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Abstract. We presentevolutionarymodelsfor low massstars
from 0.075to 1 M, for solartype metallicities[M/H]= 0 and
-0.5. The calculationsnclude the mostrecentinterior physics
andthe latestgeneratiorof non-gey atmospherenodels.We
providemass-age-colemagnitudeelationshipgor bothmetal-
licities. Themass-M, andmass-My relationsarein excellent
agreementvith theempiricalrelationsderived obsenationally.
The theoreticalcolormagnitudediagramsare comparedwith
thesequencesf globular clusterg(47 Tucanaepndopenclus-
ters(NGC2420andNGC2477)pbsenedwith theHubbleSpace
TelescopeComparisoris alsomadewith field starsequences
in My-(V —1I), Mg-(I — K) and Mk-(J — K) diagrams.
Thesecomparisonshav that the mostrecentimprovements
performedin low-massstaratmospherenodelsyield now re-
liable stellarmodelsin the nearinfrared. Thesemodelscanbe
usedfor metallicity, masstemperatur@ndluminosity calibra-
tions.Uncertaintiestill remainhowever, in theopticalspectral
region belov T.g ~ 3700K, wherepredicted(V-1) colorsare
tooblueby 0.5magfor agivenmagnitudeThepossibleorigins
for suchadiscrepang, mostlik ely a missingsourceof opacity
in the opticalandthe onsetof grainformationareexaminedin
detail.

Key words: stars:low-mass,browvn dwarfs — stars:evolution
— stars:Hertzsprung-Russ€HR) and C-M diagrams— stars:
interiors— stars:atmospheres

1. Introduction

The numerousdata obtainedwithin the pastfew yearswith
ground-basednd space-basedearinfrared projectsprovide
nowadaysa wealth of low-massstarobsenationsfrom 1 M,
down to the brown dwarf regime. Obsenationscover a wide
rangeof stellarpopulationspelongingo young,openor globu-
larclustersaandto haloanddiskfields.Theiranalysigequiresac-

* Tables 1 to 3 are only available in electronic form at the
CDS via anorymousftp to cdsarc.u-strasbg.{130.79.128.5pr via
http://cdswelu-strasbg.fr/Abstract.html

curatetheoreticamodelsspanninglargerangeof agesmasses
andmetallicities.Importantprogresshasbeenrealizedrecently
onthetheoreticakide,which emphasizethe complex physics
involvedin the modelingof thesecool anddenseobjects.Re-
centwork hasdemonstratethe necessityo useaccuratenter-
nal physicsand outerboundaryconditionsbasedon non-grey
atmospheranodelsto describecorrectly the mechanicaland
thermalpropertiesof low massobjects(Burrows et al. 1993;
Barafe etal. 1995,1997; ChabrierandBarafe 1997,CB97).
Thetremendougfforts accomplishedecentlyin themodeling
of atmospherenodelsandthe derivation of syntheticspectra
(seethereview by Allard et al. 1997),combinedwith interior
models,now provide syntheticcolors and magnitudeswhich
canbe comparedirectly to obsered quantities,avoiding the
useof uncertairempirical7.g andbolometriccorrectiorscales.

InarecenpapelBarafe etal. 1997 BCAH97),wehavede-
rived evolutionarymodelsfor metal-pooflow massstarsbased
on the stellar interior physicsdescribedn CB97 and on the
Allard andHauschildt(1998)”"NextGen” atmospherenodels.
Comparisorwith thelower Main Sequencef globular clusters
obsenedwith the HST hasassessethe validity of the models
in the metallicity-range—2.0 < [M/H] < —1.0. Thesuccess
of thesemodelshasbeenconfirmedrecentlyby new obsera-
tionsof NGC6397down to ~ 0.1 M, (King etal., 1998),but
moreimportantlywith the obsenationsrealizedwith the NIC-
MOS cameralndeedatthetime of theBCAH97 analysispnly
optical(V-1) colourswereavailablefor theclustersRecenbb-
senationsperformedwith NICMOS for thefirst time provide
colourmagnitudediagrams(CMDs) in the nearinfrared do-
main for wCen (Puloneet al. 1998) and NGC6397(Paresce,
priv. com.).Theagreementvith themodelsis excellentandthe
obsenationsconfirmin particularthe predictedblueshiftin IR
colorsnearthebottomof themainsequenceyhich stemsrom
ongoing collision-inducedabsorptionof molecularhydrogen
(seeBCAH97 Fig. 7). This, we believe, assessethe reliabil-
ity of our metal-poormodelsdown to the bottom of the main
seguence.

The natural continuationof this work is the extensionto
solarlike metallicities. Thisis theaim of thepresenpaperThe
presentcalculationsare basedon the samemicrophysicsde-
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scribedin CB97,andare confrontedto available obsenations
in therange—0.5 < [M/H] < 0. The calculationof atmo-
spheremodelsfor solar metal-compositioris renderedmore
comple by the importanceof molecularmetal-bandswhich
shapethe emegentspectrum.n this rangeof metallicity, the
stellarspectraandatmospheristructureecomererysensitve
to thetreatmenbf molecularopacity dominatedy H,O in the
IR andTiO and,to a lessextent, VO in the optical. It is thus
essentiato confronttheorywith obsenationsat thesewave-
lengthsto determinegthe remaininguncertaintiesn the models
for solarmetallicity. We first summarizethe physicsentering
specificallythe solarmodels(Sect.2). In Sect.3, we compare
the theoreticalmass-magnitudeelationshipsn the V- andK-
bandswith theobsenationally-derved relationshipsln Sect 4,
we comparaheresultswith obsened CMDs of (i) theglobular
cluster47 Tucanaewith [M/H] ~ -0.5, (ii) two openclusters
obseredwith theHST, NGC2477 andN GC2420 with [M/H]
~ 0, and(iii) diskfield starsin opticalandnearinfraredcolors.
Sect.5 is devotedto the conclusion.

