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Abstract. We presentevolutionarymodelsfor low massstars
from 0.075to 1 M⊙ for solar-typemetallicities[M/H]= 0 and
-0.5.Thecalculationsincludethemostrecentinterior physics
andthe latestgenerationof non-grey atmospheremodels.We
providemass-age-color-magnituderelationshipsfor bothmetal-
licities. Themass-MV andmass-MK relationsarein excellent
agreementwith theempiricalrelationsderived observationally.
The theoreticalcolor-magnitudediagramsarecomparedwith
thesequencesof globularclusters(47Tucanae)andopenclus-
ters(NGC2420andNGC2477)observedwith theHubbleSpace
Telescope.Comparisonis alsomadewith field starsequences
in MV -(V − I), MK-(I − K) andMK-(J − K) diagrams.
Thesecomparisonsshow that the most recentimprovements
performedin low-massstaratmospheremodelsyield now re-
liable stellarmodelsin thenear-infrared.Thesemodelscanbe
usedfor metallicity, mass,temperatureandluminositycalibra-
tions.Uncertaintiesstill remain,however, in theopticalspectral
region below Teff ∼ 3700K, wherepredicted(V-I) colorsare
tooblueby 0.5magfor agivenmagnitude.Thepossibleorigins
for suchadiscrepancy, mostlikely amissingsourceof opacity
in theopticalandtheonsetof grainformationareexaminedin
detail.

Key words: stars:low-mass,brown dwarfs – stars:evolution
– stars:Hertzsprung-Russel(HR) andC-M diagrams– stars:
interiors– stars:atmospheres

1. Introduction

The numerousdataobtainedwithin the past few yearswith
ground-basedand space-basednearinfrared projectsprovide
nowadaysa wealthof low-massstarobservationsfrom 1 M⊙

down to the brown dwarf regime. Observationscover a wide
rangeof stellarpopulations,belongingtoyoung,openorglobu-
larclustersandtohaloanddiskfields.Theiranalysisrequiresac-

⋆ Tables 1 to 3 are only available in electronic form at the
CDS via anonymousftp to cdsarc.u-strasbg.fr(130.79.128.5)or via
http://cdsweb.u-strasbg.fr/Abstract.html

curatetheoreticalmodelsspanningalargerangeof ages,masses
andmetallicities.Importantprogresshasbeenrealizedrecently
on thetheoreticalside,which emphasizesthecomplex physics
involved in themodelingof thesecool anddenseobjects.Re-
centwork hasdemonstratedthe necessityto useaccurateinter-
nal physicsandouterboundaryconditionsbasedon non-grey
atmospheremodelsto describecorrectly the mechanicaland
thermalpropertiesof low massobjects(Burrows et al. 1993;
Baraffe et al. 1995,1997;ChabrierandBaraffe 1997,CB97).
Thetremendouseffortsaccomplishedrecentlyin themodeling
of atmospheremodelsandthe derivation of syntheticspectra
(seethe review by Allard et al. 1997),combinedwith interior
models,now provide syntheticcolors and magnitudeswhich
canbe compareddirectly to observed quantities,avoiding the
useof uncertainempiricalTeff andbolometriccorrectionscales.

In arecentpaper(Baraffeetal.1997,BCAH97),wehavede-
rived evolutionarymodelsfor metal-poorlow massstarsbased
on the stellar interior physicsdescribedin CB97 and on the
Allard andHauschildt(1998)”NextGen” atmospheremodels.
Comparisonwith thelowerMain Sequenceof globularclusters
observedwith theHST hasassessedthevalidity of themodels
in themetallicity-range−2.0 ≤ [M/H] ≤ −1.0. Thesuccess
of thesemodelshasbeenconfirmedrecentlyby new observa-
tionsof NGC6397down to ∼ 0.1 M⊙ (King et al., 1998),but
moreimportantlywith theobservationsrealizedwith theNIC-
MOScamera.Indeed,atthetimeof theBCAH97analysis,only
optical(V-I) colourswereavailablefor theclusters.Recentob-
servationsperformedwith NICMOS for thefirst time provide
colour-magnitudediagrams(CMDs) in the near-infrared do-
main for ωCen (Puloneet al. 1998) and NGC6397(Paresce,
priv. com.).Theagreementwith themodelsis excellentandthe
observationsconfirmin particularthepredictedblueshiftin IR
colorsnearthebottomof themainsequence,whichstemsfrom
ongoingcollision-inducedabsorptionof molecularhydrogen
(seeBCAH97 Fig. 7). This, we believe, assessesthe reliabil-
ity of our metal-poormodelsdown to the bottomof the main
sequence.

