18 £ 0.05 mas (1)
¢up,1097 = 30.68 £ 0.05 mas
Thesetwo estimatesof the diameterof R Leonis in the K

band can be comparedwith previous results obtainedwith
different techniquesand/or at different wavelengths.No K
band diameterof R Leonis has beenpublishedas of today
Di Giacomoetal. (1991) have measuredhe stars diameterat
phaseD.2in the Br ~ line of atomichydrogenat 2.16m with

max model. Dotted line: uniform disk
model.

thelunaroccultatiortechniqueThey have foundthattheoccul-
tationeventis compatiblewith adisk 33 4 1.3 masin diameter
Despitethe differencein bandwidth,this resultis confirmed
by our own findingssincethewhole K bandmeasuremeris a
goodapproximationof the diameterof the photospher®f the
star(seeScholz& Takeda(1987),hereaftelST) andSect3.2).
Someother measurements/ere madeat visible wavelengths
(seeSect.l for referencesith interferometriccechniquedut
aredifficult to link to our resultssincethe starappeardarger
becausef light scatteringandabsorptiorby dustandmolecules
in higherlayers.Neverthelessthe orderof magnitudeof pho-
tospheriaddiametercanbederived with the help of modelsand
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rangeshetweerB7 and61mas(Haniff et al. (1995)).Although
thelower valueis compatiblewith our result,the highervalue
is almosttwice aslarge. The photospheriadiametersof 26.3
and19.8masderived from obsenationsat minimum phaseat
11.15um (Danchietal. (1994))wereobtainedby modelingthe
dust emissionand are thereforealso model-dependeniThey
remaincompatiblewith theK uniformdisk diameters.

3.2. Limb darkened diameter

As Fig.1 shaws, high frequeng visibility dataare not com-
patible with uniform disk models.Photosphericadii derived
from this modelmay not be an accurateapproximationof the

Fig. 4. Fit of the 1997 data by the P
76200Mira model.

real radii. The notion of photosphericadiusis difficult to de-
fine for starswith an extendedatmospherefollowing several
authorg(seeHaniff et al. (1995)),the photospherés definedas
thelayeratwhich the Rosselandneanoptical depthis equalto
one.Measurementsf non-MiraM type giantsin the K band
yield limb-darkeneddiameter or 3% largerthanuniformdisk
diametergPerrinetal. (1998)).

We have comparedur datapointsfor thetwo epochdfirst
with themodelspublishedby ST andthenwith themorerecent
modelsby Hofmannetal. (1998)(hereafteHSW).

Two of the ST modelsarerelevantin our caseithe X3000
and X3500 modelswhere the numberafter X is the effec-
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arefrom Scholz& Takeda(1987)andthe P 76200modelis from Hofmannetal. (1998).

Model 1996Diameter fpoints x?/(f —1) 1997Diameter f points x*/(f — 1)
ub 28.18 £ 0.05 5 7.59 30.68 £ 0.05 6 40.9
X 3500/max  29.25 +0.06 5 3.92 31.85 £ 0.06 6 9.87
X 3500/min  29.67 + 0.05 5 1.74 32.37 + 0.06 6 4.63
X 3000/max  27.95 4+ 0.08 5 2.54 30.21 £ 0.08 6 82.2
X 3000/min  29.21 £0.05 5 1.12 31.92 + 0.05 6 16.4
P 76200 24.47 £ 0.06 5 1.01 26.61 = 0.08 6 23.8
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Fig. 5. Visibilities measuredna Bootis

in 1996 and 1997. Full cirlces are the

1996 datapoints.Opensquaresarethe

1997datapoints.Thecontinuoudine is

auniformdiskmodeffit of the1996data.
Thel997datapointsarefully consistent
with the1996modelandno variationof