2. Theory

A completedescriptionof the physicsinvolvedin the models
is given in CB97 andthe atmospheranodelsaredescribedn
Allard andHauschildt(1998,AH98). We only briefly summa-
rizethemaininputs.Thesemodelsarebasednthemostrecent
physicscharacteristioof low-massstar interiors, equationof
state(Saumon,Chabrier& VanHorn1995,SCVH EOS), en-
hancementactorsof the nuclearates(Chabrierl998)andup-
datedopacitieqIglesias& Rogersl996;0PAL), thelastgener
ationof non-grey atmospherenodelgAllard etal. 1997;AH98)
andaccurateboundaryconditionsbetweertheinterior andthe
atmosphererofiles(CB97;BCAH97).

As shavn in detailin Sect.2 of CB97,the purehydrogen-
heliumSCVHEOQOSremainsvalid to describeheinterior struc-
ture andthe evolution of objectswith solarmetal-alnndances,
given thevery smallnumberalundancef metals Comparison
with an EOSincluding metals(e.g.Mihalas,Dappen& Hum-
mer1988;MHD) in its domainof validity ( > 0.4M,) reveals
differencesof lessthan1.3%in T, and1% in L for a given
mass.

CB97have alsoexaminedextensvely theeffectof theouter
boundaryconditionsbetweernthe interior andthe atmosphere
profiles(seetheir Sect.2.5). Theseconditionsarecrucial since
they determinghemass? ¢ andT;,;-T.g relationshipsThese
authorshave demonstratethatanygrey approximations phys-
ically incorrectbelon Tog ~ 5000 — 4500 K (~ 0.6 —0.8 M),
dependingon the metallicity, (seealsoFig. 1 below) andhave
stressedhe necessityto usenon-grgy atmospherenodelsand
accurateboundaryconditionsto derive reliablelow-massstar
models As shavn by theseauthorsagrey approximatioryields
denserand cooleratmosphererofiles below the photosphere
andthusoverestimatethe effectivetempeature, and the lumi-
nosityfor agivenmasgseefFig. 5 of CB97),yieldingerroneous
evolutionarytracksand mass-luminosityelationshipsThis is
clearlyillustratedin Fig. 1 which compareghe effective tem-
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Fig.1. Central temperature-&ctive temperature relation for
[M/H]=0 for stellarmodelsbasedon differentouterboundarycon-
ditions: consistenboundaryconditions(seeCB97 Sect.2.5) with the
presennon-gre atmospherenodels(solid line, this paper);grey (Ed-
dington) approximation(dashedine). The changeof slopearedis-
cussedn thetext.

peraturesscentratemperatureelationshipn thelow-massstar
regime down to the browvn dwarf limit whenusingeithercon-
sistentnon-grey boundaryconditionsor a grey approximation.
The modelsare displayedin Fig. 1 for an aget=5 Gyrs. We
noteseveralmodulationsn theserelationswhich stemfrom the
very atmospheri@and/orinternalpropertiesof thesestars.The
changeof slopebelov 0.8M, reflectsthedecreasingfficiency
of hydrogenburning at t=5 Gyrs, leadingto a steepedrop of
Teg With T.. WhenH burningis efficient,adecreasef thecen-
tral hydrogenabundanceX g in theradiative core,andthusan
increaseof the molecularweight i resultsin anincreaseof T,
andthusL (L o T « p* for radiation),which provokes the
expansiorof theervelope Thisincreas®f thetotalradiusof the
starleadsto a lesssteepincreaseof T,g (Teq o< L'/*/R/?).
Corversely below 0.8 M, the increasingcentralabundance
of hydrogenwith decreasingnassleadsto the fasterdrop of
T.s with T, displayedin Fig. 1. The changeof slopearound
~ 0.5 Mg, reflectstheonsetof H, molecularformationnearthe
photosphereThis lowersthe adiabaticgradientandfavors the
onsebf convectionin theatmospheréAuman,1969;Copeland,
Jense& Jagensen]1970;Kroupa,Tout& Gilmore,1990).The
centratemperatur&eepsecreasingut, giventheefficiencgy of
corvective transportthe effective temperatureloesnotdropas
quickly asit wouldwithoutH,. Thelastdropbelov ~ 0.2 M,
reflectsheoverwhelmingmportanceof electrondegeneragin
theinterior (seeCB97).

The "NextGen” atmosphere models of Allard and
Hauschildt(1997)represena substantiaimprovementwith re-
spectothepreviousso-calledBase”generatiomodelgAllard
andHauschildt,1995)andcover awide rangeof temperatures
andmetallicities.The treatmenbf pressurdroadeningandof
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moleculadine absorptiorcoeficientsis considerablymproved
in the”"NextGen” modelsandleadsto physicallymorereliable
atmospherenodels(seeAllard etal. 1997, for details).A com-
parisonof themassT . relationshipobtainedwith stellarmod-
elsbasedn bothsetsof atmospherenodelsis shovn in Fig. 2.
A preliminary setof the presentimproved stellarmodelshas
beenpresentedh Chabrier Barafe & Plez(1996,CBP96)and
hasbeenshavntoyield amass-M, relationshign betteragree-
mentwith theobsenationally-dernved relationof HenryandMc
Carthy(1993,HMC93)thanmodelshasednthe”Base”atmo-
spheresThe main differencebetweenthis preliminary set of
the "NextGen” atmosphereanodelsandthe presentoneis the
differentwaterline list, the Jogenser{1994)onein CBP96and
theMiller etal. (1994)onein thepresenimodels.As shovnin
Fig. 2, evolutionarymodelsbasedon both setsof atmosphere
modelsare very similar in a global, bolometricdiagram,but
the Miller et al. (1994)water linelist yields a substantiaim-
provementin theK-band,illustratedby thegoodmatchwith the
empiricalmass-M relationship,aswill be shovn in Sect.3.
CBP96also presentedolar metallicity modelsbasedon non-
grey atmospherenodelscomputedby Brett and Plez (Plez et
al.1992;Brett,1995;Plez,1995 priv. comm.,BP95). Werecall
thattheBP95andthe”’NextGen” modelsarebasedn different
TiOandH;Olinelists (seeCBP96for details) Fig. 2 shavsthat
evolutionarymodelshasednthe BP95atmospherenodelslie
betweenthe "Base” andthe "NextGen” models.The different
setof modelsandcorrespondingyntheticcolorswill beexam-
inedin Sect.3 andSect.4. It is importantatthis stageto stress
an essentiapoint: sincethe atmosphererofilesfix the outer
boundaryconditionfor the stellarinteriorandareusedto com-
putethesyntheticspectrait is essentiglfor sake of consisteng
whenderiving theoreticalmass-magnitude-coloelationships,
to adopttheboundaryconditionsandthesyntheticcolorsbased
onthesameatmosphegstructues Any modelproviding mass-
T.g relationshipbasednagivensetof atmospherenodelsand
usingsyntheticcolorsbasednadifferentsetto derivethe T,4-
colorrelationshipis severelyinconsistenandthusinaccurate.

