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Abstract

Themainpurposeofthispaperistoreporttheresultsofastudytoinvestigate

dustparticlesettlingindisksaroundyoungstarsinbinaryormllltiplesystems,

RecentIRAMobservationsprovideuswiththeevidencesofmanycandidatesof

protoplanetarydisksarollndpre-mainsequencestars.UsingtheobseⅣational

data,wemadeaverificationofourpassivediskmodelwhichgivestheradiation

spectrafromtheseyoungstars･Wealsomentionedthediskstructureanddust

particlesettlinginthedisksaroundyoungstarsinbinaryormultiplesystems.

First,wedescribethestandardmodelofsolarsystemformationandhistory

ofstudiesinthisfieldfromboththeoreticalandobservationalpointsofview.

Ourpassivediskmodelisconstructedonthebasisofthisstandardmodel.We

explainimportantprocessesofdiskevolutionwhicharere且ectedonobservations.

Amongtheseprocessesdustparticlesettlingtowardsthedisk'smidplanehasa

significanteffectontheobserved且uxes,especially･Theheightoftheabsorbing
surfaceofcentralstellarradiationisalteredbydustsedimentation,anditaffects

emergentluminosities丘omthedisk.

Second,Wereviewourpassivediskmodelindetail.Hereweadoptthenominal

surfacedensityofcircumstellardisk.Theradialtemperaturedistributionsofa

diskisderivedfrombalanclngthethermalemissionfromthediskwiththeheating

bythecentralstellarirradiationandbytheturbulentmotioninsidethedisk･In

ourcalculationdustparticlesettlingistakenintoaccountbyaI-factor,which

representstheratiooftheabsorbingsurfaceheighttogasscaleheight.Gasscale

heightcan betreatedastheheightofabsorbingsurfaceofcentralstarradiation

inalmostallthecases,butsedimentationofdustparticlescanalterthisheight.

Usingthispassivediskmodel,Weperformedmodelcalculationsandobtained

theluminositydensityfromatypicalyoungstarwhichispresumedtohavea

circumstellardisk.Wemadeastrongcomparisonoftheresultwitheachobserved

flux.Observedfhxesfrommanyyoungstarsarefittedwellbyourcalcutaion

andthisassuresthevalidityofourmodel･Wefindoutmanyoftheseyoung

starsareinbinaryormllltiplesystemsfromrecentobservations.Ftomthese

observations,itispointedoutthatbinaryseparationshaveacorrelationwith

therateofdiskformation.Weinvestigatedtherelationbetweenseparationsand

I-factor,i.e.,settlingdegreeofdustparticles.Contrarytoourpredictionthata

closecompanioninhibitsdustparticlesettling,theresultshowsthatthereisno

significantcorrelationbetweenbinaryseparationsandI-factors.
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1 Introduction

Thestandardmodelofsolarsystem (Hayashietal.1985回)givesthemostcon-

sistentpictureofourplanetarysystemformation.Thismodelstartsfromaprotosun

andacircumstellardisk-likenebulawithalowmassOf～0･02Moconsistingofgas

anddust,whereModenotesthesolarmassIWecallthisdiskaprotoplanetarydiskor

simplyasolarnebulainthepresentthesis.Theprotoplanetarydiskisconsideredto

beaby-productoftheprotosunformedbythegravitationalcollapseofacoreinan

interstellarcloud･Froreproducethepresentsolarchemicalabundance,amixedgasis

considededtobecomposedmainlyofH2andHe.

Dustparticlesareconsideredtobeamixtureofrocky(silicate)andicy(H20,CO2,

andsoon)materials･Duringaccretionalphase,thereoccursvigorousturbulentmotion

inthedisk.Owingtothelargeturbulentviscosity,thediskgascontinuestoaccrete

ontothecentralprotosun･Theprotosun growsviaaccretionofthegasmaterialswhich

directlyfallsfromtheinterstellarcloudandalsoaccretsthrough theprotoplanetary

disk.Whenthemassoftheprotosunreachesthepresentsolarmass,thegasinfall

fromthecloudisalmostcompleted.Atthesametime,thegasaccretionthrough the

diskisalsocompletedbecauseturbulentmotioninthediskbecomesweak.During

theturbulentphase,dustparticlesareperturbedbyturbulentmotionandsufBciently

mixedwithgasmoleculesinthedisk･Rotatingaroundthecentralstarwithalmost

Keplerianvelocity,thegasmoleculesdriftattheheightwheretheverticalcomponent

ofthecentralstargravityisbalancedwiththepressuregradient.Ontheotherhand,

becauseoftheirlackofpressureforce,thedustparticlessettletowardsthecentralplane

ofthediskaftertheturbulencedecays･Mostdustparticlessinkontothemidplanein

103-104yearsexceptforveryfineones･Thesedustgrainscollidewitheachotherand

growbystickingtoformathindustlayeraroundthemidplane,

Asthesettlingproceeds,thedustlayerbecomesthinnerandthinnerwithaconsid-

erableincreaseofdensity.IfthethicknessofthedustlayerbecomessufRcientlythin

(forexample,≦10~50fthediskat1AUfromtheSun,Nakagawa,etal.1986【221)1,

lRecentstudypointedoutthatittakestoomuchtimetofom suchathindustlayer(Sekiya1997
[31).
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thedensityofthedustlayerreachestheRochedensitypR(Jeans1929[2])

pR-3･53Mo/a3, (1)

wherearepresentsthedistancefromtheSun.WhenthedensityexceedstheRoche

density,thedustlayerisexpectedtofragmentintonumerousplanetaryembryos,or

so-calledplanetesimals,onaccountofgravitationalinstability.Theseplanetesimals,

whosesizesareestimatedtobetheorderofkilometersat1AU,accumulatethroughthe

mutualgravitationalcollisions.Whenmassivebodiesareformed,thegrowthofthese

bodiesisacceleratedbecausetheirgravityattractsthesurroundinggasandhence,gas

draglSgreatlyincreased.

Finallytheygrowtoformterrestrial-typeplanets(-1Mo,whereMendenotesthe

massoftheEarth)andcoresofJovian-typeplanetsorso-calledgiantplanets(～10

Mo).Thegrowingprotoplanetwithmass>1026gattractsthegasbyitsowngravity

andissurroundedbyarelativelydensegas.Themassoftheprimordialatmosphere

increaseswiththegrowthoftheprotoplanet.Inthecaseofaverymassiveprotoplanet,

theself-gravityoftheatmosphereisnolongernegligibleandtheatmospherecollapses

ontothesurfaceoftheprotoplanetbecauseofitsgravitationalinstability.Thisinsta-

bilityoftheprlmOrdialatmosphereandthesubsequentgascaptureprocessleadtothe

formationofthepresentgiantplanets.Theremnantgasinthediskisexpectedto

escapeatsomestageaftertheformationofJovianplanet(becauseitnolongerexists

atpresent).Thegasmaybeblownoutbysolarwindorremovedbygiantplanet

perturbation,butthemechanismofdissipationofthesolarnebulaisstillnotobvious

unfわrtunately.

Although thisscenariohadbeenmainlyconstructedbySafronov(1969)[4]and

HayashiandhiscoIWOrkersinKyotogroupfromthe1970'stotheearly1980'S,itwas

inthelate1980'Sthatevidencesofprotoplanetarydisksinextra-Solarsystemswere

foundbyobservation.SinceitisdifRculttodetecttheprotoplanetarydisksasextended

imageswithaground-basedtelescope,mostresearchersthoughtthatobservationof

thesediskscouldbeperformedinthedistantfuture.Then,InfraRedAstronomical

Sattelite(IRAS),whichwaslaunchedin1983,foundmanyinfraredpointsourcesinside

andaroundmolecularcloudsbyalmostall-skysurvey.

4



Sinceapartorthesesourcesareinvisibleinopticalwavelengthsandhavequite

lowtemperatures(～ 100K),theyareregardedasprotostarsshiningbyreleasing

gravitaionalenergyondynamicalaccretionofgases･Ontheotherhand,manyof

theobjectswhicharealsovisibleinopticalwavelengthsareidentifiedasTTauri

stars.IRASobservedmuchstrongerinfraredemissionfromTTauristarsthan that

expectedbyblackbodyradiationofthesurfacetemperatureofthesestars.These

infraredexcessescanbewellexplainedbytheassumptionofathindiskwhichcontains

dustparticlesandextendsfromthesurfaceofthecentralstartosome100AU.

StimulatedbytheexcellentresultsOHRAS,Observationsofyoungstarshavebeen

perfわrmedbyvariousmethodssincethen･WithmillimeterarrayatNobeyamaSpace

RadioObservatoryofNationalAstronomicalObservatory,Japanesegroupalsode-

tectedthethermalemissionfromdustparticlesaroundTTauristars.Comparedwith

dustparticles,thee氏ciencyofgeneratinginfraredemissionbygasmoleculesislower,

andhencetodetectgaseousmaterialsisquitedifnculteveniftheyalsoexistinthe

disk.In1992,with45mradiotelescopeandmillimeterarrayatNobeyamaRadio

Observatory,gascomponentsofapossibleprotoplanetarydiskaroundGGTauwas

observedforthefirsttime.Thisresultstrengthenedtheevidenceoftheexistenceof

protoplanetarydisksIThediskmassesareestimatedtobe～0･1I0･01Mofrom

photometricobservationsatopticallythinmillimeterwavelengths(Adams,Emerson,

&Fuller1990[5];Beckwithetal.1990[23])IThedisksizesarealsoestimatedtobe

～100AUfromthefittingofspectralenergydistributions(SEDs)atinfraredwavel

lengths(Adams,Lada,良Shu1988[6])･Theparametersofsuchdisksareconsistent

withthevaluespredictedbytheso-Calledstandardmodelofminimumsolarnebula.

tnthisstudyweobtainthetemperaturedistributionsandSEDsofthermalemission

ofprotoplanetarydisksusingourpassivediskmodel(thescenarioorplanetarysystem

formationbasedonthestandardmodel,whichwewilldescribeinchapter2concretely),

andcomparethetheoreticalSEDswithrecentobservations.Fromthecomparison,itis

shownthattheparticlesettlingpredictedbyourmodelreallyoccursinmanyobserved

protoplanetarydisks.

Thefundamentalsofcalculationweemployedinthispaperareasfo1lows.We
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considerthattheradiationfromthecentralstarisabsorbednotbygasmoleculesbutby

mainlydustparticlesinthedisk･Whenparticlesbegintosettle,theabsorbingsurface

ofthecentralstellarradiationbecomeslowerthanthegaseousdisksurfaceitself.Asthe

absorbingsurfacebecomeslower,theincidentangleoftheradiationfromthecentral

stargetsshallowerandhence,theheatingratiodecreases･Takingthislowerlngeffect

oftheabsorbingsurfaceintoaccount,wecalculatetheradialtemperaturedistribution,

andalsospectrum,ofthermalemissionofthediskassociatedwitharepresentativerr

Tauristarasamodelexample,

RecentIRAM observations(Osterloh良Beckwith1995[7])provideuswithevi-

dencesofdiskformationaroundyoungstarsinTaurus-Aurigacloudcomplex.Awide

varietyoftheseyoungstars,suchasHerbigAeBestars[33]andFUOrionis[341have

beenstudiedandtheobservationaldatahavebeenaccumulated.Itisremarkablein

particular,thatmanydiskcandidateshavebeendetectedaroundyoungstarsinbinary

ormultiplesystems,whereasthestandardmodelwedescribedabovedealswithaslngle

staranditscircumstellardisk.Ithasbeenconsideredsofarthatinsuchbinaryor

multiplesystemscircumstellardisksarehardtoformor,evenifsuchdisksform,they

willbesoondestroyedbythegravitationalperturbationfromthecompanionstar.