diameteris detectedfor this reference
star

Fig.6. Fit of the 1997 data by CO
and H.O intensity profiles of the
X3000/maxmodel.
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tive temperaturef the parentstaticmodelof the photosphere
(Besselletal. (1989)). Intensity profiles are publishedin nine
narrav bandsatminimumandmaximumluminosities Thepho-
tometricK bandcontainsthreeof themcenterecbn 2.00,2.28
and 2.36um and correspondingrespectiely, to H,O bands,
the continuum,CO andH,O bands.We have mixed the three
profilesby computinga compositeneanweightedby atypical
Mira-likespectrunandthesuppose&#LUOR spectratransmis-
sion.ThecompositeprofilesareFouriertransformedassuming
circularsymmetryto getcompositevisibility models We have
thenfittedourdatawith thesemodels Onceagain thefitsto data
with frequencieshigherthan 40cycles/arcsecondre of poor
quality. Examplef fits of the1997dataaregivenin Figs.2 and
3, correspondingo the X3000andX3500modelsrespectiely.
Pointswith frequenciesmallerthan40cycles/arcsecondnly
have beentakeninto accountOn eachfigure, we have plotted
thebestfits at minimumandmaximumluminosity (continuous
anddashedinesrespectiely). Thedottedline is the bestfit by
a uniform disk model. The numericalresultsof thesefits are
given in Table2. The diametersof the minimum light models
have beenproperlyscaledusingthe ratiosbetweenRosseland
radii for minimumandmaximumlight modelsgiven in Table3
of ST. Thereducedy? of thefits (Columns3 and7) show that
thefits with the Mira modelsgenerallyyield betterresultsthan
the fits by a uniform disk model. This is particularly true for
the 1997 data.Visibilities have beenmeasuredt two different
baselinesindthefits arethereforesensitve to thecurvatureand
totheslopeof themodelswhichareconstrainedin firstapprox-
imation,by theattenuatiorof theluminosity profile atthelimb.
Thebetterquality of thefits by the X3500models(atminimum
andmaximumlight) is difficult to interpretsincethe effective
temperatureof the staris of the orderof 2500K at phase0.2
(Di Giacomoetal. (1991)),whichis betterbracletedby theef-
fective temperaturesf the X3000/maxandX3000/minmodels
(3060and2280K, respectiely). This may beindicative of the
workto beaccomplishedy theoreticiangn thisfield to account
for Mira surfaceluminosity profiles.

The sameanalysishasbeenaccomplishedvith the HSW
models.Six seriesof modelshave beencomputedwith molec-
ular opacitiesupdateccomparedo thoseof ST. Pulsationsare
generateeitherby applyinga pistonto the upperatmospheric
layersor moredirectly with self-pulsatingatmospherenodels.
HSW have publisheda new setof corversionfactorsfrom uni-
form disk diameterdo RosselandliametersWe have selected
thosecomputedfor phasesclosestto our obsenations. Most
modelsdisplayanaverages% differencebetweeruniformdisk
andRosselandliametersTheseRosselandliametersarecom-
patiblewith theresultsof thefits by the ST models Amongthe
six seriessomeof themodelsfrom the P seriedeadto smaller
radii by anamountthatcanbe aslarge as25%. We have fitted
our datawith oneof the luminosity profilesthatarepresented
in the paperwith strongwing-like featureqthe P 76200model
from the P seriesat phase0.5). Theresultsof thefits arelisted
in Table4 andthe bestfitting curve for the 1997 datais dis-
playedon Fig.4. The smallerdiametersarethe directresultof
thewing-like structureof the stellaratmosphereYet, although
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Table 3. Recentlypublishedinearradii for R Leonis.

R/Rg Reference

495 + 83 Tuthill etal. (1994)
444 £ 45 Haniff et al. (1995)
456 + 59  van Leeuweretal. (1997)
315 + 84 thiswork, 1996

343 £ 91 thiswork, 1997

the wingsleadto highervisibilities at the highestfrequencies,
therestill remainsomediscrepanciebetweerthis modeland
thedata.ln Sect5, we will suggesanddiscusssomehypothe-
seson the origin of this difference.Besides,a closerlook at
theuniform disk to Rosselandliameterratiosfor the entireset
of the P modelsshawv that all ratios but two lie in the range
0.97-1.07andthattheseratiosarecycle dependent-or exam-
ple the 0.74 ratio occursat phase2+0 (using the notation of
HSW)whileit is 1.07atphasel+0,1.06atphase3+0and0.99
atphaset+0. This cycle-to-g/cle dependencbeingimpossible
to connectto our obsenationsit may beinappropriateo infer
asmallerradiusfor thephotospheref R Leonison thebasisof
the P 76200model.But in ary case thewing-like structureof
the luminosity profile needsto be given sufficient highlightin
future studiesto accountfor obsenations,aswill be discussed
in Sect5.