We have computedgrids of modelsfrom 1 Mg down
to the brown dwarf limit, i.e ~ 0.075M, for [M/H]=0 and
~ 0.079M, for [M/H]=-0.5. Thetheoreticalcharacteristicef
the presentmodels,effective temperaturegravity, bolometric
magnitudeandmagnitudei VRIJHK for severalagesrelisted
in Tables1-2. The "NextGen” modelshave beenextendedto
higher effective temperaturesgnablingus to extendthe mass
gridupto 1 Mg, insteadof 0.8 M, in CB97.Notethatthe 0.8
M with [M/H]=0 in CB97(cf their Table.2)is calculatedwith
anouterboundaryconditionbasedon a T(r) relationship.For
solammetallicitytheresultsor thisrangeof Teg (Teg > 4500K)
aresimilarto modelsdasednnon-gre atmospherenodelgsee
Fig.1),since(i) atmosphericorvectionremaindelow thepho-
tosphereand (i) moleculeswhich introducestrongnon-grey
effects,arestableonly in the outermostayers.We stresshow-
ever, that this limit dependson the metallicity. For sub-solar
abundancesthis occursfor higher temperatures].g > 5000
K (cf CB97).
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Fig.2. Mass-efective temperaturerelation for [M/H]=-0.5 (top
cunwe) and M/ H]=0 (bottomcurwve) for stellarmodelsbasedon dif-
ferentatmospherenodels:"NextGen” (solid line, this paper);"Base”
(dashedine, BCAH95); preliminarysetof the”’NextGen”modelswith
the Jogenser(1994)waterlinelist for [M/H]=0 (CBP96;dottedline);
BP95for [M/H]=0 (dash-dottetine). Thefull circlescorrespondothe
presenmodelswith inputsspecificto theSun(i.e « = 1.9, Y=0.282,
seetext).

We use a helium abundanceY=0.275 (resp. 0.25) for
[M/H]=0 (resp.-0.5) and a generalmixing length parameter
a = I/H, = 1. As shovn in CB97 and BCAH97, although
variationsof this parametearoundstandardvalues(within ~
afactor2) areinconsequentiabelov ~ 0.6 M, they become
importantabove this limit, asexaminedbelov. We thus have
alsocomputedmodelsfrom 0.7 to 1 M basedon the inputs
whichreproducehepropertieof theSunat4.61Gyrs,namely
a =1.9andY= 0.282.Suchmodelsaregiven in Table 3 and
shavn in Fig. 2 (filled circles).Notethatwhenusingthe MHD
EOS, thesolarmodelis fitted with o = 2 andY =0.28with an
outerboundaryconditionbasedndetailedatmospherenodels,
andwith « = 1.6 andY =0.28whenusinga T(r) relationship
(e.g.the Eddingtonapproximation) As seenfrom a compari-
sonbetweenTablesl and3, thevariationof the mixing length
parametefrom 1 to 1.9translatesnto a 9% differencen L and
4%to 7%in T.g above0.7 Mg .

3. The mass-magnitude relationships

Inthissectionweanalysdhetheoreticamass magnitudeela-
tionshipsandcomparehemto the obsenationaldata ofHenry
andMc Carthy(1993,HMC93). CPB96have alreadypresented
thetheoreticalmassa/y, relationshipandits comparisorwith
the empiricalfit derived by HMC93. As stressedy theseau-
thors,the HMC93 it is just an averagefit amongthe dataand
mustbe considereanly asa (useful)guideline,for it doesnot
take into accountphysicaldifferencesdue to ageand metal-
licity. Althoughthe obsenationaldatasuffer from large uncer
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taintieson the massdeterminationthey still provide stringent
constraintdor the structureandthe evolution of low-massstar
modelsjn particularin thecrucialregion nearthebottomof the
main sequenceAs mentionedin CBP96,althoughthe agree-
mentbetweertheoryandobsenationatthistime was excellent
in the V-band,the theoreticalrelationshipwas about0.5 mag
fainterthanthe empiricalonebelor ~ 0.5 Mg, in theK-band.
It clearlyreflectedthe overestimatedvaterabsorptionn these
model atmospheresThe inclusion of the Miller et al. (1994)
waterline list in the presentatmospherenodelsclearly solves
this shortcomingandyields now an excellentagreementvith

thedatasetandtheempiricalrelationderived by HMC93.Both

m-My andm-M g relationsaredisplayedn Figs.3a,b Different
agesaredisplayedfor the presensolarmetallicity models.