Theaboveobservationstimulatedustoinvestigatethediskformationanddust

particlesettlinginsuchsystems.Fromtheobservationsitisshownthatthebinary

separationhasaneffectonparticleemissionfromthetwocomponentstars,andthat

slnglestarsaremorelikelytohavestrongemissionthanbinaries.Theseresultsalso

hold,ifmembersofmultiplesystemswithmorethantwocomponentsareincluded

inthesamples･Applyingthemodelcalculationdescribedintheaboveparagraphto

eachobservedsource,whoseparameters(L"M"T"andsoon)arewell-known,We

comparedtheoreticalspectrumwithobservedluminositiesfromthesestars.Observa-

tionaldataofmoststarsincludingbinariesarewell-fittedbyourpassivediskmodel.

Weexaminethecorrelationbetweenthebinaryseparationanddegreeofdustparticle

settling.Fromthe丘tting,Wecanseethedegreeofdustparticlesettling,ordiska礼ring

ineachsource.Inspiteofourexpectationthataclosebinaryseparationwillinhibit

dustsedimentation,thereisnoslgnifiCantcorrelationbetweenthephenomena.
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Inchapter2,Wewillreviewthediskstructurebasedonourpassivediskmodel.As-

sumingaSufRcientlythindisk,weobtainedthedensityandtemperaturedistributions

ofpassivedisks･Wewillgivetheformulaeofthemandalsomentionthechangeofthe

heatingratiofromthecentralstarcausedbysettlingofdustparticles.Inchapter3,

WewillexplainourSEDscalclllationindetailandshowthemodelcalculationofthe

passivediskaroundatypicalyollngStartThenwewillshowtheresultsofSEDscal-

culationofeachsamplestarandcomparetheresultswithrecentobservationalfluxes.

Notonlydisksaroundsinglestarsbutalsodisksaroundstarsinbinaryormultiple

systemsareincludedinoursamples.Wewillinvestigatethecon五gurationofthedisk

anddustparticlesettlingaroundyoungstarsinbinaryormultiplesystemsandpresent

ourresults.Conclusionsanddiscussionsaresummarisedinchapter4.Adetailedex-

planationfortheformuladerivingthetemperaturedistributionofthediskisglVenin

appendices.
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Figure1:DistributionofTTauristarsinH-氏diagram:TTauristarsareplotted
withopencircles,Eachsolidcurverepresentstheevolutiontrackofthestarwiththe
denotedmass.Mainsequencestarsaredistributedinthegraybeltregion.
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2 Evolutionandstructureofpassivedisks

2.1 Classi丘Cationofstarsanddisks

CTTSsandWTTSs

Manystarswhichareconsideredtohaveprotoplanetarydisksareyoungvariable

starscalledTTauristars(T-typestarsinTaurus)･TTauristarsarelocatedrightabove

themain-sequencebeltintheH-氏diagram (Fig.1).ThismeansTTauristarshave

higherluminositiesandlowersu血cetemperaturesthanmainsequencestars(Stars

shiningbyhydrogenburninginthecentralregion).TTauristarsareregardedas

beinginthetransitionphaseoftheevolutiontowardsthemain-sequencesandcontract
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quasi-staticallyreleaslngtheinternalthermalenergy.Inthisphasehydrogenburnlng

inthecentralregionOfthestarhasnotstartedyet.ThelifetimeofTTauristars

isconsideredtobetheorderof106- 107yrs･onaccountoftheirrapidevolution,

however,itisquitedi氏culttoestimatetheaccurateageofeachTTauristarfromthe

positioninH-氏diagram.

10 11 12 13 14 15 16

1ogv (Hz)

From anobservationalpointofview,TTauristarsareclassifiedintotwomost

importantstellartypes:classicalTTauristars(CTTSs)andweak-lineTTauristars

(WTTSs)･ThemajorityofTTauristarswhichwerepreviouslyobservedareassigned

toCTTSswithstrongemissionlines.Nearlyhalfofthestarshavedetectableemission

whichhasbeenattributedtothermalradiationfromsmallparticlescontainedincir-

cumstellardisks.Ontheotherhand,anewclassofstarscalledWTTSswerefわund

byX-rayobservationsofEinsteinSattelitewhichwaslaunchedin1978.WTTSshave

weakeremissionlinescomparedtoCTTSs.Thus,inordertodistinguishpreviouly

observedTTauristarsfromWTTSs,theywerecalled"classical"TTauristars.

cTTSsaredefinedbyew(Hα)≧10A,whereew(Hα)istheequivalentwidthof

Hαemissionlines,andWTTSsaretheirweakercounterparts.TheorlglnOftheHα
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emissionlineremainsuncertainand,therefore,thephysicalmeanlngOfthedistinction

betweenCTTSandWTTSissomewhatunclear.Providedthatthebroadenedemission

lineswereduetothethermalbroadening,thewidth10Awouldcorrespondtothe

temperature-3×106K(orderofcoronaltemperature)andcanberegardedasadegree

ofsomeactivitiesaroundthestar.Although thedetailedprocessofformationofHα

emissionisstillunknown,themostplausibleinterpretationisthattheselinesarisefrom

someactivitiesintheboundarylayerbetweenthecentralstarandcircumstellardisk.

ManyastrophysicistsconsiderthatCTTSsevolveintoWTTSs,whichseemscorrect

inalmostallcases,blltthereexistsomeCTTSsolderthanWTTSs.TheagesofT

TauristarshavebeenestimatedfromtheirpositionsintheH-Rdiagramandseem

toincludesomeuncertainty.Thisuncertaintyisattributabletotwomainreasons.

First,itisdi爪culttoseparatestellarcontributionfromtotalluminosity.Second,the

standardtheoryofpre-main-sequenceevolutionmaybealteredappreciablyowlngtO

massaccretionthroughthedisks.(Thus,theclassi丘CationofTTauristarsaccording

tocentralstellaragesmaybeinappropriate.)

Figure2ShowstypicalexamplesofradiationspectraoftheseTTauristars.Lumi-

nositydensitiesLv(Lv-47TD2U凡,whereD,UandFvdenotethedistancefromthe

star,frequencies,andobservedfluxes,respectively)areplottedagainstfrequenciesin

logarithmicscale.Thebrokenlinerepresentstheblackbodyradiationfromatypical

youngstaraccompaniedbynodisk.Theboldand丘nesolidcurvescorrespondto

thespectrumofCTTSandWTTS,respectively.InCTTSslargeexcessesofradiation

spectrumcanbeseeninalmostallregionOfinfraredwavelengthsascomparedwiththe

commonyoungstars･Thisisconsideredtobeduetotheexistenceofacircumstellar

diskhavingintrinsicheatsourceinitself.WecanseeWTTSsexhibitsigni丘Cantlyless

emissionthanCTTSsespeciallyfromnear-tomid-infraredwavelengths.Thismeans

theinnerpartofthediskwithhighertemperatures,whichisclosertothecentralstar,

isinvisible.Thisisattributedtothedecreaseofthemassandtemperatureofthe

disk,butthedetailsarestillnotclari丘ed.Possibleinterpretationsareasfわllows.Disk

materialsoftheinnerparthasalreadyfallentothecentralstar.MacroscopICObjects

suchasplanetesimalshasbeenformedintheinnerregion.
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Activeandpassivedisks

ProtoplanetarydisksarealSodividedintotwomaincategoriesfromobservation.

WewilldenotecentralstellarluminositywithL.anddiskluminositywithLd,hereafter.

Diskshavinghigherluminositiesthanthecentralstars(i.e.Ld之L.)arecalledactive

disks,andthosewithloweronespassivedisks.As wewilldescribelater,theformer

isconsideredtobeintheearlystagesofthediskevolutionandthelatterinthelate

stages.Figures3and4giveschematicviewsofactiveandpassivedisks,respectively.

InFig.3accretionofdiskmaterialstowardsthecentralstarisrepresentedbyarrows.

Spring-likecurvesinthediskrepresentturbulentmotions･Manydotsdepictedinthe

diskcorrespondtodustparticles.Bycontrast,inpassivedisksturbulentmotiondueto

massaccretioninthediskhasalreadyceasedandthereforenoturbulenceisillustrated

inFig.4.Possibleheatsourceofthediskbecomesirradiationbythecentralstarinthis

phase.BothoftheseFiguresrepresentflaringdisksinwhichsettlingofdustparticles

hasnotstartedyet.Thepassivedisk,however,includevariousdisksindifferentstages

ofdustparticlesettling.

Protoplanetarydisksarefわrmedbythegravitationalcontractionofcoresofamolec-

ularcloud.ImmediatelyafterthebeginningOfcontraction,gasmoleculessurrounding

thecentralstaraccreteonthestellarsurface.Afterthat,gasmoleculeswithlarge

angularmomentumfalldownontothestellarsurfacetoformadisk･Inthisstagethe

diskmassisstillnotverylargeandthecentralstarcorrespondstoaprotostarobser-

vationally.Asthediskmassincreaseswithsubsequentaccretionofgaseousmaterials,

turbulentmotioninsidethediskbecomesviolentduetotheself-gravitationalinstabil-

ityofthedisk.ThisleadstotheenhancementofmassaccretionrateM ande瓜cient

growthofthecentralstar･Inthisactivediskphasethecentralstarisconsideredtobe

theCTTSobservationally.Beforelongthegasaccretionfromcoresofthemolecular

cloudceasesforsomereason,andthediskmassdecreasesandthediskisstabilized

againsttheself-gravitationalinstability･Thentheturbulenceisweakenedandmassac-

cretionrateM decreases.Planetformationbecomespossibleinthispassivediskphase

andthecentralstarofthisphasecorrespondstoWTTSobservationally.Although the
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correspondenceofCTTSstoactivedisksandWTTSstopassivedisksdoesnotalways

hold,itiscorrectinmostcases･

Figure3:Activedisk

ActiveDisks:Ld乏 し★
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Figure4:Passivedisk

PassiveDisks:Ld< L★



2.2 Structureofpassivedisks

Inthissection,wewilldiscusstheoreticalmodelsforthestructureofpassivedisks

aroundTTauristars.Weassumethatthedisksareopticallythickforthestellar

light(A-1pm)andextendsfromthesurfaceofthecentralstarto100AU.Inthe

folowingdiscussionweusethecylindricalcoordinate(r,車,I)centeredonthecentral

starandthemidplaneofthediskisassumedtobepresentontheplaneI-0(Fig,

5).AxisymmetryisassumedwithrespecttoI-axis･

Figure5:Cylindricalcoordinate

Ifthereisnoheatsourceinadisk,exceptforsurfaceheatingduetostellarlight,

thediskwillbecomelocallyisothermalintheverticaldirection.WithasufBciently

thindisk,heatismoreeasilytransportedverticallythanradially.Thestructureof

suchadiskcanbesolvedanalyticallybybalanclngtheverticalpressuregradientwith

theverticalcomponentofcentralstar'sgravity.Thisequalizationleadstothedensity
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profileatthedistancerfromthecentralstarincylindricalcoordinates(r,¢,I):

p(r,I)-誤 e-̀Z/H'2･ (2)

where∑(r)isthesurfacedensityofthediskandH isthegasscaleheight.The

heightrepresentsthelevelwherethegasdensityisreducedtoe-1ofthemaximum

value(thedensityofthedisk'smidplane)andthisvaluecanberegardedasthehalf

thicknessofthedisk.TheheightH canbewrittenwithisothermalsoundspeed

cs-lkT(r)/pmH]1/2andKeplerrotationrateOK-(GMJr3)1/2as

H-1万CS/OK. (3)

Herek,IL,andmHaretheBoltzmannconstant,themeanmolecularweight(-2.34for

thepresentsolarchemicalcomposition),andthemassofhydrogenatom,respectively.