To remainconsistentvith thefew linesbefore,andbecause
the phasesvhenR Leonishasbeenobseredareintermediate
betweeminimumandmaximumlight, we have choserto keep
theresultsof all fits with the ST modelsto computeheestimate
of theRosselandiameteiin 1996and1997.Thefinal diameters
arethe meansof the four diametersof Table2 at eachepoch
with error barsequalto the maximumerrorsquotedfor each
epoch.Thisyields:

PRoss,1996 = 29.02 &+ 0.08 mas
®PRoss, 1097 = 31.59 &+ 0.08 mas

()

3.3. Linear radius and pulsation mode

Giventheaboreanguladiameterslinearstellarradii canbede-
rived from parallaxdata. The parallaxof R Leonishasbeende-
terminedoy theHipparcosnissionto bem,j, = 9.87+2.07 mas
(ESA(1997)).The linear radiusof R Leonisin units of solar
radii is thenfor thetwo periods:

Rigos = 315+ 84 Ry,
Rige7 = 343 + 91 Ry,

®)

The natureof the pulsationof Miras is controsersial.From
theirdifficulty to producerealisticmodelsof Miras pulsatingin
thefirstovertoneBesselletal. (1996)concludehatlongperiod
Miras shouldpulsatein the fundamentamode.Dependingon
themassof thecentralcore,relationdinking theperiodandthe
linear radiusof Miras can be establishedWood (1990)). For
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Table 4. Statisticalanalysisof resultson uniform disk diametersThe
lasttwo columnsarethe reducedy? of thefits obtainedby assuming
thatthe 1996 and 1997 dataare fitted by a single diameterand two
differentdiametersrespectiely.

Star ®uD,1996 $UD,1997 Xigr Xoor
aBoo 20.20+0.08 19.99+0.11 0.24 0.48
RLeo 28.18+0.05 30.684+0.05 13.26 5.38

a typical massof the centralcore betweenl M., and1.5M
(Feast& Whitelock (1987)),theserelationspredictthata fun-
damentapulsatoishouldhavearadiusbetweer220and270R,
andthattheradiusof afirst overtonepulsatorshouldbein the
range340-45(R,. Our linear radii are smallerthanthoseof
previous studies(seeTable3). In particular the 1996radiusis
clearlycompatiblewith thetwo typesof pulsatorsThisis partly
dueto thelargeerrorbarontheparallaxestimateWe therefore
concludepnthebasisof thediameter®f Sect.3.2,thatthecase
of R Leonisis edgyandthatno clearconclusioronits pulsation
modecanbe dravn basedon the stellarradiuscriterion. But,
we will shav in Sect5 thatincluding the high frequeng data
in the diametercomputatiormay changethis conclusion.

4. Variation with phase

R Leoniswasobseredduringtworunsin 1996and1997 Its av-
eragephotometrigeriodis312.57daysKukarkinetal., 1971).
Visual phaseshave been determinedfrom AAVSO data
(Mattei (1998)). They aregiven in Table 1. More exactly, the
phasesf the shortfrequeng visibilities usedto computethe
diametersare0.24in 1996and0.28in 1997.

4.1. Variation of the photospheric diameter with phase

Themainresultof Sect3 is thattwo differentdiametershave
beenmeasuredor R Leonisin 1996and1997.Theaim of this
sectionis to establishthe reality of the changeof diameterof
thephotospheref R Leonisduringthe period.We aregoingto
show that,first, thischangds notageometricahrtifactdueto a
possibleasymmetricshapeof the sourceandthat, secondthis
changeés notdueto avariationof theresponsef theinstrument.

Theuniform disk diameterf R Leonishasbeencomputed
from visibilities measuredt spatialfrequenciessmallerthan
40cycles/arcsecTheseobsenationswerecarriedout usingthe
11mandl6mbaseline®f IOTA, thelatterbaselinebeingcom-
monto the two runs.Azimuthsof the 16m frequeng compo-
nentsare the sameto within 10°. The variation of diameter
cannotthereforebe attributedto a confusionwith the relative
differencein size of 20% alongtwo orthogonalaxesdetected
by Lattanzietal. (1997)with HST in thevisible.

Wehave obsenedtheK giantstara Bootisduringthesame
runsin 1996and1997.Thisstaris slightly variableandthevari-
ationsmaybeexplainedby apulsationprocessRadialvelocity
measurementsy Hatzes& Cochran(1994)revealpossiblera-
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Table 5. Photometric obserations of R Leonis from
Whitelocketal. (1998). Errors on J, H and K are < 0.03. Error
on L is< 0.05. Thelastcolumnis thecomputedbolometricflux.