A striking featureillustratedin Figs. 3a,bis the very weak
metallicity-dependencin the K-band, which becomesunob-
servablebelov ~ 0.4Mq (Teg ~ 3500K), comparedo the
strong dependencén the V-band. This comesfrom the fact
thatbelowv T,g ~ 3500K, which correspondso the onsetof
molecularformation,the opacityin the V-band,dominatedby
TiO andVO, increasesvith metallicity sothatthe peakof the
enegy distributionis shiftedtowardlargerwavelengthsin par
ticular to the K-band (seee.qg. Fig. 3 of Allard et al., 1997).
This yields a decreasing/-flux andanincreasingK-flux with
increasingmetallicity. On theotherhand,for agivenmassthe
effectivetemperaturelecreasewith increasingmetallicity (see
e.9.CB97Fig. 13andTablesl-2)sothatthetotalflux decreases
(F o T?%). Thesetwo effectscompensatén the K-band,yield-
ing similar K-fluxesfor [M/H] = —0.5 and0, whereashey
addup in the V-band,resultingin the importantsignatureof
metallicity in this passbandNote thatthe previous aguments
remainvalid aslong asH2 collision-inducedabsorptiondoes
not depresssignificantly the flux in the K-band, which is the
casefor metalpoorlow massstarsat the bottom of the Main
Sequence.

4. Color-magnitude diagrams
4.1. Openandglobular clustermainsequences

e 47Tuc(Fig.4) This glohularclustethasbeerobsenedrecently
by Santiagoet al. (1996)with the HST Wide Field and Plan-
etary Camen-2 (WFPC2)in the F606WW and F'814W filters.
Thanksto thecourtesyof G. GilmoreandR. Elson,we areable
to comparghe modelswith obserationsin thesebandsjn the
so-calledWFPC2Flight system,asdonefor metal-poorclus-
tersin BCAH97.We usetheanalyticalrelationship®f Cardelli
etal. (1989)to calculatethe extinctionsfrom the M-dwarf syn-
thetic spectraof Allard & Hauschildt(1998) over the whole
frequeng-range,with the reddeningvalue E(B — V') quoted
by the obserers. The obsered data,correctedfor reddening,
arethencomparedvith themodels We adoptthedistancenod-
ulus (m-M), = 13.38andreddeninge(B-V)=0.04 of Santiago
etal. (1996).This yields the following extinction corrections:
Asss (N Av) =0.125,A406 = 0.115andA814 (N A]) =0.08,
whereV andl referto thestandardlohnson-Cousirfdters. The
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Fig. 3. aMass4/y relation.Thefull circlesarethedata ofHenryand
Mc Carthy(1993).Solidlines:presenmodelsor [M/H]=0 (lowerline)
and[M/H]=-0.5 (upperine). Dashedine: "Base”modelgor [M/H]=0.
Theopentrianglescorrespondo presensolarmetallicity modelswith
inputs specificto the Sun(a = 1.9, Y=0.282,seetext). The models
above correspondo t=5 Gyrs. Dottedline: presenfM/H]=0 models
for t=100Myrs. Werecallthatthezero-agenain-sequencir a0.075
Mg staris ~ 3 Gyr. b Sameasa for theMassA/k relation.

iron alundancefor the clusteris [Fe/H] ~ —0.7, —0.65 (San-
tiagoetal. 1996;Caretta& Gratton1997),which corresponds
to a total metallicity [M/H] ~ —0.5 whentakinginto account
the overalundanceof a-elementgRyan & Norris, 1991; see
BCAH97).
Fig.4displaygheresultdort=10andt=14Gyrs.Theageef-
fectis neggligible below theturn-off massnzo ~ 0.85—0.9M¢
att=10 Gyrsand~ 0.8M4 att=14 Gyrs. Comparisoris also
madewith modelscalculatedwvith amixing lengthparametery
=2, whichaffectstheevolutiononlyform > 0.6Mg. Asshovn
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10

Msos o M814

Fig.4. CMD for 47 Tuc. The dataare from Santiagoet al. (1996).
The modelscorrespondo [M/H]=-0.5 anddifferentagesandmixing

lengthparametersSolidline (opencircles):t=10Gyrsanda=1;dashed
line (filled circles):t=10 Gyrsanda=2; crossest=14 Gyrsanda=1.

Below 0.6 M, the varioussymbolsareundistinguishablandreflect
thenegligible effectof ageand« for suchmassesThemassesdicated
correspondo the opencircleson thesolid curve.

in thefigure, the theoreticalisochronegalculatedwith o = 1
canbeupto ~ 0.05magtooredin theuppermostnainsequence
(Mg14 <6.5i.em >0.6My) andupto ~ 0.1magtoobluein the
lower mainsequencgMg4 > 7.5). Adoptinga 0.2 maglarger
distancamoduluswould bringtheuppemainsequencé good
agreementput the lower main sequencevould be 0.08 mag
tooblue.A possiblecalibrationproblemof thedatain theHST
filters seemaunlikely sincewe have usedobsenationsfrom the
samegroup, with the samefilters and calibrationtransforma-
tions, for w-Cen([M/H] ~ -1), andagreemenbetweertheory
andobsenationsis excellent(cf. BCAH97). Althoughthedif-
ferencesn theuppemainsequenceeflectverylikely theneed
to usealarger, solarlik e valuefor themixing lengthparameter
it is prematureat this stage to examinein detail the origin of
thediscrepang at faintmagnitudegiven thestill largeobsena-
tionalerrorbarswhichrangefrom 4-0.04 to +-0.17 magin Mgog
and Msy4 (Gilmore, priv. com.).If the offsetis confirmedby
futureobsenations,it reflectsverylikely theonsetof theshort-
comingdueto thetreatmenbf TiO, whichbecome®bviousfor
solarmetallicity (seebelow).