Nexttheradialstructureofthediskisconsidered.Theradialdensitydistribution

dependsontheradialsu血cedensitydistribution≡(㍗),whichwillbeachievedbydisk

evolutionbeforethediskbecomespassiveanddiskaccretionceases.Inthispaper,we

willadoptasthenominalsurfacedensitythesurfacedensitydistributionofso-called

minimum-masssolarnebula,

･(㍗)≡J
00

loop(r,I)dz-1･7×103(義)~3′2gc-12, (4)

whichisderivedfromthepresentsolarsystembyaddingH2andHegases(Hayashi

1981[8])･Themassofthediskwiththisnominalsurfacedensity,whichextendsfrom

stellarsurface(～0･01AU)to100AUisestimatedtobeabout0.02Mo. Thisis

consistentwiththeorderofthetypicalmassofthedisksaroundTTauristarsderived

fromobservationsatopticallythinmillimeterwavelength(Beckwithetal,1990[23]).

However,thesurfacedensity∑(r)isaquantitywhichisdifBculttoconstrainby

thepresentobservationsbecauseofthelackofspatialresolution.Sothegeneralform

∑(r)-∑l(r/1AU)-Pforwiderangesoftheconstants∑landpshouldbealsoconsid-

ered.Fortunately,however,aswasshowninthepreviouspaperofMiyake&Nakagawa

(1995)[10],thechoiceofparametersforthesurfacedensity,pand∑1doesnotaffect

temperaturedistributions.Therefore,aslongasdisksareopticallythickforthestellar

light,SEDsobtainedinthispaperdonotchangewithdifferentchoicesofp.

14



Next,weconsidertheradialtemperaturedistributionr(㍗),whichwillbedeter

minedbythephotonauxfromthecentralstarabsorbedbythedisksurface.Here

thewordsurfaceisusedto.mean thelevelatwhichstellarlightisabsorbed.Previous

studieshaveassumedthatthecent.ralst.ar'sradiationcomesfromabovet.hediskand

isabsorbedaroundthescaleheightofthediskH (Kusaka,NakanO,&Hayashi1970

[11];Ruden良Pollack1991[12])oratI-0(Friedjung1985【13];Adams良Shu1986

[14])･Inanycase,thetemperatureisdeterminedbythebalanceofheatingbythe

centralstar'sradiationandcoolingbythermalemissionRuden良Pollack(1991)[121

gaveageneralformulawhichdeterminesthetemperaturedistributionoftheflaring

absorbingsurfacedisks,aBSumlngthattheabsorbingsurfaceheightisequaltothegas

scaleheightH.Usingasimilarformulatotheirs,Miyake&Nakagawanotedthatthe

heatingratedependsonthediskgeometry.Inthispaper,wewilladoptthefわrmula

(Miyake&Nakagawa1995[10])fortheradialtemperaturedistributionT(r):

JT(r,4-封芸(%)I(;)(諾 -1)f]･碧 (1-伺,(5)
whereL.andR.arethesamenotationpreviouslyused,M.isthecentralstellarmass,

andqandaaretheStefan-Boltzmannandgravitationalconstants,respectively.The

firsttermoftheright-handsiderepresentstheheatingduetodiskflaring.Thefactor

IrepresentsacorrectionfactorforthedifferencebetweentheheightHandthatofthe

absorbingsurface･So,ifstellarlightisabsorbedatthegasscaleheightthenI-1.As

willbeshownlater,∫-1isarathergoodapproximationofaconditionwheredust

particlesarewellmixedwithgas.Asthedustparticlessinktowardstheequatorical

planeofthedisk,theheightoftheabsorbingsurfacebecomeslowerandhence,the

valueofI-factordecreasestozero･I-0representsaconditionwheredustparticles

havecompletelysettled･Thelasttermortheright-handsideofequation(5)denotes

theviscousheatingonsteadyaccretion(Lynden-Bell良Pringle,1974[15],Shakura良

Sunyaev,1973[16])･Thistermwillhavetobeaddedtoexaminetheeffectsonthe

temperaturedistributionofan intrinsicheatsourcebymassaccretion.Butwiththe

passivedisksconsideredinthispaper,thistermisnegligible･AccordingtoKusaka

etal.(1970日11],thetemperaturedistributionofaboutrαγ~3/7isachievedifwe
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neglectthelasttermoftheright-handsideandifweadoptI-1.Thepossibilityofa

changeinparameter∫willbediscussedlater･Provided∫-0,thenequation(5)isthe

sameasthatderivedbyFriedjung(1985日13]andAdams&Shu(1986日14],exceptfor

thelasttermoftheright-handside.Ifthelasttermoftheright-handsideisnegligible,

equation(5)withI-0willapparentlyleadtothetemperaturedistributionTcx:r-3/4,

aswasdiscussedinAdams&Shu(1986)[14]･Ontheotherhand,ifonlythelastterm

intheright-handsideremains,thentheresultingtemperaturedistributionwillbethe

sameastheoneforthepurelyreprocessingdiskwithI-0,Ta r-3/4,whichhasbeen

discussedbyLynden-Bell&Pringle(1974)[15].Detailedconsiderationoftemperature

distributionofdisksisgiveninalsorecentstudies(Chiang&Goldreich,1997[17])･

2.3 Heightoftheabsorbingsurface

As wehavementionedintheprevioussection,previousstudieshaveassumedthat

stellarlightisabsorbedatthegasscaleheightI-H,butthisassumptionisnotso

obvious.Miyake良Nakagawa(1995)[10]haveexaminedwherestellarlightisabsorbed,

andwewillintroducetheirresultsinthissection.

Itisquitesimpletocalculatetheheightoftheabsorbingsurfaceforthevertical

incidenceoflight.IftheeffectofscatteringlSnegligible,stellarlightwillbeabsorbed

attheopticaldepthT-1.Wecanobtaintheopticaldepthfortheverticalincidence

byintegratingp(I)ofequation(2)fromI-∞:

･(I)-/Z∞ KIP-P(I)dz- 晋 LwHe-'2dE, (6)

wherelGlpmistheabsorptionopacityforstellarlight,whichhasthetypicalwavelength

A～lFLm.Itshouldbenotedthattheabsorbingsurfaceisdeterminedbytheabsorption

opacityonlyat九-1pm)thevalueofwhichisrclpm～10cm2g-1fortheinterstellar

dustparticleswithsubmicrometerradii.WhileDraine良Lee(1984)listedthevaluesof

extinctionopacityIwhichcan beaslargeasfCIprn-100cm2g-1?butweareinterested

inabsorptionopacityhere.Itistruethatthevalueoftheopacitydependsonthedust

speciesanditssizedistribution(Miyake良Nakagawa1993[191)･However,evenifdust

particlesgrowinturbulentdisksthrough mutualcoagulationandhaveplausiblesize

16



distributions,suchaspower-lawoneswiththeexponentss～3.Sandmaximumcutoffs

ama∬ ～1cminradii(Miyake良Nakagawa1993【19]),itisfortunatethatrclpmiskept

almostthesameasforinterstellardustparticles.Nowtheheightofabsorbingsurface

can begivenbysolvingT(I)-1tobez ee3H (for∑-3gcm~2)orz と2H (for

∑-10gem-2)inthecaserclpm-10cm2g~1;thentheheightoftheabsorbingsurface

changes,weaklydependingon∑,butislargerthan thegasscaleheightHbyafactor

of2or3.

However,Inreality,stellarlightdoesnotcomefromabovethedisks,butrather

thedisksareilluminatedalmostatshadowangles.Therefore,notonlyverticalbut

alsoradialstructures0fthedisksshouldbetakenintoaccountinconsideringthe

heightandshape oftheabsorbingsurface･Wenumericallycalculatedtheoptical

depthcontourmeasuredfrom thecentralStarsthrough theglVentwo-dimensional

densitydistributionsofthediskswithparameterswhicharetypicalonesforpassive

reprocesslngdisksaroundTTauristars･

Thetwo-dimensionalstructureoftheverticallyisothermaldiskp(r,I)isdetermiend

onlybythesu血cedensitydistribution∑(㍗)andthetemperaturedistributionr(㍗),

asinequation(2)･NowweassumeI(r)tobethenominaloneandthetemperature

distributiontobeT(r)-100K(r/lAU)-1/2orT(,)-100K(r/lAU)13/4,whichare

almostthesameasonesachievedforflaringorflatthinpassivedisks,respectively,

aswillbeshownlater.DisksareassumedtoextendfromthestellarsurfaceR.to

100AU,andthemassabsorptionopacityforstellarlightistakentobefCllm -10

cm2g~1.Here凡 denotestheradiusofthecentralstarand～0.00994AU,whichis

obtainedfromtheassumptionsT.-4000KandL.-lLo,thetypicalvaluesforthe

Taurus-Aurigacloudcomplex･Figures2aand2bofthepaperofMiyake&Nakagawa

(1995)[10]showthelociforTll.m-0･1,1,10,100,and1000forthenominalsurface

densityandthetemperaturedistributionT(r)- 100K(r/1AU)-I/2.Thelocifor

TIpm-0･1-10locateabovethegasscaleheightH byfactorsandhavealmostthe

sameflaringexponents,(dlnI/dlnr)-1,asforHorhaveslightlyloweronesforlarger

TIpmandr･ItisshowninFigure2bthattheheightoftheabsorbingsurfaceatthe

innermostpart(r<10R. ヒollAU)isverylowascomparedwithR..
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Figure30ftheirpaperalsoshowsthelociofTIpm -1,ortheabsorbingsurface,

forthenominalsurfacedensityandtwodifferenttemperaturedistributions- T(r)-
Tl(r/lAU)lq,whereT1-100Kandq-0･5andO･75･Theymadethepower-law

fittingoftheheightoftheabsorbingsurfaceZasZ∝ r7,foreachreglOn0.01AU

<γ <0.1AU,0.1AU<γ<1AU,1AU<r<10AU,10AU<γ<100AU,and

showtheresultsalsointheirFig.3.