meanJD J H K L Fbol
—2450000 (10~ 3wWem—2)
180 —1.47 —248 -2.92 -3.35 20.14+2.48
503 ~1.30 -2.34 280 -3.27 17.57+2.06

dial pulsationsA simplecalculatiorshovsthatthosepulsations
maychangehediameteiof thestarby lessthan0.06%whichis
not detectablevith FLUOR. o Bootiscanthereforebe usedas
areferencen this study Theuniform disk diameterf thetwo
starsaregiven in Table4 for thetwo epochsandthevisibilities
of « BootisareplottedonFig. 5. Thetwo diameterof o Bootis
measuredn 1996and 1997 are not significantly different. To
performa more precisestudy we have analysedhe datawith
two differentsimplemodels.In thefirst model,the diameteris
constanwith time whereaghe secondmodelusestwo differ-
entdiameterdor thetwo epochsThe dataarefitted with these
two modelsanda reducedy? is computedfor eachmodel. It
is the residualof thefit divided by the numberof datapoints
minusthenumberof degreesof freedomof themodel.Model 1
hasonedegreeof freedomandModel 2 hastwo. Thereduced
x? aregiven in Table4. If the reducedy? is smallerfor the
two diametemodelthentheuniform disk diametewariationis
declaredstatisticallysignificantbetweenthe two epochs.The
resultsshav thatavariationis detectedor R Leonisandthatno
significantvariationis detectedor thereferencestara Bootis.
This statisticalanalysisshavs thatthe FLUOR measurements
leadto stablediameterestimategor the nonpulsatingstarand
thatthevariationdetectedn R Leonisis arealfact.

4.2. Effective temperature variation with phase

The effective temperatureof a star dependsuponits angular
diameterandits bolometricflux ascanbe deducedrom the
Stefan-Boltzmannaw for black-bodyradiation.Accordingto
ST, thediametelhasto bedefinedasthe Rosselandliameterto
getanaccuratestimateof thetemperaturen corvenientunits,
therelationbetweereffective temperatureholometricflux and
angulardiametercanbewritten:

Fhol

1/4 1/2
1 mas
Taff = 7400 < 2) < K
10_13 Wcm ®ROS

Quasisimultaneougphotometricobsenations have beencar
ried out at the SouthAfrican AstronomicalObsenatoryin the
J, H, K andL bands,wheremostof the stellar flux is emit-
ted (Whitelocketal. (1998)). Theseobsenationsarereported
in Table5. Thebolometricflux canbe estimatedrom thesein-
fraredmagnitudesy integratingthe flux underthe blackbody
distribution which bestfits the data.We have usedthe value
of the extinction in the V bandby Robertsor& Feast{1981)
(A(V)=0.16) andwe have derived theextinctionsin J,H, K and

(4)
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L fromthecurvesof Mathis (1990)wherewe haveassumedhat
reddenings producedy interstelladiffusematter Thevalues
of thebolometricfluxesaregiven in thelastcolumnof Tableb.

Applying Eq.4, we derive theeffective temperaturefor the
two phases:

T 1996 = 2910 = 90K
Tt 1997 = 2696 + 79K

®)

The temperaturalifferencebetweenthe two phasess 214K,

which is mamginally significant comparedto the error bars.
We can neverthelesssay that a decreasein effective tem-
peraturefrom phase0.24 to phase0.28 has beendetected.
The star cools down as it grows and releasesenegy. This
decreaseis compatible with theoretical studies (see e.g.
Besselletal. (1996)) and with other studiesbasedon photo-
metric data(Lockwood & Wing (1971))or on interferometric
data(vanBelle etal. (1996)).

4.3. Other evidence of variability

We have shown that a geometricalkchangeof R Leonisin the
region of the photospherdnasbeendetected\We aregoingto
seehow this comparego someother evidenceof variability
detecteckitherwith high angularresolutiontechniqueor with
spectroscopiobsenations.

The most recentobsenations of geometricalvariability
have beenreportedby Burnsetal. (1998). Thesearebasedon
measurementimadewith the COAST interferometent visible
wavelengthsThesemeasurementsreall themorecomplemen-
tarysincesomeof themwereperformecatalmosthesamedates
asoursto within a coupleof weeksat most.

Burnsetal. (1998)

find anaverageincreasef uniformdisk diameterof theor-
derof 2%fromphase.24to phasd.28.Theabsoluteamplitude
of the changemay be indicative, but whatis interestingfrom
their cycle-to-g/cle coverageof the photometricphasess that
the strongestariationof diameteroccursatthosephasezlose
to 0.2. Merging theconclusion®f thetwo studieswe find that
the diameterof R Leonisincreasesfter phase0.2in K andin
visible bandpassesontaminatedby TiO absorptiorbandsThe
Besselletal. (1996) modelspredictthat the Rosselandadius
shoulddecreasén this phasenterval. In strongTiO absorption
bands the starradiusmay not repeatregularly with phasebe-
causeit tracesthe motion of propagatingshocks.For wealer
andmediumabsorptiorbandsjt shouldrepeatmoreregularly
andalsodecreasafterphasd.2.Wetherefordind astrongdis-
agreementvith modelpredictionsBurnsetal. (1998)invoke a
possiblestrengtheningf theTiO banduringthephotospheric
cycles,but this cannotexplaintheK behaiour. Aswill beseen
in the next section,absorptionsnay be largerthanwhatis ex-
pectedin the K bandbut it is doubtful that, for this rangeof
wavelengthsthedynamicbehaiour of thestellarradiuscanbe
changedy higherlayerswhoseopacitiesaremuchlower than
in thevisible.Becaus¢hephasecoverageof theK obsenations
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with themodelswould happerat every photosphericycle, but
it is probablysignificantof a modelingdifficulty.