¢ NGC2420andNGC2477(Fig. 5) UsingtheHST WFPC2
camerayon Hippel et al. (1996) have obtaineddeepV- and
I-band photometryfor the two openclustersNGC 2420 and
NGC 2477,with nearsolarmetallicity. The instrumentaldata
werekindly provided by T. von Hippel and transformednto
the standardlohnson-Cousinsystemusing the calibrationof
Holtzmannetal. (1995).NGC2420is rathermetal-poorfor an
opencluster with [Fe/H] ~ -0.45andNGC2477is moremetal-
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Fig.5. CMD for NGC242((filled circles)andNGC2477(filled trian-
gles).The dataarefrom von Hippel et al. (1996),with their distance
modulusandreddeningcorrections(seetext). The isochronesorre-
spondto [M/H]=-0.5 (dashedine, x) and[M/H]=0 (solid line, o) for
anaget=1 Gyr anda mixing lengthparameter. = 1. The massesn-
dicatedcorrespondo the opencircleson the solid curve Thecrosses
([M/H]=-0.5) correspondo lower massegseeTable?2).

richwith [Fe/H] ~ 0. Comparisorof theoreticalsochronesvith
suchdata ofersanexcellentopportunityto testthepresentnod-
els betweenM/H]=-0.5 and0. We adoptthe distancemoduli
andreddeningcorrectionsquotedby von Hippel et al. (1996),
i.e. (m-M), = 11.95andE(B-V) = 0.05for NGC2420,which
correspondgo extinction correctionsAy = 0.155and A =
0.09,and(m-M), = 10.6andthecanonicalvalueE(B-V) =0.33
for NGC2477,which gives Ay, = 1.01andA; = 0.60. Since
NGC2477is known to bedifferentiallyreddenedthe compari-
sonwith theoreticatracksis adelicatetask.However, vonHip-
peletal. (1996)have examinedtheeffectsof variablereddening
E(B-V), from 0.2t0 0.4,andcomparedheir sequencevith the
solarmetallicity mainsequencetarsof Monetetal. (1992),for
which trigonometricparallayesare available. The goodagree-
mentbetweenboth setsof datashaws thatthe combinationof
their adopteddistancemodulus,photometrictransformations
andreddeningcorrectionis reasonable.

Basedon isochroneditting, the ageinferredfor NGC2420
rangesfrom 2 to 4 Gyrs and for NGC2477from 0.6to 1.5
Gyrs (von Hippel et al. 1996,andreferencesherein).The ob-
sened stars for both clusterslie in therange8 < My < 14,
which correspondgo 0.13M¢ <m <0.65Mg. Starsin this
mass-rangdave alreadysettledon the main sequenceso that
ageeffectsare completelynegligible from 0.6to 5 Gyrs. The
comparisorwith obsenationsin Fig. 5 is shavn for t=1 Gyr
isochronesAsseenfor My < 10(m > 0.5M) thedatdie well
betweerthetwo differentmetallicity sequencesgonfirmingthe
agreemenbbtainedor 47 Tuc.Belov m=0.5M ¢, however, the
isochronesare significantlytoo blue anddepartby almost0.5
magfrom theNGC2477obseredsequencéelon ~ 0.15 M.
Thereasorfor suchadiscrepang will beexaminedbelow.
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Fig.6. CMD for disk stars:the dataare
from Monet et al. (1992) (filled squares)
and Dahn et al. (1995) (dots). The se-
quenceof NGC2477is also shawn, with
the samedistancemodulusand reddening
asin Fig. 4 (filled triangles).Dashedline
(x): presentmodelsfor [M/H]=-0.5. Solid
line (0): presentodelsfor [M/H]=0. Dash-
dotted line: "Base” modelsfor [M/H]=0.
Hatchedline: BP95 modelsfor [M/H]=0.

4.2. Diskfield stars

e My -(V-1) CMD (Fig. 6)

Fig. 6 displaystheobsenredlocal sampleof (thin)-diskstars
of Monetetal. (1992)(full squaresandDahnetal.(1995)(dots)
for which trigonometricparallaxeshave beendeterminedThe
sequencef NGC2477is alsoshavn (full triangles)andis con-
sistentwith thedisk populationasmentionedn Sect.4.1.The
theoreticaisochronegorrespondo anaget=1 Gyr, for which
all starswith m > 0.08M4 have settledon the mainsequence
sothatageeffectsfor t>1 Gyr arenegligible. Fig. 6 displays
the presenmodelsfor [M/H]=-0.5 (dashedine) and[M/H]=0
(solidline), thesequencebtainedwith the"Base” atmosphere
models(dash-dotline) and the BP95 atmospheranodelsfor
[M/H]=0 (hatchedine). Thediscrepang mentionedreviously
belov 0.5Mg (My ~ 10; Teg ~ 3600 K) is obviousdown to
thebottomof themainsequenceMy ~ 20. This clearlyillus-
tratesa real shortcomingin the presentmodels.The previous
"Base”modelsyield a betteragreementlovnto My, ~ 14 and
areoff by ~ 0.3 magonly beyondthis limit, asalreadymen-
tionedin BCAH95. We stresshowever, thatthis betteragree-
mentis fortuitousandstemsfrom the overestimateapacityin
theV-banddueto theinaccuratestraightMeanapproximation.
The modelsbasedon BP95 exhibit the samebehaiour asthe
"NextGen” models.

¢ Possiblemissingsource of opacityin theoptical:

Analyzingthepossibleshortcoming$n themodelswefirst
note that the departurebetweenmodelsand obsenrationsap-
pearsat My ~ 10, which corresponds$o T.g ~ 3600K. This
temperaturdasbeenpointedout by Leggettetal. (1996)who
compareobsened spectraof red dwarfs with the "NextGen”

The isochronescorrespondto an aget=1
Gyr. Themasseidicatedcorrespondo the
opencirclesonthesolid cune.

syntheticspectra.Theseauthorsnotethat a large discrepang
appeardor wavelengthsshorterthan0.7 um below this tem-
perature.Since TiO dominatesthe enepy distribution of dM
starsin the range0.6-1.1um, the discrepang may be dueto
shortcomingsn presentlyavailable TiO line lists. VO is also
an importantabsorberbut only for spectraltypeslater than
dM5, which correspondso m = 0.1Mg and My ~ 16 (Tog ~
2800K, cf. Barafe andChabrierl996).Moreover, comparison
betweersyntheticandobsered spectraof late type M-dwarfs
shavs anoverestimatef VO absorptiorfeaturesn theR-band
of syntheticspectraratherthat an underestimateequiredto
explain too blue (V-1) colors(Leggettet al. 1996). Therefore,
uncertaintiesn the treatmenbf VO shouldnot be responsible
for thedepartureobseredat My, ~ 10 andbelow.