Nowinequation(5)thegasscaleheightHshouldoriginallymeantheheightofthe

absorbingsurfaceZ,andequation(5)tellsusthattheproductofZ/randthe月.aring

exponentdlnZ/dlnr-1(≡7-1)determinesthee氏ciencyofthediskheating.From

Fig.3inthecaseofq-0,5,theheightoftheabsorbingsurfaceislargerthanthe

gasscaleheightbyafactorof20rmoreattheouterpartofthedisk(sayr>1AU),

whiletheflaringexponent7-10ftheabsorbingsurfaceissmallerthanthatofthe

gasscaleheightHinequation(5)asitis;inthatcasetheefBciencyisslightlyhigher

inthecaseofq-0.5andSlightlylowerinthecaseofq-0.75.Theyhavetherefore

concludedthatitisarathergoodapproximationtotakethegasscaleheighttobethe

heightoftheabsorbingsurfaceofstellarlight･Wewillalsoadoptthisapproximation

hereafter.However,itshouldbekeptinmindthatq<0.5isachievedinthecases

offlaringpassivereprocessingdisks,aswillbeseenlater,andhence,adoptingthegas

scaleheightastheheightoftheabsorbingsurfaceissomewhatofan underestimation,

whilethedifferenceintheheatingefEciencyinequation(5)willbelessthanafactor

of2.

2.4 Dustparticlesettling

Themostimportantprocessthatchangestheheightoftheabsorbingsurfaceof

adiskisdustparticlesettling･Gasmoleculescanabsorbstellarlightonlybyline

absorption,whiledustparticlescandosobycontinuumabsorption･Thus,stellarlight

will丘rstheatalmostonlythedustparticles,andthenthegasmoleculeswillbeheated

through collisionswithdustparticlesorthrough absorptionanddesorption.Oncegas

moleculesareheated,theircoolingtimeisverylongbecausetheycanonlybecooledby

lineemission･Hencegasmoleclllesplayaveryminorrolebothinheatingandcooling
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ofthedisks.Therefore,ifthescaleheightofthedustparticlesbecomesdifferentfrom

thatofthegas,theabsorbingsurfacewillbedeterminednotbythegasbutbythe

dustparticles.

Indeed,iftheturbulentgasmotionissu氏cientlyweak,dustparticlesaresupposed

tosettletowardsthemidplanebyactionoftheverticalcomponentofthegravityofthe

centralstar,butgasmoleculeswillnotsettlebecausetheyaresupportedbythepressure

gradient.Dustparticlesettlingwillleadtoalowerheightoftheabsorbingsur払ce

andwilldecreasetheemciencyofthesurfaceheatingbythecentralstar,However,

unfortunately,estimatingthetemporalvariationoftheheightoftheabsorbingsurface

isdifRcultbecauseofollrscantyknowlegeofthesizedistributionofthedustparticles

orthestrengthofturbulenceinthedisk･

Herewewilldiscussthecasesofquiescentdiskswithnoturbulence.Accordingto

Weidenschilling(1980日20]andNakagawa,Nakazawa良Hayashi(1981)[21],particle

coagulationandsweep-upofsmallerparticlesbylargeronesduetosize-dependent

settlingvelocitiesmayacceleratethesettlingofdustparticles･Theirnumericalcal-

culationsshowthatthesettlingtimeisoftheorderof103yrandthatthefinalsize

oftypicaldustparticlesis～1-10cmatr-1AU･Nakagawa,Sekiya,&Hayashi

(1986)[22]haveobtainedan analyticalexpressionforthesettlingtimetsofthetypical

dustparticlesinquleSCentdisks:ts～103tK ar3/2,wheretK istheKepleriantime;it

shouldbenotedthatthissettlingtimeisinsensitivetotheassumeddiskmodelbutis

onlydeterminedbythedust-to一gasratioandtheKepleriantime･Thatis,dustparticle

settlingis血ightlynonhomologouswithrespecttor･Thetransientradialdistribution

ofdustscaleheightorofabsorbingsurfaceheightwillthereforebequitedifferentfrom

thatofgasscaleheight,butsuchatransitionfeatureisnotsoslgnificantbecausethe

transitiontime(103tK ～103- 106yr)israthershortascomparedwiththeageofT

Tauristars(107yr)･Thatis,dustparticlessettletothemidplanepromptlyafterthe

cessationofturbulenceinthedisk,andtheheightoftheabsorbingsurfacebecomes

sufBcientlysmall.

However,ifthesweep-upofsmallparticlesbylargeronesisincompleteandthere

remainenoughunsweptsmallparticlestoabsorbthecentralstarlight,thenthede-
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creaseoftheabsorbingsurfaceheightiscontrolledbythesettlingofthosesmalldust

particlesleftabovethetypicalgrownones;thissituationseemstohold,judgingfrom

thenumericalsimulationsofdustparticlesettling,takingthesizedistributioninto

account,byWeidenschlling(1980)[20]Nakagawaetal･(1981日21]･Forexample,

Nakagawaetal.(1981)[21]showedbylocalnumericalsimulationat㍗-1AUthatan

appreciableamountofdustparticles,1/1000fthetotal,areleftabovethemidplane

(≧H/20)aftermostdustparticleshavesettledclosetothemidplane(i-104yr).

Weshouldnotethatsmalldustparticlesleftabovethemidplanewithmassfraction

ofonly～10~40fthetotalarenecessarytokeepthediskabsorbingsu血ce免aring,if

weadoptthenominalsurfacedensityatr-iAU.Wealsonotethatalltheprocesses

neglectedinthesimulationbyNakagawaetal.(1981)[21],suchasstickingprobability

lessthanunity,fragmentationofdustparticlesduetomutualcollisions,orpresenceof

weakturbulence,willprovidesmallerdustparticlesaswellasalongersettlingtime.

Therefore,thesettlingofthesesmalldustparticlesmayaffectthereductionof

theabsorbingsurfaceheight･Miyake&Nakagawa(1995)[10]canobtainthegeneral

formulaeofthesettlingtimeofsmalldustparticlesaccordingtoNakagawaetall

(1981【21],1986【221)･Forsu氏cientlysmalldustparticles(wheretheKnudsennumber

islargerthanunity),Epstein'slawofdragforceistobeappliedtoderivetheterminal

settlingvelocityas

v2--(02K/D,)I, (7)

wherer之KistheKeplerianangularfrequencyand1/D,isthecharacteristictimeof

dragforce:D,-pet/pea,wherepisthegasdensity,ct-(8kT/7TFLm H)1/2isthemean

thermalvelocityofthemoleculargas,and/)βandαarethematerialdensityandthe

radiusofthedustparticle,respectively.Itshouldbenotedthatthemolecularmean

freepathistypicallyafewcentimeters(atr～1AU)andtensofmicrometersevenat

theinneredgeofthedisk(at㍗ ～0.01AU)ifthenominaldiskparametersareadopted;

hence,Epstein'slawisappropriateineverypartofthediskfordustparticleswithradii

a≦10FLm.ThetimescaleforadustparticletosettlefromI- ItoI- 2OisglVenby

ts-Lzo霊一芸 去Lzo誓 言慧 去 ln三,
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wherewehavereplacedthegasdensitybythemidplanegasdensitypo-∑/7Tl/2H-
2∑OK/7TCt. Nowifweadoptthenominalsurfacedensitywiththeexponentforthe

radialdistributionp- 1.5,thedependenceoftsonrcancelsoutbetween≡and

OK,andwegetts～107yr･ThistimescaleiscomparabletothelifetimeofTTauri

stars;hence,itisquiteprobablethatweobservethetransientstageofdustparticle

settling.Thesettlingofsmalldustparticleswillberatherhomologouswithrespectto

theradialdistancer;hence,thereductionoftheabsorbingsurfaceheightduetothe

small-particlesettlingcanbecharacterizedonlybyoneparameter,I,theratioofthe

absorbingsurfaceheighttothegasscaleheight･WeconsiderthatIisconstantwith

respectto㍗inderivingthetemperaturedistributionbyequation(5).
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3 Protoplanetarydisksaroundsingleyoungstars

3.1 Modelcalculations

Figure6:RadialTemperatureDistribution
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Inthissectionweat丘rstpresenttheresultsofthenumericalevaluationofequa-

tion(5)･TocalculateT(r)withequation(5),weneedtoknownotonlyHbutalso

dlnH/dlnr,butthey,inturn,dependonT(r).Soweperformedaniterativeproce-

duretogetT(r)forI≠0･As fortheparametersofthecentralstar,weadoptthe

typicalvaluesforTTauristarsintheTaurus-Anrigacloudcomplex(Beckwithetal･

1990【23]):T.-4000K,L. -1Lo,andM.-1Mo･ Withtheseparameters,we

obtainR.-(L./L｡)1/2(T./To)12R｡-2.08R｡ 二と0.01AU.Disksareassumedto

extendfromthesurfaceofthecentralstartor-100AU.First,weexaminetheeffects

oftheparameterIonthetemperaturedistribution,sowefiXA tobezero(purely

passivediskwithnomassaccretion).InFig.6Weshowthetemperaturedistributions

ofpassivereprocessingdisks(A -o)forvariousI-factors.FromFig.6itisun-

derstoodthatthepower-lawexponentoftemperarturedistributionwithrespectto㍗

(T∝r~q)isalmostq-0175forr<1AUevenforI-1anddecreasestowardq-0.5
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forlargerr･Theexponentq-0･75forsmallrisexpectedfor免atthindisksheatedby

thecentralstarwith五mitedimension(Adams&Shu1986【141).Theturnoverdistance

increaseswithdecreasingJ･Forsu瓜cientlysmallI<0.01,theexponentqisabout

O･75almostalloverthedisk,anddisk乱aringlSnOlongerimportantfordetermlnlng

thetemperatlユredistributionorthedisk.

Itshouldbenotedthatthetemperatureatr-1AU,Tl,reaches～100Konlyby

thesurfaceheatingfromthecentralstarwithtypicalparameters;TlformanyTTauri

StarsobservedintheTaurus-Aurigacloudcomplexareknowntorange血･om100Kto

150K,fromSEDs(Beckwithetal･1990[23]).