Other obsenations collected on Mira itself in the vis-
ible have revealed temporal variations of the stellar size.
Quirrenbactetal. (1992) found that their datasetis compat-
ible with atwo componenmodelwith layersat differentalti-
tudesTuthill etal. (1995)foundsomédargediametewariations
(aslarge as85%) with no correlationwith photometricphase.
Thesetwo obsenationsshav thatthe behaiour of Mira may
bemuchdifferentfrom thatof R Leonisandthatit is probably
impossibleto drav a directcomparisorbetweerthe two stars
exceptthatof diametewariations.

Thelastevidenceof variationthatcanbeeasilyconnectedo
ourobsenationsis from spectroscopiobsenations. Assuming
that the variation of linear radiuscan be corvertedinto mo-
tion of the photospheréetweermphased.24andphased.28we
derive aspeedf 18 + 4 kms™! (takinginto accountheuncer
tainty on parallaxanddiameters) Becauseof the small phase
difference this speedmustbe understoodasan instantaneous
oneratherthananaverageone.Comparedo thespeednferred
by Hinkle (1978)from CO linesin the K band,our derivation
yieldsaspeedwicetoolarge.Thisdiscrepang maycomefrom
thefactthatthe occurenceof themaximumof R Leonishasan
uncertaintyof aboutten dayscorrespondingo an uncertainty
on phase®f 0.03.Given this uncertaintyandthe small differ-
encein phasedetweerour two obsenations,we may have an
uncertaintyof a factorof two on the speedof the photosphere
(vielding a speedsmallerby a factor of two). In this frame,
our value is compatiblewith the spectroscopiobsenrations,
althoughratherinaccurate.

5. High frequencydata

Aswehaveseerin theprevioussectionsgeneramodelsf Mira
photospheresail to reproducethe high frequeng visibilities
thatwehavemeasureavith FLUOR.Thedifferencds generally
larger than 10%. This is much larger than the uncertaintyof
the measurementand this is thereforeindicative of an extra
structurewhich is not taken into accountby the models.We
have listedsometentative physicalphenomenthatarelikely to
occurin Miras andwhich may explain the excessof visibility:

1. limb brightening;
2. corvective cells,spots;
3. diffusion.

5.1. Limb brightening

Thespectrunof Mira starscomprisesbsorptiorbut alsoemis-
sionlinesthatareproducedyashockheatingprocesgenerated
by the pulsationsof the centralcore (Fox etal. (1984)). Most
of theselinesbelongto the Balmerseriesin thevisible part of
the spectrumEmissionlines alsoappeatin the K bandregion
of the spectrum.Spectrareportedby Hinkle & Barneg1979)
shav Braclett-y emissionstartingat phase0.9 anddisappear
ing aftermaximumluminosity at phase0.1. Someothermech-

islow, it isimpossibleo guessvhethetthestrongdisagreement anismscan make somelines appearlike emissionlines (see
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lastparagraplof this section).For example, linesin the atmo-
sphereof cool starscanbe optically thick at the limb andap-
pearin emission.Sassele & Karovska(1994) have modeled
this phenomenorto correctand interpretthe diametermea-
surementsof limb-brightenedCepheidstarsby interferomet-
ric techniquesor to interpretmicrolensingeventsby Cepheids
(Loeb& Sasselws (1995)).1n their models,the centerto-limb
distributionacrosghestellardiskin thecontinuumis classicaly
limb-darkened,whereadn the Call A\8498emissionline, the
intensityis weakandflat acrosghe disk andpeaksat thelimb.
In orderto testthe hypothesif limb-brighteningwe have
madeasimplemodelof anannulatbrightring superimposedn
auniformly brightdisk. Wehave ngglectedbothlimb-darkening
of the parentdisk andweakflat intensityinsidethebrightring.
Thenumberof parametersf the modelis thusreducedo four
(diameterof the uniform disk (¢..), internalradiusof thering
(d), thicknesof thering (a) andratio of theintegratedsurface
brightnesdetweerthediskandthering (1. / Iring)) Whichis not
toolargeanumberif comparedo thenumberof availabledata
pointsin 1997.Theparametersf the bestadjustmentre:

¢x = 8.9+ 0.3mas (6)
= 14.5 + 1.6 mas
a = 3.7+ 2.6mas
I./Ling = 1.22£0.1

The interpretationof the radii valuesby the limb-brightening
modelleadsto the conclusionthatthesediametersarethering
diameterand that the diameterof the photospherés overes-
timatedby factorof three.Becausehis modelmay to be too
simpleto bevalid andsinceit is probablymorephysicalto set
bettetboundaryconditionswehaverunanothefit by constrain-
ing thediameterf the photospherandof theinneredgeof the
ring to becoincident.Thismodelhastheadwantageof reducing
thenumberof parameterto three(photosphericiametermean
brightring diameterandratio of intensity).But it leadsto abest
solutionfor whichthering appearslightly darkenedcompared
to the photospherethe diameterof thering being23.3mas.In
thoseconditionsthemodelwith adetacheding accountbetter
for thelimb brighteningassumption.

Comingbackto the resultof the first model, detecteddi-
ameterchange®f Sect4 couldthenbe interpretedasring ex-
tensionchangegue to the propagationof the shockfront in
theervelopeof the Mira, thevariationof thephotospheréeing
probablysmaller Yet,in orderto bevalid, thishypothesisvould
requiresomesupportfrom spectroscopiobsenationsbringing
evidenceof strongemissionin the K band.We have not found
ary reportof an emissionof the level requiredby the I, / I1ing
ratio in the literature.We concludethat the physicalbasisof
the limb-brighteningmodelis not solid enoughto explain the
visibility excessat high spatialfrequeng.

5.2. Convection

A moreclassicabxplanatiorfor highfrequeng visibility excess
is the presenceat the surfaceof the Mira, of corvectioncells.
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Thesemay appealashot spotswhoseindividual sizeis a large
fraction of the stellardisk. A few spots(not morethanthree)
havebeerdetectedtthesurfaceof afew late-typesupegiantsin
the visible by Tuthill etal. (1997)andby Wilson etal. (1997).
Theorderof magnitudeof thesizeof thesecornvective elements
(hencetheir number)was predictedoy Schwarzschild(1975).

Basedon theseobsenationsandon the prediction,we can
assumehata smallnumberof cornvectioncellsmaybepresent
atthe surfaceof R Leonisandproduceour obsenred visibility
excessTokeepthenumberof parameterseasonabléd) relative
to the numberof datapoints,we have comparedur 1997data
to amodelwith oneunresolhedbright spotwhosepositionand
relative brightnessareto bedeterminedThe positionhasbeen
constrainedo be on the stellardisk. We canassumehatit is
notresohedby theinstrumensinceit is afractionof thestellar
disk in size.When comparedto this model, our dataleadto
the following bestparameterdor the starand the bright spot
positionandintensity:

¢ = 21.2£0.2 mas @)
0 = 103.1° + 3.2°
p = 10.6 £ 0.5 mas
Ispoy/ I, = 0.13+0.34

Thespotis foundto beexactlyontheedgeof thestellardisk.
Becausef thelarge spacingbetweerour datapointsandtheir
smallnumberthefitting algorithmtendsto adjustthefrequeng
of the wavy Fouriertransformof the imageof the unresoled
spot(i.e. the distanceof the spotto the centerof the star)to
minimize the contribution of the spotat low frequeng andto
maximizeit athigherfrequenciesThisis a purenumericalef-
fect. The only reliableconclusionthatwe may draw from this
calculationis, firstly, thatwe needabetterdensityof datapoints
and,secondlythat, assuminghat spotsare preseniat the sur
face morespotsarenecessaryo build amodelcompatiblewith
thedata.

5.3. Diffusion

At visible wavelengths, long-period variable high resolu-
tion visibilities are well fitted by gaussianmodels(seee.g.
Haniff et al. (1995)).Thegaussianmodelaccountswvell for the
flatteningof the visibilities at high spatialfrequenciesdueto
light scatterindoy the ervelope.Haniff et al. (1995)find a bet-
ter agreemenbetweertheir dataandthe gaussiarmodelthan
with Mira atmospherenodels,which they interpretto signify
the difficulty of modelingthe opacitiesof strongbandheads.
Thismaybeinvokedin K for the COandH,0 bandsalthough
with wealer opacitiesandlessscattering.