The naturalcontinuationof this work is the extensionto
solar-likemetallicities.Thisis theaimof thepresentpaper. The
presentcalculationsarebasedon the samemicrophysics,de-
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scribedin CB97,andareconfrontedto availableobservations
in the range−0.5 ≤ [M/H] ≤ 0. The calculationof atmo-
spheremodelsfor solar metal-compositionis renderedmore
complex by the importanceof molecularmetal-bands,which
shapethe emergentspectrum.In this rangeof metallicity, the
stellarspectraandatmosphericstructuresbecomeverysensitive
to thetreatmentof molecularopacity, dominatedby H2O in the
IR andTiO and,to a lessextent,VO in the optical. It is thus
essentialto confront theorywith observationsat thesewave-
lengthsto determinetheremaininguncertaintiesin themodels
for solar-metallicity. We first summarizethe physicsentering
specificallythesolarmodels(Sect.2). In Sect.3, we compare
the theoreticalmass-magnituderelationshipsin the V- andK-
bandswith theobservationally-derived relationships.In Sect.4,
wecomparetheresultswith observedCMDsof (i) theglobular
cluster47 Tucanaewith [M/H] ∼ -0.5, (ii) two openclusters
observedwith theHST, NGC2477 andNGC2420 with [M/H]
∼ 0, and(iii) diskfield starsin opticalandnear-infraredcolors.
Sect.5 is devotedto theconclusion.

2. Theory

A completedescriptionof the physicsinvolved in the models
is given in CB97 andthe atmospheremodelsaredescribedin
Allard andHauschildt(1998,AH98). We only briefly summa-
rizethemaininputs.Thesemodelsarebasedonthemostrecent
physicscharacteristicof low-massstar interiors, equationof
state(Saumon,Chabrier& VanHorn1995,SCVH EOS),en-
hancementfactorsof thenuclearrates(Chabrier1998)andup-
datedopacities(Iglesias& Rogers1996;OPAL), thelastgener-
ationof non-grey atmospheremodels(Allard etal.1997;AH98)
andaccurateboundaryconditionsbetweentheinterior andthe
atmosphereprofiles(CB97;BCAH97).

As shown in detail in Sect.2 of CB97,thepurehydrogen-
heliumSCVHEOSremainsvalid to describetheinteriorstruc-
tureandtheevolution of objectswith solarmetal-abundances,
given theverysmallnumber-abundanceof metals.Comparison
with anEOSincludingmetals(e.g.Mihalas,Däppen& Hum-
mer1988;MHD) in its domainof validity ( >

∼
0.4M⊙) reveals

differencesof lessthan1.3%in Teff and1% in L for a given
mass.

CB97havealsoexaminedextensively theeffectof theouter
boundaryconditionsbetweenthe interior andthe atmosphere
profiles(seetheirSect.2.5).Theseconditionsarecrucialsince
they determinethemass-Teff andTint-Teff relationships.These
authorshavedemonstratedthatanygrey approximationisphys-
ically incorrectbelow Teff ∼ 5000−4500 K (∼ 0.6−0.8 M⊙),
dependingon themetallicity, (seealsoFig. 1 below) andhave
stressedthenecessityto usenon-grey atmospheremodelsand
accurateboundaryconditionsto derive reliablelow-massstar
models.Asshownbytheseauthors,agrey approximationyields
denserandcooleratmosphereprofilesbelow the photosphere
andthusoverestimatetheeffectivetemperature, and the lumi-
nosityfor agivenmass(seeFig.5 of CB97),yieldingerroneous
evolutionarytracksandmass-luminosityrelationships.This is
clearly illustratedin Fig. 1 which comparestheeffective tem-

Fig. 1. Central temperature-effective temperature relation for
[M/H]=0 for stellarmodelsbasedon differentouterboundarycon-
ditions:consistentboundaryconditions(seeCB97Sect.2.5)with the
presentnon-grey atmospheremodels(solid line, thispaper);grey (Ed-
dington)approximation(dashedline). The changesof slopearedis-
cussedin thetext.