Tbcompareourmodelswithobservations,wehavealsocalculatedtheSEDsofour

theoreticalpassivediskmodels.Ifweassumethatthediskisverticallyisothermal,

thentheluminositydensityLy(-47TD2uF."whereDisthedistancefromthesource

andFvisthe且uxdensitytobeobservedforthestar-disksystemviewedattheangle

0l0-0isface-on])canbeexpressedasfollows(Beckwithetall1990[23]):

Lv-4汀COSO/nRdvBv(T)(1-e-T12打rdr.L- ,

whereBvisthePlanckfunction,theslantopticaldepthTvisgivenby

～(㍗)-㍍〟∑(㍗)/cosβ,

(9)

(10)

L.,.isthestellarcomponentofL.,andRoandRdaretheinnerandouterradii,

respectively.NotethatLvdoesnotdependonthechoiceoftheopacityfCu aSlongas

Tv≫ 1.1nthefollowlngCalculations,weusetheabsorptionopacityfordustparticles

ofradiusa-1pmofMiyake&Nakagawa(1993)[19],wheretheassumeddustspecies

isonlysilicateforthereg10nSWhereT >160KandsilicateplusH20iceforthe

reglOnSWherer≦160K･Thatopacitycurveisalmostidenticalwiththestandard

interstellarextinctioncurvebyDraine&Lee(1984日18],exceptforthecontribution

ofH20ice,andhence,itwillbeconvenienttocompareourresultswiththeresults

ofotherresearchers.Ifdustparticleshavegrown tohavesomesizedistributionsle･g･,

n(a)∝a-swiths-3･5andama3-1cm],theluminositydensityLyforsubmillimeter

andmillimeterwavelengthswillchange.However,wearemostlyconcernedwithSEDs
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atinfraredwavelengths(入≦100ILm),WhereTv≫ 1;then,adetailedfeatureofthe

adoptedopacitiesdoesnotaffectthefo1lowlngresults.

Figure7:LuminosityDensity
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Figure7showstheresultsofourcalculationwithequation(9)･Thatis,Weshow

theSEDsofpassivereprocessingdisks(諺 -o)forvariousI-factors,Nowwedefine

thespectralindexn-dlnLJdlnL,atinfraredwavelengths,whichis3forthestellar

blackbodyradiationandisknowntorangewidelyfromslightlygreaterthanunity

tozeroforTTauristars(Rucinski1985[24]).Inthecaseofopticallythickthermal

emissionfromthedisk,thespectralindexncanbeexpressedwiththeexponentof

thetemperaturedistributionqasn-4-2/q(Beckwithetal.1990[23]).According

toFig･7,thespectralindexnforsufncientlysmallI<0.01is～4/3forwiderange
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luminosity,weakHαandCaIIemission,verybroadabsorptionlines(HBC)andIRAS

sources,aswellasobjectsfromdifferentregionsOfthesky.Inthispaper,wecombined

dataOHRAMobservationwhichwerecompiledinthepaperofOsterlohandBeckwith

(1995)[7】withthepreviousdataOHRAS(IPAC1986;Strometal･1989[41])･

Nowwebrieflycommentontheobservationaldatawhicharereferredtointhispa-

per.InfraRedAstronomicalSatellite(IRAS)wasajointUS(NASA),theNetherlands

(NIVR),andtheUnitedKingdom(SERC)project･IRASconductedanalLskysurvey

atwavelengthsranglngfrom8to120micronsinfourbroadbandphotometricchannels

centeredon12,25,60and100microns.Followlnga10monthslongmission,IRAS

exhausteditscryogenandceasedoperationsonNovember21,1983.Some250,000

well-confirmedinfraredpointsourcesweredetectedandpresentedinIRAScatalogue

ofPointSources,Version2.0(IPAC1986).Rawdataofpositions,8uxdensities,un-

certainties,associationswithknownastronomicalobjectsandvariouscautionaryflags

aregivenforeachobjectinthiscatalogue･WheretwostarsfallwithintheIRASbeam

Strometal.(1989)[41]havedividedtheobserved12and25JJmIRASauxesinpropo-

tion(respectively)tothe10and20〝m且uxesmeasured丘･omtheground(ifbothare

available),andinproportiontothe10pmmeasurementsif20FLmmeaSurementSare

unavailable;the60and100pmfluxeshavebeendividedbetweenthetwostarsinpro-

portiontothelongest-wavelengthground-basedIRmeasurementsavailable.Weaver良

Jones(1992)[35]alsoprovideussomeupperlimitsofIRASfluxes･As forthesources

whichlackadequateopticalornear-IRphotometry,weadoptrawIRASauxeswithno

colorcorrections.TheIRAM(InsitutdeRadioAstronomieMillimetrique)observations

wereperformedduringthenightsDecember2-61993withthe30mIRAMtelescope

atPic°Veleta.ThedetectorwastheIRAMsingle-channelbolometeroperatingat1.3

mmaBdescribedbyThumetal･(1992)[36].Whencombinedwiththeearlierworkof

Beckwithetal.(1990日23],thedataofmillimeteトWaVeObservationsareextendedto

121objects(Beckwithetal1995【7]).Therearenowmillimeterwaveobservationsof

almostallknownTTauristarsinTaurus-Aurigaedarkcloudsandnewobservationsof

severalotheryoungstellarobjectsofvariousmassesandsubclasses.Especiallyslgnifi-

Cantistheinclusionofmanybinaryandmultiplesystemsandweak-lineTTauristars.
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SpatialresolutionofIRASdataispoorincomparisonwiththatofrecentobservations,

suchasIRAM･Oursamplestarscomprisesomesourceswhichwerenotresolvedby

IRASobservation(forexample,XZTau&HLTau,V807Tau&GHTau,･I･).

InTable1wepresentthedataofsampleslnglestarsusedinourcalculation･Wegive

eachsourcenameinthe丘rstcolumndenotingtheheadnumberwiththecorresponding

theHBCnumber.IfthestarsarelocatedinTaurus-Aurigacloudcomplex,theyare

flaggedbyanasterisk(*)followingthesourcename.Onesourcemarkedbyadagger

(I)islocatedinL1473andtwosourcesby(千)areinL1642.Sourceswithout且agsare

miscellaneous.StellartypeofeachsourceisassignedaccordingtotheHBC.ForHBC

starswithoutHαmeasurements,spectraltypesarelistedinsteadofstellarones.The

distance(pc)fromthesourceislistedinthethirdcolumn･Noentranceinthedistance

columnforTaurus-Aurigamembersmeansthatadistanceof140pcisassumed(Elias

1978[37])･Inthelastthreecolumnswepresentstellarparametersrequiredinour

calculationaccordingtoOsterloh&Beckwith(1995日7]･StellarluminositiesL.and

massesM.arewritteninfactorsunitofsolarones,respectively.

ItshouldbenotedthattherearepotentiallylargeuncertaintiesindetermlnlngL.

fromobservedfluxes,whicharecontaminatedbytheveilingemissionsfromboundary

layersandinfraredemissionsfromcircumstellardisks.Indeed,differentauthorsreport

stellarluminositiesdifferentbyafactorof2or3withdifferentmannersofreduction.

ThevaluesofL.listedbyBeckwithetal.(1990)[23]areingoodagreementwith

thoseobtainedthroughdetailedspectroscopicobservationsbyHartigenetal･(1991)

[38],SoweadoptedthestellarpropertieslistedinBeckwithetall(1990)[23]･Wealso

adoptedthedataoftheirnewpaper(Beckwithetal･1995[7]),whichbroadensthe

sampleoftheirpreviouspapertoincludeWTTSs,multiplesystems,andanumberor

highermassobjects.ThestarshavebeendereddeneduslngaStandardreddeninglaw

(Cardelli,Clayton,&Mathis1989[39])･Effectivetemperatures,T"Wereassignedto

spectraltypesaccordingtoCohen良Kuhi(1979)[4叶 Thestellarradius,氏 ,were

determinedbyleast-squaresfittingofthedereddenedabsolutephotometricmagnitudes.

Stellarluminositieswerecalculated丘･omthee鮎ctivetemperatureandradiusassumlng

aplanckdistribution:L.-47rR≡JT.4.
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Table1:Sampleslnglestars

33DETau' CTT 1.21 3.566 0.5
75DSTau' CTT 1.32 3.679 1.0

385ⅠPTau* MO:Ⅴ 0.48 3.593 0.6
393L1551ⅠRS5* K2ⅠⅠⅠ 27 3.695 1.0
399V827Tau* WTT 1.30 3.602 0.6
400V826Tau' WTT 1.13 3.602 0.6
404V807Tau' CTT 5.25 3.602 0.6
405V830Tau* WTT 0.81 3.602 0.6
411CKTau-Aur3' WTT 0.09 3.566 0.4
421CKTau-Aur4' WTT 0.22 3.555 0.4

419LkCa15* WTT 0.87 3.643 1.0

428V347Aur* WTT 4.36 3.544 0.3
429V836Tau* WTT 0.65 3.602 0.7

1MacCH12 A5,Fe 845 145 3.830 2.5
5MacCH9 CTT 845 6.20 3.660 1.4
20LkHa330 CTT 400 32 3.758 2.5
325V376Cas AeBe 950 4.140 >2.5

326MacCsH15 CTT 845 39 3:710 2.5
328MC4 CTT 845 17 3.660 1.4
346SVS13 K? 350 2.2 3.719 1.0

363PP13sT M 350 3.494 0.15

410L1642-2Ⅰ CTT 100 3.602 0.6

413L1642-1Ⅰ M 100 3.494 0.15
695RNO124 ? 500 12.30 3.679 1.6

696PVCep AeBe 500 117 3.917 3.3

3.3 Resultswithsamplesinglestars

WeshowadetailedcomparisonbetweenthecalculatedSEDsbasedonourpassive

diskmodelandtheobservationsOHRASwavelengthsandofmillimeterwavelength

(A-1.3mm)byBeckwithetall(1995)[7]･From equation(9)itisunderstood

thatT(r),∑(r),0,Ro,andRdShouldbespecifiedforthecalculationofSEDofeach

star,Weassumethatdiskshavenoinclination(0-0)andextendfromRo-R.to
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Rd-100AU･TheradialtemperaturedistributionT(r)isdeterminedfromthestellar

propertiesL.,T"andM.byequation(5)ifdiskparameterslandA aregiven.Here

weconsiderpurelypassivediskshavingnoaccretion(A-o).

Weshowtheresultsofourfittingofobservationsbypassivereprocesslngdiskmodel

withflaring(I-1)andwithout(I-0).Itisfoundthataconsiderablenumberof

oursampleTTauristarscanbewellfittedbythepassivediskmodel.Therearesome

uncertaintyfactors,suchasinclinationangleofthedisk0orcontaminationoffhx

fromothersources.ThelatterisduetopoorspatialresolutionofIRASobservation

aswehavementionedinsection3.2.Inspiteofthesefactors,ourpassivediskmodel

fittingseemstobeexcellent･

InFiguresbelowweshowSEDsofyoungstarswithcircumstellardiskswell丘tted

bythepassivediskmodelforI-1orI-0.Thesolidtrianglesrepresentluminosity

densitiesestimatedfromobservedfluxesbyIRAS(IPAC1986;Strometal･1989[41])

andbyIRAM(Beckwithetal.1990[23],1995[7])･Examplesofourspectral五山ngare

con丘nedtothosefromslngleisolatedyoungstarssurroundedbycircumstellardisksin

thissection.