Alvarez& Plez(1998)recentlyanalyzechearinfraredpho-
tometry of M-giantswith animproved versionof the Plez et
al. (1992)atmospherenodels.Although TiO andVVO molecu-
lar datahave beenupdatedthe modelsstill shav adiscrepang
with obsenationsbelov T, ~ 3100K, aswasalreadythecase
with theBP95models basedn thework by Plezetal. (1992)
(seehatchedine in Fig. 6). Alvarez& Plez(1998)interpretthis
departur@sanindicationfor amissingsourceof opacityaround
(shortwardof) 1 um. An underestimatef theopacityin thisre-
gion could beresponsibldor anoverestimatef the V-flux by
afew tenthsof amagnitudeyielding too blue (V-I) colorsfor a
given massEventhoughourmassa/y relationshipagreesvell
with the empiricalfit of HMC93, suchan uncertaintyremains
within the obsenationalerrorbars(cf. Fig. 3a).

In orderto estimatethe effect of a missing opacity and
overestimated/-flux on the syntheticspectraandatmosphere
profiles, we have arbitrarily increaseddy a factor5 the total
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opacity coeficient in the spectralregion covering the V-band
(k\ = 5 x Ky, with A\ = 0.47- 0.7 um) in orderto obtain
afainterV-flux. Thetestatmospherenodelsareperformedfor
[M/H]=0, T.g = 3400K andT.s = 2800K with log g = 5 which
roughlycorrespondo My ~ 11.4, m~ 0.3Mg andMy ~ 16,
m ~ 0.1Mg, respectiely, on the solarmetallicty isochroneof
Fig. 6. Themaineffectis areddern(V-I) colorby 0.6 maganda
fainterMy, by 0.5magfor 0.3M g andaredder(V-1) by 1.1mag
andfainter My, by 0.8 magfor 0.1 Mg,. Interestinglyenough
the sameincreaseof opacity translatednto a larger effect at
coolertemperaturé0.1 M), asneededWe stressalsothatthe
atmosphererofiles are hardly affected, suggestinghat such
an increaseof the opacityin the V-bandwill not modify the
agreementeachedy the presentmodelsin the nearinfrared
passbandéseebelow). Indeed the J, H, K bandsremainses-
sentiallyunafectedwhereaghel-flux is slightly increased0.3
mag at most). Although thesecalculationsare by no meansa

proof,they shav thata moderatdlessthanafactor5) increase

of theV-bandopacitywouldsolvethediscrepang betweerthe-
ory andobsenationfor solarmetallicityin theopticalbelov 0.4
M without affectingsignificantlythe IR colors.Notethatthis
(clearlyoverestimatedincreaseof the My -magnitudeyieldsa
massA/y relationshipwhich remainswithin the obsenational
errorbars(Fig. 3a),contrarilyto the oneobtainedwith the pre-
viousgeneratiorof "Base”atmospherenodels Thissimpletest
only suggestthatamissingopacityin theV-bandcouldimprove
themodels but a systemati@nalysisof all possiblesourcesf
uncertaintyis requiredto drav any robustconclusion.

Regardingpossiblesourcef missingopacity we notethe
presencen late type M-dwarf spectraof a strongabsorption
featureat A ~ 0.55um dueto CaOH (seeAllard et al. 1997
andreferencesherein),which is not takeninto accountin the
presentmodels.Although we do not expectthis moleculeto
solve entirely the problemin the V-band,the next generation
of atmospheranodelsshouldtake it into accountin orderto
improve the comparisorwith obsened spectraFinally, below
Toq ~ 2800K, grainformationin theouterlayersof theatmo-
spheremay affect the spectraandcould beresponsibldor the
discrepang found at magnitudegainterthan My ~ 16 (Tsuji
etal. 1996aAllard 1997a,b).

In spiteof thetremendousnpraovementperformedecently
in cool-staratmospherenodels,the descriptionof molecular
absorberaroundl pum andT.g < 3700K remainsuncertain.
Thesolutionof thisproblem andthetreatmenbf grains repre-
sentthe main challengedor the next generatiorof cool object
atmospherenodels.

e Mk - (I-K) CMD (Fig. 7)

The situationin the nearinfrared is much betterand the
"NextGen"modelsshav arealimprovementbver earliergener
ationsof modelsAsshowvnin Sect.3,themassA/ relationship
agreeswell with the obsenrationalempiricalrelation. Leggett
et al. (1996) reachas good an agreemenbetweenobsenred
andsyntheticspectrafor A > 0.7 um andT,g¢ > 2700K. The
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Fig. 7. Mk -(1-K) CMD: thefield stars(full circles)arefrom Tinney et
al. (1993;1995).ThePleiadebjects(full squaresarefrom Steeleet
al. (1993,1995)andZapatercetal. (1997).Solid line presenmodels
for t=5 Gyrs and [M/H]=-1, -0.5, 0 from left to right, asindicated.
Dashedine: presentmodelsfor t=120Myrs and[M/H]=0. Thecrosses
on the solid curvescorrespondo the following masse$.08 (except
for [M/H]=-1), 0.09,0.1,0.11and0.13Mg.

orio, 1997; Cosshirn et al., 1997, Pinfield et al. 1997). Such
an agreementould not be achieved with the stellar models
basedon the previous "Base” atmospheranodels.Regarding
field stars,Tinney et al. (1993,1995)carriedout a parallaxpro-
gramon very low massstarswith available photometryin the
| andK passbandsTheseobjectshave all tangentialvelocities
< 110 km.s™! andrepresent sampleof old disk andyoung
disk populations.