peraturevscentraltemperaturerelationshipin thelow-massstar
regimedown to thebrown dwarf limit whenusingeithercon-
sistentnon-grey boundaryconditionsor a grey approximation.
The modelsaredisplayedin Fig. 1 for an aget=5 Gyrs. We
noteseveralmodulationsin theserelationswhichstemfrom the
very atmosphericand/orinternalpropertiesof thesestars.The
changeof slopebelow 0.8M⊙ reflectsthedecreasingefficiency
of hydrogenburning at t=5 Gyrs, leadingto a steeperdrop of
Teff with Tc. WhenH burningis efficient,adecreaseof thecen-
tral hydrogenabundanceXH in theradiative core,andthusan
increaseof themolecularweightµ resultsin anincreaseof Tc

andthusL (L ∝ T 4
c ∝ µ4 for radiation),which provokes the

expansionof theenvelope.Thisincreaseof thetotalradiusof the
starleadsto a lesssteepincreaseof Teff (Teff ∝ L1/4/R1/2).
Conversely, below 0.8 M⊙, the increasingcentralabundance
of hydrogenwith decreasingmassleadsto the fasterdrop of
Teff with Tc displayedin Fig. 1. The changeof slopearound
∼ 0.5 M⊙ reflectstheonsetof H2 molecularformationnearthe
photosphere.This lowerstheadiabaticgradientandfavors the
onsetof convectionin theatmosphere(Auman,1969;Copeland,
Jensen& Jørgensen,1970;Kroupa,Tout& Gilmore,1990).The
centraltemperaturekeepsdecreasingbut,giventheefficiency of
convectivetransport,theeffectivetemperaturedoesnotdropas
quickly asit wouldwithoutH2. Thelastdropbelow ∼ 0.2 M⊙

reflectstheoverwhelmingimportanceof electrondegeneracy in
theinterior (seeCB97).

The ”NextGen” atmosphere models of Allard and
Hauschildt(1997)representasubstantialimprovementwith re-
specttothepreviousso-called”Base”generationmodels(Allard
andHauschildt,1995)andcover a wide rangeof temperatures
andmetallicities.Thetreatmentof pressurebroadeningandof
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molecularlineabsorptioncoefficientsisconsiderablyimproved
in the”NextGen”modelsandleadsto physicallymorereliable
atmospheremodels(seeAllard etal. 1997,for details).A com-
parisonof themass-Teff relationshipobtainedwith stellarmod-
elsbasedonbothsetsof atmospheremodelsis shown in Fig. 2.
A preliminarysetof the presentimproved stellarmodelshas
beenpresentedin Chabrier, Baraffe & Plez(1996,CBP96)and
hasbeenshowntoyieldamass-MV relationshipin betteragree-
mentwith theobservationally-derivedrelationof HenryandMc
Carthy(1993,HMC93)thanmodelsbasedonthe”Base”atmo-
spheres.The main differencebetweenthis preliminarysetof
the ”NextGen” atmospheremodelsandthe presentoneis the
differentwaterline list, the Jorgensen(1994)onein CBP96and
theMiller et al. (1994)onein thepresentmodels.As shown in
Fig. 2, evolutionarymodelsbasedon both setsof atmosphere
modelsare very similar in a global, bolometricdiagram,but
the Miller et al. (1994)water linelist yields a substantialim-
provementin theK-band,illustratedby thegoodmatchwith the
empiricalmass-MK relationship,aswill be shown in Sect.3.
CBP96alsopresentedsolarmetallicity modelsbasedon non-
grey atmospheremodelscomputedby Brett andPlez(Plezet
al.1992;Brett,1995;Plez,1995,priv. comm.,BP95).Werecall
thattheBP95andthe”NextGen”modelsarebasedondifferent
TiOandH2Oline lists(seeCBP96for details).Fig.2showsthat
evolutionarymodelsbasedon theBP95atmospheremodelslie
betweenthe ”Base” andthe ”NextGen” models.Thedifferent
setsof modelsandcorrespondingsyntheticcolorswill beexam-
inedin Sect.3 andSect.4. It is importantat this stageto stress
an essentialpoint: sincethe atmosphereprofilesfix the outer
boundaryconditionfor thestellarinteriorandareusedto com-
putethesyntheticspectra,it is essential, for sakeof consistency
whenderiving theoreticalmass-magnitude-colorrelationships,
to adopttheboundaryconditionsandthesyntheticcolorsbased
onthesameatmospherestructures. Anymodelprovidingmass-
Teff relationshipsbasedonagivensetof atmospheremodelsand
usingsyntheticcolorsbasedonadifferentsetto derivetheTeff -
color relationshipis severelyinconsistentandthusinaccurate.