Let us assumehat the H,O and/orCO opacitiesare un-
derestimatedh Mira models.Then,the continuumluminosity
profilediffersfromtheonecomputedy ST. Multiple scattering
of the continuumphotonsby the CO andH;0 envelopein the
nearbymolecularbandswill make the continuumluminosity
profile look like, in first approximationthe luminosity profile
of the scatteringmedium.We have plottedthe 1997 datawith
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the bestfitting luminosity profilesin molecularbandsof the
X3000/maxmodelin Fig.6. Becauseof the smoothextension
of theervelope visibilities areflattenedanddropdown to zero
moregradually The Rosselandliameterdor the CO andH,O
profilesarefoundto be:

24.17 = 0.07 mas
18.09 + 0.05 mas

¢co

®H20

(®

TheK bandluminosityprofile would beablendof thetwo pro-

fileswith amearRosselandiameteoftheorderof 22mas This

luminosity profile betteraccountdor the obsenationsthanthe

X3000modelfrom STandtheP76200modelfrom HSW. Inthis

ad-hoccompositenodel thescatteringcOandH>O molecules
would belocatedin ashell30maslarge,thecharacteristicize

of the starasdeterminedvith a uniform disk model.

In orderto give somesupportto this hypothesissomein-
dependengvidenceof strongscatterindy molecularspeciess
required.The very deepmolecularCO and(attimes)H,O ab-
sorptionseenn theK bandof R Leoareprobablyindicative of
scatteringopacity sincethelinesaremuchdeepethancanbe
readilyaccountedor with athermalsourcefunction. Thedepth
of thelinescontritutingto thestrongline blanketingthroughout
thisregionis difficult to estimatedueto uncertaintiegboutthe
continuumlevel, evenathigh spectrakesolutionIn sum,it ap-
peargshatscatteringppacitythroughouthe K bandis possible,
but the spectroscopi@videnceis merely suggestie. Spectral
studiesof CO andH- O linesof R Leonishave beenpublished
in the late seventies(Hinkle (1978),Hinkle & Barneg(1979)).
It was shawvn thatthe lines originatefrom two componentsA
warmcomponentvhichis closeto thestellarphotospheranda
coolercomponentocatedattheinneredgeof the circumstellar
shellwith anexcitationtemperaturef theorderof 1000K. The
cool componentdlominateghe molecularlinesin the K band.
SomeoftheCOlinesdisplaydeepabsorptiorexceedinghehalf
continuumlevel at phaseD.2. For H,O, no suchstrongabsorp-
tion is reportedyet it is underlinedthat continuumplacement
is a problemespeciallynearmaximumlight.

As a consequencehe hypothesiof scatteringoy molecu-
lar speciedn the K bandmay at leastpartly explain the high
frequeng pointsthatwe have measuredThis simpleapproach
remaingafirstattempto explainourobsenations.Somefurther
modelingis necessaryo provide amorecompleteaxplanation,
theabove rationalebeingafirst stepin theinvestigation.

5.4. Discussion

It turns out from the above analysisthat any inclusion of an
extrafeaturein themodelingof R Leonistendsto decreas¢he
stellardiameteby alargeamount(of theorderof 25%).Among
the threescenariosuggestedthe scatteringhypothesisseems
to be the mostencouragingThe limb brighteninghypothesis
maybetheleastprobablesinceit requiresstrongemissionlines
thathave never beendetectedn theK band.Besidesimposing
boundaryconditiongothesimplemodelleadgolimb darkening
andto the negationof theassumption.
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In reality R Leonisis probablya blendof limb darkening,
scatteringandspotsindicatingthatthe Rosselandiiameteimay
besmallerthanwhatcanbeguessedrom usualmodels.There-
fore, the angulardiameterof the photospherenay have been
closerto 24masin 1997thanto 31.59mas.Applying this scal-
ing factorto the 1996diameteldeadsto a 22 masdiameter

This would of coursehave implicationson the fundamen-
tal parameterf this Mira-type star The meanphotosphere
linear radiuswould be of the order of 250 solar radii and R
Leoniswould thereforepulsatein thefundamentamodeasof-
ten claimed by theoreticiansthus clarifying the conclusions
of Sect.3.3. The other consequenceés that the effective stel-
lar temperaturevould be larger with Tog ~3300K in 1996
andTeq ~3070K in 1997.The spectraltype of R Leonisde-
terminedby Lockwood & Wing (1971)for the samephasess
M 7.0-7.5which, for non-Miragiants,correspondso effective
temperaturesf the orderof 3100K (Perrinetal. (1998)).The
revisedtemperaturearethusmoreconsistentvith the spectral
type of lessluminousgiants.