Fig. 7 shawvs thesedata (filled circles), comparedto the
presenimodelsfor metallicity rangingfrom [M/H]= -1.0to O.
Pleiadebjects(Steeleetal. 1993,1995;Zapatercetal. 1997)
arealsodisplayed(filled squarespndcomparedwith the 120
Myrs isochroneof the presensolarmetallicity models(dashed
line), areasonablegefor this cluster(Basrietal, 1996).The
lowestmasse®f the 5 Gyr isochronesorrespondo the hy-
drogenburningminimummass(i.e. ~ 0.075, 0.0790.083M,
for [M/H]=0, -0.5, -1.0respectiely). The120Myrsisochrones
extendinto the brown dwarf regime.

As alreadymentionedandshawn in Fig. 7, the bulk of the
Pleiade®bjectsat M ~ 8 — 8.5 (i.e., Teg ~ 3000K) agrees
fairly well with the 120 Myrs isochroneof the presentmod-
els. Even in the brown dwarf regime, i.e. belov 0.075M,
which corresponds$o My >9 andT.g < 2800K for this age,
the agreements still reasonablealthoughthe formation of
grainsat suchlow temperaturesnay alter the spectraThis is
indeedsuggestetly thefirst resultsof the DENIS survey which
revealedseveralbrown dwarfcandidateshaving extremelyred

presentmodelsreproduceaccuratelythe obsened sequences (J-K) colors (Forveille et al. 1997). Obsenred valuesof (J-K)

of youngclusterdik e the PleiadesandPraesepéZapatercOs-

> 1 cannotbereproducedy the currentgrainlessatmosphere
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models(cf. Barafe andChabrierl997andFig. 8) but seenmto
bein agreemenwith preliminarycalculationsincluding grain
formation (Tsuji et al. 1996a;Allard, 1997a,b) Although not
shawn in Fig. 7 for sale of clarity, stellarmodelsbasedon the
previous"Base”atmospherenodelswveretooredby ~ 0.3mag.

TheTinney et al. (1993;1995)sampleis particularlyinter-
esting sinceit coverstheverybottomof themainsequenceyith
objectsfainterthan M ~ 8.5, which correspond$o a solar
metallicitymainsequencstarof ~ 0.13M g andZ.g < 3000K.
Interestinglyenoughthe dataarewell distributedbetweerthe
[M/H]=-0.5 sequenceand the 120 Myrs [M/H]=0 isochrone,
asexpectedior amixedold disk/youngdisk stellarpopulation.
This comparisoraddscredibility to the presentmodelsdown
to thebottomof the mainsequenceSpecialattentionis paidto
the binary systemTVLM513-42404ABdiscoveredby Tinney
(1993)whichlies atthebottomof the[M/H]=-0.5 sequencegs
indicatedin Fig. 7. A betterdeterminatiorof its parallaxwould
be highly desirable althougha difficult taskas mentionedby
Tinney et al. (1995).I1f bothmemberof thesystemhave acom-
mon origin (sameageand metallicity) and thus can be fitted
by asamesochronethey offer auniqueopportunityto testthe
predictedshapeof the sequenceat the brown dwarf limit, and
to examinethe effect of grainformation.

Finally, we notethepowerful diagnostidor metallicity pro-
vided by My — (I — K) CMDs, comparedto optical (V-I)
colours.

o My-(3-K) CMD (Fig. 8)

Fig. 8 displaysmain sequencét > 1 Gyr) and pre-main
sequenc€0.5 Gyr) isochronesn the My vs J — K CMD for
several metallicities([M/H] = 0,—0.5, —2.0) for the bottom
of theMS anddown into the BD domain.Thedotsarethedata
by Leggett(1992).Wefirst notethepronouncedlue-looppho-
tometricsignaturdn thelR for objectsatthe bottomandbelow
the MS,similar to the onepredictedfor sub-solametallicities
(seeBCAH97). Although this shift of the flux toward shorter
wavelengthsis due essentiallyto the ongoingCIA absorption
of Hsy below ~ 4000 K (~ 0.5 M) for metal-poorabundances
(Saumoretal., 1994;BCAH97 Sect.4.2),it reflectsprimarily
the formation of methang(CH,) at the expenseof CO below
~ 1800 K for solarlike metallicities(Allard etal., 1996; Tsuji
etal. 1996b;Marley et al. 1996;Burrows etal. 1997).Se\eral
objectsareindicatedthestarVB8, thestill undeterminedbject
GD165B(Leggett1992;Kirkpatrick et al. 1995),the Pleiades
BD Teidel (Reboloetal. 1995)andGL229B (Oppenheimeet
al. 1995) The photometryof GD165Bis severely affectedby
grainformationandputsit at the very edgeof the stellar/sub-
stellartransition(Kirkpatrick et al., 1998). The agreemenbe-
tweentheoryandobsenationis excellentboth for the MS ob-
jectsandin thevery cool BD regimeillustratedby GI229B (Al-
lard etal., 1996;Burrows et al. 1997).Theregion in-between,
however, is likely to be strongly affectedby the formation of
grainsin the atmosphereassuggestedby the few objectswith
Mg >10 and(J — K) > 1, althoughthe generalqualitative
featureswill remainthe same Work in this directionis under
progress.
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Fig. 8. Mk-(J3-K) CMD: thefield stars(dots)arefrom Leggett(1992).
Seeralobjectsareindicated VB8 andGD165B(Leggett1992;Kirk-
patricketal. 1995),the PleiadesBD Teidel (Reboloetal. 1995)and
GL229B(Oppenheimeetal. 1995).Solidline presentmodelsfor t=10
Gyrsand[M/H]=-2 , t=6 Gyrsand[M/H]=-0.5, t=5 Gyrsand[M/H]=0
from left to right, asindicated.Dash-dottedine: presentmodelsfor
t=0.5Gyrsand[M/H]=0. Thefull circlesonthecurvescorrespondo
thestellar/substellatransition:0.083M, for [M/H]=-2, 0.079M, for
[M/H]=-0.5 and0.075M, for [M/H]=0.