RadiationspectrafromthesingleCTTSsareshownfromFig.8toFig.llasthe

representative.ObserveddataofMacCsH15andPVCeparehighabovethetheoretical

cuⅣepredictedbytheaaringdisk(∫-1)model(Fig･8,Fig･9)･Disksofthesesources

areconsideredtobeactiveonesandhavesomeintrinsicheatsource.Thesetwosources

correspondtothetypicaltothetypicalexamplesofCTTSssurroundedbyactivedisks.

LuminositydensitiesestimatedfromobservedfluxesofDETauarewell-fittedbythe

theoreticalcurveoり -1(Fig･10).Thissourcecorrespondstothea礼ringdiskin

whichdustparticlesettlinghasnotoccurredyet.V807TauisunresolvedwithGH

TaufortheIRASbeam･InV807Tautheobservationaldataexhibitslightdeficitfrom

thetheoreticalcurveof∫-0.DETauandV807TauareattributedtotheCTTSs

surroundedbypassivereprocesslngdisks.

RadiationspectrafromWTTSsaregivenfromFig.12toFig.15.V347Aur,the

appearanceisthatofastar-disksystemseenedge-on,although our丘ttingisthecase

ofthepole-on.TheonlysourcewithdetectedmmemissionclassifiedaBaWTTSby
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theHBCisLkCa15;yetithasew(Ha)-13A(seeHBCandreferencestherein),thus

notrepresentingatypicalWTTS.Luminositydensitiesestimatedfromobservedfluxes

ofbothV347AurandLkCa15areplottedabovethetheoreticalcurvesof∫-1.We

can considerthatthedustparticlehasnotstartedyetandthereissomeheatsourcein

thedisksofthesesources･ThesesourcesareconsideredtoWTTSshavingactivedisks.

InV836TauobservedSEDsarewellfittedbythetheoreticalcurveoftheflatthindisk

(I-0)model(fig.14)･V830TauexhibitssignificantlylowerfluxesthantheI-0

curve.Twoplausibleinterpretationsofthisareasfollows.First,theinneredgeofthe

diskisexpectedtobelargerthanthestellarradius(formationoftheopticallythin

innerhole).Second,planetaryformationhasalreadystartedandmacroscopicbodies

areformedintheinnerreg10n.

3.4 VerifiCationofthestandardmodel

Accordingtotheresultsof丘ttingobservedSEDsbyourpassivediskmodels,we

havefoundmanypassivediskcandidatescanbedividedintosubclassesof(I)flaring

disks,(II)flatthindisks,and(III)diskswithinnerholes,assummarizedinTable3･

Table3:TTauristarsfittedbypassivediskmodelsandtheirproperties

Class Sources ew(Hα)(A) logt(yr)
(Ⅰ) 63AATau 37 6.01
(Ⅰ) 71GOTau 81 6.73
(Ⅰ) 33DETau 54 5.40

. (Ⅰ) 65DNTau 12 5.81
(Ⅰ) 419LkCa15 13 6.30
(ⅠⅠ) 28CYTau 70 5.87
(ⅠⅠ) 65DFTau 54 5.00
(ⅠⅠ) 75DSTau 59 6.78
(ⅠⅠ) 46ZZTau 16 6.29
(ⅠⅠ) 404V807Tau 13 5.84
(叫 429V836Tau 9 6.48
(ⅠⅠⅠ) 405V830Tau 3 6.20
(ⅠⅠⅠ) 400V826Tau 2 5.90
(ⅠⅠⅠ) 399V827Tau 2 5.80
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InTable3WelistthestellaranddiskpropertiesofoursampleTTauristars丘tted

withpassivediskmodelsofeachclass･TheresultsofMiyake&Nakagawa(1995日10]

arealsoincludedinthisTable3･AmongthesamplestarsofMiyake&Nakagawa

(1995)[10],Wesubtractthestarswhichareindentifiedasthecomponentofbinaries

ormultiples.Assignmentofindividualstarstoeachsubclassis,however,somewhat

ambiguousbecauseofcontinuoustransitionbetweenclasses.

FromTable3wecanassessdifferencesinthecentralstarordiskpropertiesamong

classes.BetweenclasslandII,wecannotfindanycleardifference(seeTable3).We

notethatmostofmembersoftheseclasseshaveew(Ha)>10A-i.e.,theyareCTTSs

- andthat,tothecontraryclassIIIincludesWTTSsonly.
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Figure8:MacCsH15
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Figure10:DETan
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F igure 12: V 347 Aur
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Figure14:V836Tau
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4 Disksaroundyoungbinariesormultiples

4.1 Basicassumptions

lnthissectionwefirstmentiont,hedifferenceofdiskst,ructurebetweeninclose

andwidebinaries･Figures16and17presentschematicviewsofacircllmStellardisk

aroundaclosebinaryandthatofawidebinary,respectively.

Figure16:Disksinclosebinaries

Figure17:Disksinwidebinaries

Inaclosebinarythecompanionstarwilldisruptstableorbitsofallparticlesoll

scalesfromafeWtenthoftheseparationtofewtimestheseparation,bytheclassical

threebodyproblem.Onlydiskswhoseouterradiiaremuchsmallerthantheseparation

orwhoseinnerradiiaremuchlarger(circumbinarydisks)shouldbestable.Otherwise,

disklnaterialswillbe丘lledwithRochelobesaroundthebinary(Fig･16).Aninner

gapmightbefわrmedaroundanarrowpartofthedisk･Gravitationalperturbation

fromthecompanionpreventsdustparticlesinthediskfrom settlingtothecclltral

plane.Ontheotherhand,inawidebinarygravitationaleffectsonthediskfroma

companionisratherweakerthaninthecaseofaclosebinary.Disksformedaround

widebinariesareconsideredtoberelativelysimilartoonessurroundedbysinglestars.
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Itisbeyondthescopeofthispapertomanipulatethetemperaturedistributions

takingthediskmorphologyintoconsideration.Moreover,stellarpropertiesofthe

companionarestillunknown,aswewillmentioninsection4.2.Wetreatbothof

thecomponentstarsinthebinarysystemasthesameoneshavingthesamestellar

propertiesinourcalculationWealsoassumethebinaryseparationislargeenoughto

neglecttheheatingfromthecompanion.

4.2 Samplestarsinbinariesormultiples

InthissectionwelistthedataofsamplebinaryormultipleyoungstarsinTaurus-

AurigamolecularcloudcomplexaccordingtoLeinertetal･(1993日31]･Ideallywe

wouldliketoselectacompletesample:allyoungstarsintheTaurus-AurigareglOn

whosestellarpropertiesarewellknown.As wecanseefromTable2,Stellartypesof

companionsarestillunknowninmanysystems.Forpracticalreasons,andinorderto

maintainaminimumofhomogeneity,Welimitedourselvestoobjectsincontainedin

theHBCofyoungstars(Herbig&Bell1988[27])･

Table2liststhedataofsamplebinarystarsusedinourcalculation.Sourcenames

andstellarparameters(L"T"andM.)arewrittenusingthesamenotationasTable

1insection3.2.ProjectedseparationsofcomponentstarsofeachbinaryareglVenin

AUunits.TheoriginalvalueslistedinLeinertetal･(1993日31]weregiveninseconds･

WecaneasilyconvertthemintothevaluesmeasuredinAUunitsbymultiplying100in

caseofstarsinTaurus-Aurigamolecularcloudcomplex.Ifthestaristhecomponent

ofmultiple,wechoosetheminimumvalueastherepresentativeseparation.Wegive

thestellartypeofknowncomponentstarsofeachbinaryinthetllirdcolumn.Within

oursamplebinarystars,3triples(UXTau,UZTauandHVTau)and1quadraples

(FVTau)areincluded･ISTau,whichwastwiceunresolvedbylunaroccultationsand

resolvedbyspeckleinterferometry,isformallyconsideredasunresolvedobject.There

areafewsamplestarswhosestellarpropertiesareunknown.Forexample,L.ofFV

Tau,M.ofHaro6110,andL,andM.ofHVTau(seeTable2)･Weassumethat

L*-1LoandM.-1MoincomputingSEDsofthesesources.
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Table2:BinaryandmultiplestarsinTaurus-Aurigacloudcomplex

SourceName Separation

367V773Tau 17土1 WTT/? 7.68 3.695 2.0
369FOTau 16.5土0.5 CTT/? 1.75 3.544 0.3
30DDTau 57土3 CTT/? 1 3.566 0.4
42/43UXTauABC 270士10 WTTX3 2.74 3.695 1.1
44FXTau 91士1 CTT/? 0.96 3.566 0.44
50XZTau 30土2 CTT/? 1.55 3.526 0.3

51/395V710TauAB 324土10 WTT/CTT 1.60 3.566 0.4
52/53UZTauew 34土6 CTTX3 1.60 3.566 0.42
59ⅠSTau 21土2 CTT/? 3.1 3.695 1.58

60/406HNTau 310士10 CTT/CTT 0.33 3.590 0.7
68VYTau 66士2 CTT/? 0.73 3.593 0.6
69V955Tau 33士3 CTT/ⅠRS 2 3.602 0.6

73/424Haro6-37 270士10 ･CTT/CTT 2 3.602 0.6
76UYAur 89士1 CTT/? 1,88 3.602 0.6
80/81RW AurAB 15土1 K3/CTT 7.58 3.708 1.6
378V819Tau 1050土300 WTT/? 0.95 3.602 0.72

386/387FVTau/C 72土10 CTTX4 3.643 1.0
389Haro6-10 121土4 K3,5/? 2.2 3.679
418HVTau 3.5士0.2 WTT/? 3.544
420ⅠW Tau 27土2 WTT/? 1.37 3.602 0.6

4.3 Resultswithsamplestars

lnthissectionweshowthespectral丘ttingofyoungstarswithcircumstellardisks

inbinaryormultiplesystemsintheorderfrommoreflaringtoless.

Luminositydensitiesestimatedfrom observedfluxesofV955Tauiswell-fitted

byourpassive鮎ringdisk(I- 1)model(Fig･18)･422LkHa332/G2and423

LkHa332/GlliewithintheIRASbeam forV955TauandthetotalIRASfluxhas

beenasslgnedtoV955Tau.Although thecommentonthissourcebyOsterloh&

Beckwith(1995)[7]isthataninnergaphastobeassumedrangingoutto4stellar

radii,thisgaplSnottakenintoaccollntinourcalculation.InUYTauobservational

dataexhibitmuchlargerluminositiesthanthetheoreticalcurvepredictedbytheflar-
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ingdisk(I-1)(Fig.19).WeshouldconsidersomeintrinsicheatsourcesuchaB

viscousheatingcausedbyturbulenceinsidethedisk.Wecanconsiderthatdustpar

ーiclesettlinghasnotstartedyetinthedisksofthesesystems,

InV773Tau(Fig･20)andV710Tau(Fig.21)observeddatacanbewell-fitted

bytheflareddisk(I-1)model･IRASfluxmeasurementsofV710Taurefersto

bothcomponentsAandBofthedoubletWecanconsiderdustparticlesettlinghas

notstartedyetinthesesources.ThereisnodifferencebetweentheI-0curveand

thecurveoftheblackbodyradiationfromthecentralstarinthesesources.HNTau

(Fig･22)andDDTau(Fig･23)havesigni丘cantlylargerluminositiesthanpredicted

byourpassivediskmodel.WhilethecontributionfromnearbyobjectnamedCZTau

couldbemeasuredseparatelyfromDDTauontheADDSCANtraces,theirintensity

positionpro別esdidoverlap.Thus,thedisksoftlleSeSOurCeSareCOnSideredtobean

activedisks.InthepaperorMiyake&Nakagawa(1995)【10日hespectrumofHNTau

iswell-fittedbythecaseforI-1andA-1.7×10-7Moyr-1.WeignoredtheIRAS

100IJmdatainSEDs丘ttingofsomesources･Thereareseveralplausibleexplanations

forexcessemissionat100pm･Emissionfromanextended,coldhalo(Natta1993[42])

orfromthemolecularcloudmightallcontributesubstantiallytotheIRASlooILm

data.