5.5. Enhanced scale height

In an extendedatmospheresuch as exists in R Leo, the so-
calledlimb darkeningeffect consistsof two parts.Onepartis
the corventionallimb darkening,obsened for examplein the
sun,wherebythe surfacebrightnesf the stardecreaseatthe
limb duetothedecreasef temperaturgvith heightin thestellar
atmospheregndwhichoccursevenin anatmospheref negligi-
ble thicknesswhenthe stellardiameteiis virtualy independent
of wavelength.Thesecondoartarisesdueto thefactthatat dif-
ferentwavelengthsa greatlyextendedatmosphereloesin fact
have a wavelengthdependenshapeand diameter This com-
ponentof thebrightnesgistribution dependsensitvely onthe
scaleheightin the model,and henceon the detailedphysics
of the pulsationcomputationsAny effectswhich increasehe
actualscaleheightover the modelscaleheightwould similarly
tendto extendthe brightnesgrofile drop over a largerradius,
effectively smearinghelimb profile.

Thisalsosuggestthattheanguladiameteobsenedin high
excitationlineswill becharacteristiof adeephightemperature
layer, andtheangulardiametembseredin low excitationlines
will be characteristiof alow excitation layer. Distinguishing
betweerntheseobsenrationallywill givedirectaccessothescale
height,aparametenototherwiseaccessibleThoughlessdirect,
thesmearingof thestellarlimb profile obsenedalreadybegins
to constrainthe model, thoughcurrently throughthe hazeof
otherissuesmentionedabove.

It would be reasonablé¢o expectthe effective temperature
computedrom arepresentatie angulardiameteto beinterme-
diatebetweerthetemperaturextremesbsenredspectroscopi-
cally. Theextremesn thephotosphericegion,from CO excita-
tionin thepulsatingayer, are3000and4500with atemperature
of about3300K at phase®.24and0.28(Hinkle etal. (1984)).
The deducedTeff of 3000-3300satisfiesthis criterion of rea-
sonableness.
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6. Futur e obsewations

It is clearfrom whathasbeendiscussedofar thatsomeother
obsenationsarenecessargndthatthesenew dataraiseasmore
questionghanthey cananswerBasedon our conclusionswe
thereforerecommendsomecomplementaryobsenationsthat
may help solve someof thesenew questions.

First,awider sampleof obsenationsarenecessaryo cover
afull cycle of photometriovariability andto studypossiblenon
periodiceffects. The precisionof our datawould allow an ac-
curatediameterto phasevariationdeterminatioralongwith the
evolution of the effective temperaturef the object. Seconda
bettercoverageof theplaneof spatialfrequenciegespeciallyin
azimuth)would give access$o possibleasymmetrieandwould
allow abetterdiagnostiofthepresenceffeaturestthesurface
of thestar Third, increasinghe spectrafresolutionof theinter-
ferometricobsenationswould certainlyhelpbuild connections
betweerthe structuresdentifiedin theimageandsomeof the
speciesynthesizedy the star The easiestictionwould beto
usenarrover filters to separatéhe continuumfrom the absorp-
tion bands Eventually botha spectroscopianda photometric
follow-up of theinterferometricobsenationswill allow abetter
understandingf theobsenrations whichatthis stages manda-
tory to achieve arealisticmodelingof the sourcesandreachan
understandingf the physicalphenomen#hey represent.

7. Conclusion

We havereportedhefirst directdetectiorof thevariationof the
sizeof the photospher®f R Leonisfrom phase0.24to phase
0.28generatedby the pulsationof the star Comparisorwith a
uniform disk modelyields a photospherigadiusintermediate
betweerthatof fundamentabndfirst overtonepulsatorsHigh
spatialfrequeng dataacquiredn 1997displayanexcesof vis-
ibility thatwe interpretasthe possiblesignatureof scattering
by molecularspeciesn theatmosphereA directeffect of scat-
tering on modelsis to yield lower valuesfor the photospheric
radiusto 22 and 24 maswhich make R Leonisa fundamental
pulsator We have found a disagreemenwith dynamicalmod-
elsof Miraswhich predictthatthe diameterof the photosphere
shoulddecreasafter phase0.2. The samedisagreementolds
for recentmeasurementsith the COAST interferometein the
visible.

Some more obsenations are requiredin the future and
shouldcombinehigh angularresolutionwith spectroscopand
photometry Thesenew resultsshav how importantcalibration
issuesrein astronomicainterferometryto permitvaluableests
of models.Thenew generatiorinstrumentswill certainlybene-
fit from accuratdbeamcombinersandwill bringnnew andbetter
understandingo the physicsof Mira variables and,of course,
mary othertypesof sources.

The authorswould like to salutethe memoryof their friend

andcolleagueJean-MarieMariotti who died tragicallyin July

1998 Hewastheinitiator of thefiberinterferometeandactively

contritutedtoitsrealizatiorandsuccessThispapelis dedicated
to him.
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