5. Conclusion

We have presentedsolartype metallicity evolutionary models
from1M g downtothehydrogerburningminimummassThese
modelsinclude the mostrecentinterior physicsand non-grey
atmospherenodelsandrely onfully consistentalculationse-
tweenthe stellarinterior andthe atmospherewith nota single
adjustableparameterAny discrepang betweertheoryandob-
senationthusreflectsremaininglimitationsin the physicsen-
teringthe theoryandnotinternalinconsisteng in the models.
In orderto carefullyexaminethesdimitations,speciakattention
hasbeerpaidto thecomparisorwith obseredmass-magnitude
relationshipsaandcolormagnitudediagrams.

Regardingthe optical spectrakegion, thetheoreticaimass-
My, relationshipis in excellentagreementith obserational
data ofHenry and McCarthy (1993) all the way down to the
bottomof themainsequencedowever, theanalysisof the My, -
(V —I) CMDshighlightsthelimitation of thepresentnodelsor
colorsredwardof (V-1) ~ 2, i.e. Teg <3600 K (m < 0.4Mg),
predicting (V-1) colors substantiallybluer than the obsered
ones.This suggests possibleunderestimatef opacitybelov
1 um. We havetestedsuchanhypothesidy increasingrbitrar
ily the opacityover the V-bandin a coupleof testatmosphere
modelsand obtainedthe requiredeffect i.e redder(V-1) color
and unafected nearinfrared fluxes and atmosphererofiles.
Metal-poormodels which arelesssensitve to metallicmolec-
ularabsorbergjonotsufferfromthisshortcomingasillustrated
by theremarkableagreemenobtainedor globularstarclusters
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with[M/H] < —1 (BCAH97).Thediscrepang beginsto appear
at[M/H] ~ -0.5, assuggestedby the comparisorwith 47 Tuc,
althoughtheobsenationalerrorbarsremainlarge,andbecomes
obviousfor solarmetallicity.

This shortcomingis obsenred alsoin the comparisonbe-
tweensynthetiandobsenedM-dwarf (Leggettetal.,1996)and
coolgiant(Alvarez& Plez,1998)spectraandthusstemsmost
likely from a still incompletedescriptionof the atmosphes of
coolobjects ratherthanfrom substantiamodificationsof their
structuralandtransporpropertiesThisshortcomings inherent
to all currentlyavailableatmospherenodelsandrepresentthe
next challengefor cool startheorists.

In the nearinfrared,the resultsarevery satishctory Con-
trarily to modelsbasedon previous generation®f atmosphere
modelsthepresentmassd/x relationshigsin excellentagree-
mentwith theHenryandMc Carthy(1993) obserationaldata.
The analysisof My — (I — K) and Mg — (J — K) CMDs
for young openclusters(Zapateroet al., 1997; Pinfield et al.
1997)andfor field disk starsdown to the bottom of the main
sequenceonfirmsthe significantimprovementof the present
modelsover previousgenerations.

As for sub-solametallicities,the photometricsignatureof
the bottomof the main sequencand of the substellardomain
in the nearIR is alarge blueshiftduein that caseto Hy CIA
absorptiorbut alsoto the onsetof CH, formation,shifting the
peakof theflux to shortwavelengthg~ 1 xm),asobserede.g.
in GI229B(Matthevsetal. 1995;Geballeetal. 1996).Thevery
behaiour of this shift at the high-massend of the sub-stellar
domainhowever, islikely to beaffectedby grainformationand
remainsto be characterizegreciselyin thisregion.

At last,wewantto stresshefollowing point:comparisotbe-
tweentheoryandobsenationin theowetical T.g-M,,; diagrams
shouldbe avoided. Suchcomparisonsexceptfor the seldom
caseavherethe exactbolometricmagnitudds determinedare
unreliablesincethey arebasedn empiricalcolor-T.g or color
bolometriccorrectionrelationswhich do not take into account
effectsof age,gravity or metallicity amongthe sampleof ob-
jectsusedto derive them.Although,asstressedn our previous
and presentcalculations shortcomingsare still presentin the
theory yieldingstill slightly inaccuratéolometricmagnitudes,
discrepanciearisingfrom comparisonsn T.g-My,; diagrams
reflectprimarily uncertaintiesor inconsistencies thevarious
transformationsSuchdubiouscomparisonswhich usedto be
theonly possibleonesafew yearsagowhenno syntheticcolors
wereavailable,leadin generato incorrectandmisleadingcon-
clusionsbothfor the theoryandthe obsenrations.Meaningful,
consistentomparisonsyhich avoid externalsourceof errors,
mustbedonein thevariousobservationatolormagnitudeand
color-color diagrams.Theselatter representmuch more strin-
gentconstraintdor thetheorythanaglobal T.g-M,,; diagram.
Modelsaimedatdescribingcoollow-massbjectstructuraland
thermalpropertiesnustrely on sucha generalparametesfreg
consistentheoryandmustfirst be proven to be valid in every
available passbandwith asa holy grail the accuratedescrip-
tion of the physicalpropertiesof the starin all characteristic
passbands.

411

As showvnin this paperthepresenstellarmodels although
basedon updatedphysicsand consistentinterioratmosphere
calculations,still suffer from uncertaintiesat optical wave-
lengths,at leastfor solarmetallicity. This reflectsour still un-
completeknowledgeof the complex physicscharacteristicof
cool starlike objects It is ouraimto solve theseshortcomings
in a nearfuture andto derive fully reliable modelswith com-
pletely accuratecolor- effective temperatureelationshipsand
bolometriccorrectionscales.

Tablesl-3areavailableby anorymousftp (includingalarger
grid in ages):
ftp ftp.ens-lyon.fr
usernameanorymous
ftp > cd/pub/users/CRAL/ibaré
ftp > getBCAH98.models
ftp > quit
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