Haro6-37(Fig.24)iswellfittedbyourmodelinthecaseofI-0･Accordingto

Osterloh&Beckwith(1995日7],thissourceisanexampleofaconsistentpictureofa

starandanearbystandardreprocessingdisk(q-0･65)･FOTau(Fig･25)alsogives

awell-fittedexamplewiththeI-0curve.

RW Anr(Fig.26)andUXTau(Fig･27)cannotbefittedbyasingleparameter

ofI.Thisisconsideredtobeduetooccurenceofmassaccretionorcontributionofa

companionstar.TheobservedIRASfhxesofUXTaureferstobothcomponentsA

andB.SinceAismuchbrighterthan Binthenear-infrared,thetotalIRASfluxhas

beenassignedtoAforthepurposesofcomputingLtot･ThenearJRexcessofUXTau

canbeaccountedforthrough thefirstIRcompanionfoundbyLeinertetall(1993)

【31].
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4.4 Discussion

lnthissectionwe丘rstcommentonFig･1aorOsterlohandBeckwith(1995日7]

whichshowsthecorrelationbetweentheseparationsorbinariesandtheirauxdensities

atl･3mm (Fig･28)･ProjectedseparationsareaccordingtoLeimertetal･(1993)

[3llofmembersofmultiplesystems･Opencirclesdenotebinarymembersandcrosses

standforobjectsinsystemsconsistingmorethan twocomponents(triples,quadraples,

-)･Systemswhichareknowntohavemorethantwocomponentsaretreatedasa

separatesample.Theirsmallestprojectedseparationsarechosenfortheabscissain

Fig.28.

Inordertomakeacomparison,且uxdensitiesoftheisolatedstarsoftheLeinertet

al.(1993)[31】samplearbitraryorderedonI-axisareshown(Fig･29)･Fromthese

FiguresandsomestatisticaltestsperfわrmedbyOsterloh良Beckwith(1995)[7】,we

canunderstandthatbinaryseparationhasaneffectonparticleemissionfromthese

stars,andthatsinglestarsaremorelikelytohavestrongemissionthanbinaries.These

conclusionsalsohold,ifmembersofmultiplesystemswithmorethantwocomponents

areincludedinthesamples.Itissupposedthatthebinaryandmultiplesystemswill

havediskpropertiesdifferingfromthoseofsinglestars,sincethegravitationalfieldof

thecompanion(S)Willperturbtheorbitsofthediskmaterial･

Nowwewouldliketoinvestigatethecorrelationbetweentheprojectedseparations

ofbinariesandthesettlingdegreeofdustparticlesindisks.InFig.30weplotted

thebest-fittedI-factorsofsamplestarsagainstprojectedseparations.Contraryto

ourpredictionthatiftheseparationiscloser,I-factorincreases,wecannotfindany

slgnifiCantcorrelationbetweenthesetwovalues.Afewplausibleinterpretationsare

possibleaswediscussinthechapter5･
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Figure18:V955Tau
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Figure20:V773Tau
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Figure22:HNTau
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Figure24:Har°6-37
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Figure26:RW Aur
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5 Conclusionsanddiscussions

Ithasbeenknownforalmostthreedecadesthatthemajorityofstarsareinbinary

ormultiplesystems(Heintz1969[43];Batten1973[44]).Butitisonlyrecentlythatthe

questionofbinaryformationhasmetwithsubstantialinterest(Boss1988[45];Bonnell

etal.1991[46];Clarke&Pringle1991a,b[48];Mouschovia51991[49];Zinnecker1991

[501;Chapmaneta1.1992【5:り).Throughthesurveyof104samplesystemsinTaurus

starformingregion,Leinertetall(1993)[31]showsdegreeofmultiplicityforyoung

starsishigherthanformainsequencesolartypefieldstarsforthesameintervalof

separation(Duquennoy&Mayor1991[521)byafactorofl･9士0･3･So,ourworkmight

shedlighttosomeunresolvedissuesofdisksaroundyoungbinariesormultiples.

i)diskformationrate

ii)diskstructure(innerhole,且aring,-)

iii)differencebetweencloseandwidebinaries

iv)Possibilityofplanetarysystemformation

Nowwewillsummarizetheconclusionsdrawnfromthepreviouschapter.First,

radiationspectracalculatedbyourmodelarewell-fittedwiththeobservedfluxesin

manysources.Thisresultassuresthevalidityofourpassivediskmodel.Second,as

wehavealreadymentioned,closerseparationofbinariestendstoinhibitdustparticle

settling.Disksinwidebinariescanbetreatedasasinglestarbecauseofthesmaller

effectofcompanion.Inspiteofthisnaturalprediction,theresultofourcalculation

showsnosignificanteffectofcompanionstaronthedustparticlesettlinginthedisks

aroundbinaries.Twomainreasonsareconsidered:

1.Notsomanybinarystarssampled.

2.Observedseparationsofbinariesareprojectedseparationsanddifferentfromphys-

icalseparations.Weevenwouldexpectsomephysicallywidebinariestocontaminate

仙eclosebinarysample.
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AppendixA
HeatingandshadowingOfaflatthindisk

lnthisappedixwewilldiscusstheheatingandshadowingofa且atthindiskac-

cordingtothemethodofAdams&Slm (1986)[14].Considerthemutualheating

andshadowingoftwoelementsofarea,dA.withunitnormalヂonthesurfaceofthe

staranddADWithunitnormal20nthesurfaceofthedisk.Forpurposesofintegra-

tionoverthestarwhendADisheldfixed,letthevectorpositionofdA.expressedin

sphericalpolarcoordinatesber-.-(氏 ,0,¢),andletthevectorpositionofdADbe

r-D-(W,7r/2,0).(Weassumeherethatthediskisperfectlythinandflat;theeffects

arelargerifthediskflaresoutwardoriswarped.)Forintegrationoverthediskwhen

dA.isheldfiⅩed,itispreferabletoascribetheazimuthalcoordinate¢tothedisk.A

lightrayfromr-.tor-Dhasapathvector,

Sn=rD-r+I

whereβisthepathlength,

S-(R…+W2-2R.usinOcosQ)1/2

andn-istheunitpropagationvectorwiththedirectioncosines,

h･ダニ三(r･D-r-～)･ダニ三(wsinOcos¢-R･),

礼
h･2-三(r-D-r-･)･2--TCOSO･

(l l)

(12)

Ifweassumethatthedisklieswithintheopacitygapsothatnoabsorptionoccurs,

therate,dE;,atwhichradiantenergyoffrequencyl/travelingfromdA.isintercepted

bydAD,equals

dE;-I;(n-･ヂ)dA.ト n-･2)dAD/S2. (15)

WeassumethatIv'canbeapproximatedasaPlanckfunctionBvlT(0)]･Byintegrating

overallfrequenciesandoverthepartofthesurfaceareaofthestarwhichcanbeseen
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bydAD,theradiantenergylSinterceptedbytheupperfaceofthediskatw,atarate

perunitarea:

dE. 1-- rT=一二:
dAD 打Lq/2JT･4 (o)sinecosOdO/_'I ( %)4(芸 sinOcosQ-1)dQ･ (16)

Forgiven0,therangeofthe¢integrationisconfinedtoangleswheren-･ダニ0,i.e.,

from一九,to+ん Where

cosん ≡RJwsin0.

Thecontributionclosesttothepoleofthestaroriginatesat0-0wwith

sinOu≡凡/W,

(17)

(18)

sothatん -0atthispoint.

Inasteadystate,theupper(andlower)Sideofthediskmustradiatenotonlyits

ownaccretionenergy,butalsotheinterceptedstellarradiation,

qTi(W)- LD
47TRMIRJRD)](訂 3+急 (19,

whereLD representsthetotalluminosityofthedisk.Inasimilarfashion,thestar

mustradiatenotonlyitsownaccretionenergy,butalsotheintercepteddiskradiation,

JT･4(o)- 芸pTvrL3･ q･[1-(1-qD)･uD][1-(11nD)(1-u･)I/2]姦 +霊 ,(20)

whereplv,(R"0)L3/2istherateofreleaseofimpactenergybydirectinfallandwhere

wehavespreadthestellardissipationofrotationalenergylnaSphericallysymmetric

mannerforlackofbetterknowledge.Ifequation(19),therateofintercepteddisk

energy lS

詮-三coso/u7DgTA(W,i/_'I(%)4(
W

凡sinβcos¢
where

w.=RJsinO,

isthesmallestradiusofthediskobservableat♂onthestar.
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Inprinciple,equations(19)and(20)shouldalsoincludetheeffectoftheback

warmlngOfahotdustenvelope.Iftheinfallingenvelopeisopticallythicknearthe

dustdestructionfront,heatingbytheinfal1ingdustenvelopeeffectivelyaddstheterms

7.(W)qTd4andTD(0)JTd4,respectively,totheright-handsidesofequations(19)and

(20),where7.(W)isthefractionoftheskyviewedfromwinthedisknotblockedby

thestarandTID(0)isthefractionoftheskyviewedfrom0onthestarnotblockedby

thedisk.Inpractice,aslongasT.4andTAremainlargeincomparisonwithTd4,the
correctionisaminoreffect.

Equations(19)and(20),togetherwiththesubsidiaryde丘nitions(16)and(21),

constitutetwocoupledintegralequationswhichdetermineTD(LJ)andT.(0).Forthe

purposesofthisappendix,itsu氏cesto丘ndan approximateglobalsolutiontotheset.

weassumeT.(0)-constantIT.andTD(LJ)-TD･(LJ/R.)-3/4,andwechoosethe

constantsT.andTD･Suchthatequations(19)and(20)arevalidwhenintegratedover

theentiresurfacesofdiskandstar.TheintegrationswithrespecttodADanddA.

producetworeqlllrementS:

4打R:(I-芸)鶴 -LD戊 ,
4打R…C'T.4-L*+ED,

and

良-8打RW ･4/A?D等Lq/2sinOcosOdO/:U(警)4(芸 sinOco- 1)勅 (25)

ED - 8打Rm･震2sinOcosOdOL7D(訂3芳

雄u(%)4(芸 sinOcosQ-1)dQ,
with

sinO.D =RJRD･

Wecanwriteequations(25)and(26)inthesuggestiveforms:

瓦-fD4qR:(1l芸)qT･4,
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ED-I.4qR…UTA., (29)

wherebyintroducingthetransformationofvariables:

u≡RJu,V≡sinO,W ≡cos¢, (30)

andbyswitchingoneorderofintegration,wemayexpressfDandI.asthedimensionl

lessintegrals:

JD
打(1lu.D)I:Dh(u)du,
/ul.D u3h(u)du,

(vw-u)dw
(1IW2)1/2(1+u2-2uvw)2

withu,D=R./RD･Byajudiciouschangeofvariables(motivatedbyswitchingtoa

sphericalcoordinatesystemthelineJOlnlngthecenterofthestarandthediskpoint

becomesthepolaraxis),wecanintegrateequation(32)toobtain

h(u)-去【arcsin- (1-u2)1/2]･ (33)

Thesubstituitionofequation(33)intoequations(31)nowyields

JD-
(1-u.D)li言(1-i)arCSlnu+D-

きよ (1-u:D,1/2], (34)

ム-圭一警 arcsinu ･D 一 志(1-u:D)1′2(41u:D)･ (35)

ThefunctionsfD andI.areshowninTable3ofAdams&Shu(1986)[14];ofspecial

interestarethelimitingvalues,fD-1/4andI.-1/2-4/37T-0.0756foru.D-0.
NotealsothatfD-1/2foru.D-1becausehalfoftheskyisfilledwiththestellar

surfaceforanallowdiskattheequatorofthestar.

withequations(28)and(29)giving包 andED,WemaySOIveequations(23)and

(24)asasetofsimultaneouslinearequationsforqT,4andcrTAりObtaining

LD

47TR告1- u.D)LD(1-fJD)47TR告1-uw)
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AppendixB
ReprocesslngOfprotostellarradiationina且areddisk

lnthisappendixweglVeaShortdiscussionoftheprotostellarradiant且uxabsorbed

bythesurfaceofaflaredaccretiondiskaccordingtothemethodofRuden&Pollack

(1991)[12].Thespecialcasewherethediskisconsideredtoberazorthin(H-0)

hasbeenconsideredbyFtiedjung(1985)[13]andAdam S良Shu(1986日14]aswehave

describedinappendixA.Thegeneralcasewherethediskheightisnonzerohasbeen

discussedbyKenyon&Hartmann(1987)[531,buttheirdiscussioninanappendixof

theirpapercontainssomemisprints.Inthefollowlng,Weapplythegeneralmethod

presentedintheappendixofAdams良Shu(1986日14]･

LetthecenterofthediskbeintheI-0plane,anddenotethedistancefrom

I-axisbyw.ThesurfaceofthediskisadistanceH(LJ)abovethemidplane,sothatthe

sphericalradiusrsatisfiesr2-W2+H2･Let免dbethenormaltothesurfaceelement

dA.onthestellarsurface,andi-S免betherayfromtheelementdA.tothedisk

surface.TheenergyfluxfromdA.thatisinterceptednormallybyunitareaofthedisk

surfaceis

Fv-By(T･)//A.笠 (允･h･)(一免･免d), (38)

whereweassumethatthestarradiateslikeablackbodywithaconstantsurfacetemper-

atureT..Toevaluatethesurfaceintegral,itprovesmostconvenienttouseaspherical

coordinatesystemwherethepolaraxisisalongthelineJOlnlngthecenterorthestar

andadisksurfaceelement･Withrespecttothisaxis,thepolarangleis4,andthe

azimuthalangleis4･･Inthiscoordinatesystem,theintegralforthetotalstellaraux

interceptedbythediskbecomes

Fd - 2L∞ Bv(T･)/:mdtsin刷

･ /o'4maDdQlcos- (αW ･sin恒0両 os(a-β)], (39)

wherethefollowlngangleshavebeendefined:

tanα-芸,tanβ-芸,sin転 3 - R,～
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andwhere¢macisacomplicatedfunctionof4,andrwhosespecifiCformisnotrleeded.

Equation(39)isequivalenttoequation(A4)ofKenyon良Hartmann(1987日53]if

theirratioscl/C3andc2/C3areidentifiedascos(α-β)andsin(α-β),respectively.It

isalsoequivalenttotheformulaederivedbyFriedjung(1985)[13]andAdams&Shu

(1986)【14]ifH-0(i･e･,α-β)and¢.naX- q/2･Itisevidentfromequation(39)that

unlessαisgreaterthan Orequaltoβ,theinclinationofthedisksurface(withrespect

to2)istoosmallfordirectsolarilluminationtofallnormallyonthediskatradius

u.Futhermore,ifβ(LJ)isnotamonotonicallyincreasingfunctionofw,thentheinner

diskregionsWillshadowsomeoralloftheouterdiskreg10nSfromdirectillumination

bythecentralstar.

Inthispaper,wefocusourattentionprlmarilyonthediskregionsthatarerelatively

farfromthestar,u}jR"andthataregeometricallythin,H<{W.Inthisreglme,it

canbeshownthattheapproximation¢max- 7T/2isvalid,aresultwhichisexactinthe

limitHi 0.ThephysicalcontentofusingthisapproximationisthatwhenH<{LJ,

theprlmaryeffectofdiskflaringontheamountofinterceptedstellarfluxisdueto

thetiltofthedisksurfacetowardthestarratherthan duetotheheightofthedisk

surfaceabovethemidplaneI-0.Using¢m -7r/2,equation(39)Can beintegrated

analyticallytoyield

Fd-qT.4[芸sin(a-β)sin2*-aJ十 三cos(α-β)(4-aJ-sinO-aCCOSQ-aC)]･ (41)

InthelimitthatH≪wandw≫ 凡 ,wecan manlpulatethisequationintotheform

F d-qT･4 [孟 (告 )3.揺 )2(f ) (慧 → ) ] ･ (42,

The丘rsttermontheright-handsideisthesameasderivedbyFriedjung(1985日13】

andAdams&Shu(1986日14]forafiatdiskH-0･Thesecondtermintheright-hand

sideisacorrectionduetodiskflaring,whichisonlynonzeroifdlnH/dlnLJ>1,thatis

ifα>β.ThesecondtermdominatesthedisksurfacefluxwhenH(u)≫ 凡,whichis

trueintheplanetformationregionsofthesolarnebula.Equation(42)wasfirststated

(withoutderivation)byKusaka,NakanO,&Ha･yashi(1970)lll]･Wecanderivethe

temperaturedistributionofthediskfromequation(42)bydefiningthedisksurface
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temperaturetobeT(r)≡(Fd/q)1/4andbyrewritingwinthemoreconventional

notationasr(fromwhichitdiffersonlybytermsofsecondorderinH/u)inthe

followlng,

･(r,-T･li(苧)3･措)2(苦)(諾-1)]1′4 (43,

AssumlngaPlanckdistributionatthestellarsurface:L.-4汀R≡JT.4,wecanobtain

the丘rsttwotermsofequation(5)insection2.2.
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AppendixC
Viscousheatingbymassaccretioninsideadisk

lnthisappendixwedescribetheviscousheatingcausedbyturbulentmotioninside

thediskaccordingtothemethodperformedbyShakura&Sunyaev(1973)[16].Their

derivationisbasedonthediskmassaccretiontoblackholes,buttheirmethodcanbe

appliedtoourdiskmodel.

Toafirstapproximation,thediskmaterialsmaybeassumedtorotatearounda

centralstarincircularKeplerianorbits

(44)

Thefrictionbetweenadjacentlayers,connectedwiththeexistenceinthediskofturbu-

lenceandchaotic,smallscalemagneticfields,leadstothelossoftheangularmomentum

oftheparticles.Aradialcomponentofvelocityappearsandtheparticlesspiralinward

tothecentralstar
∑｡dOKr2

dt --∑｡vr誓 三豊 wr.r2 ･ (45)

Here,∑0-2/ozOpdzisthesurfacedensityofmatterinthedisk,W,¢isthestress

betweentheadjacentlayers.Inscalescomparablewiththeradius㍗,turbulenceisho-

mogeneousandisotropic.Tbdescribetheaveragemotionsinthepresenceorsuchtur-

bulenceonemayusetheformulaeobtainedforlaminarflowsonreplacingthemolecular

viscositybytheturbulentone77t-PVtl.Here,77t,Vt,andlaretheturbulentviscosity,

theturbulentvelocity,andthemaximalscaleoftheturbulentcell,respectively.For

tangentialstresses,wehave

dOK

~盲~
~̀∫ヽ

W,¢-77tRd二≡ニ～177t-二一讐～-pc…芸 (46)

wherethediskthicknesszo～rcS/vK.Thusthee氏ciencyoftwoofthemostimportant

mechanismsofangularmomentumtransportconnectedwiththemagnetic鮎ld(which

alwaysispresentinastrophysicalconditions)andturbulence(whoseexistenceinthe

diskislessde丘nite)

-wrQ ～PC…冨･vS2品 -- ≡
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canbecharacterizedbyonlyoneparameter,a･Accordingtoequation(47)

wr¢-2Lzow,Qdz--αEoc:･ (48)

Instationaryconditions,V,<0andM -2打∑ov,r -COnStandintegratingequation

(45)weobtain

MnKr2- -27'W ,¢r2+C. (49)

Practicallythewholeangularmomentum istransportedoutwardandonlyasmall

fractionoftheinitialangularmomentumfallstogetherwithmatterintothecentral

star･Theconstantinequation(49)isdeterminedbythecondition,W,や空oonthe

laststableorbit.Aself-consistentaxialsymmetricpictureusesInjectionofmatterat

someRl.Partofmattersituateda七月lfallsonthestarbutonemustimaglnealso

matterflOwsbeyondR1,takingawaytheexcessofan angularmomentum.

Inadirectionperpendiculartotheplaneofthediskthenormalcomponentof

thegravitationalforceofthestarisbalancedbythesumofthepressuregradients

ofgas,radiationturbulentandmagneticpressures･Theequationofhydrodynamic

equi一ibriumglVeSthehalfthicknessofthedisk

Cs
Zo=- r･

VK
(50)

Inlosingtheirangularmomentumtheparticlesalsolosetheirgravitationalenergy.

Partofthelattergoestoincreaslngthekineticenergyorrotationandtheotherpart

isconvertedintothermalenergyandcanberadiatedfromthesurfaceofthedisk.The

forcesleadingtotheangularmomentumtransferinarotatingsystemalsoinducethe

energyflowequalto-2打W,¢r2r2K･InKeplerianmotionwithOKincreasingInward

andW,¢<09theenergynowisdirectedoutward･Therateoftheenergydissipation

intheringbetweenR2andR3hasatem equaltodivergenceofthisenergyflow.

Collectingallterms,oneobtainstheenergyflux,radiatedfromunitsurfaceofthedisk

inunittime

Q - 芸wr¢r警
去 紳(要 一等 ) - 2qr2w r可
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孟撃 (ト伺･
Thisisequivalenttothelasttermofequation(5)insection2.20fourthesis.
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