We have computedgrids of models from 1 M⊙ down
to the brown dwarf limit, i.e ∼ 0.075M⊙ for [M/H]=0 and
∼ 0.079M⊙ for [M/H]=-0.5. Thetheoreticalcharacteristicsof
the presentmodels,effective temperature,gravity, bolometric
magnitudeandmagnitudesin VRIJHK for severalagesarelisted
in Tables1-2. The ”NextGen” modelshave beenextendedto
highereffective temperatures,enablingus to extendthe mass
grid up to 1 M⊙, insteadof 0.8M⊙ in CB97.Notethatthe0.8
M⊙ with [M/H]=0 in CB97(cf theirTable.2)is calculatedwith
anouterboundaryconditionbasedon a T(τ ) relationship.For
solarmetallicitytheresultsfor thisrangeofTeff (Teff > 4500K)
aresimilartomodelsbasedonnon-grey atmospheremodels(see
Fig.1),since(i) atmosphericconvectionremainsbelow thepho-
tosphereand(ii) molecules,which introducestrongnon-grey
effects,arestableonly in theoutermostlayers.Westress,how-
ever, that this limit dependson the metallicity. For sub-solar
abundances,this occursfor higher temperatures,Teff >

∼
5000

K (cf CB97).

Fig. 2. Mass-effective temperaturerelation for [M/H]=-0.5 (top
curve) and[M/H]=0 (bottomcurve) for stellarmodelsbasedon dif-
ferentatmospheremodels:”NextGen” (solid line, this paper);”Base”
(dashedline,BCAH95);preliminarysetof the”NextGen”modelswith
the Jorgensen(1994)waterlinelist for [M/H]=0 (CBP96;dottedline);
BP95for [M/H]=0 (dash-dottedline).Thefull circlescorrespondto the
presentmodelswith inputsspecificto theSun(i.e α = 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
α = l/Hp = 1. As shown in CB97 and BCAH97, although
variationsof this parameteraroundstandardvalues(within ∼

a factor2) areinconsequentialbelow ∼ 0.6 M⊙, they become
importantabove this limit, asexaminedbelow. We thushave
alsocomputedmodelsfrom 0.7 to 1 M⊙ basedon the inputs
whichreproducethepropertiesof theSunat4.61Gyrs,namely
α = 1.9 andY= 0.282.Suchmodelsaregiven in Table3 and
shown in Fig. 2 (filled circles).NotethatwhenusingtheMHD
EOS,thesolarmodelis fitted with α = 2 andY =0.28with an
outerboundaryconditionbasedondetailedatmospheremodels,
andwith α = 1.6 andY =0.28whenusinga T(τ ) relationship
(e.g.the Eddingtonapproximation).As seenfrom a compari-
sonbetweenTables1 and3, thevariationof themixing length
parameterfrom 1 to 1.9translatesinto a9% differencein L and
4%to 7%in Teff above0.7 M⊙.

3. The mass-magnitude relationships

In thissection,weanalysethetheoreticalmass- magnituderela-
tionshipsandcomparethemto theobservationaldata ofHenry
andMc Carthy(1993,HMC93).CPB96havealreadypresented
the theoreticalmass-MV relationshipandits comparisonwith
the empiricalfit derived by HMC93. As stressedby theseau-
thors,theHMC93 fit is just anaveragefit amongthedataand
mustbeconsideredonly asa (useful)guideline,for it doesnot
take into accountphysicaldifferencesdue to ageand metal-
licity. Althoughtheobservationaldatasuffer from largeuncer-
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taintieson themassdetermination,they still provide stringent
constraintsfor thestructureandtheevolution of low-massstar
models,in particularin thecrucialregionnearthebottomof the
main sequence.As mentionedin CBP96,althoughthe agree-
mentbetweentheoryandobservationat this timewasexcellent
in the V-band,the theoreticalrelationshipwas about0.5 mag
fainterthantheempiricalonebelow ∼ 0.5 M⊙ in theK-band.
It clearlyreflectedtheoverestimatedwaterabsorptionin these
modelatmospheres.The inclusionof the Miller et al. (1994)
waterline list in thepresentatmospheremodelsclearlysolves
this shortcomingandyields now an excellentagreementwith
thedatasetandtheempiricalrelationderived byHMC93.Both
m-MV andm-MK relationsaredisplayedin Figs.3a,b.Different
agesaredisplayedfor thepresentsolarmetallicitymodels.

A striking featureillustratedin Figs.3a,bis thevery weak
metallicity-dependencein the K-band,which becomesunob-
servablebelow ∼ 0.4M⊙ (Teff ∼ 3500K), comparedto the
strongdependencein the V-band.This comesfrom the fact
that below Teff ∼ 3500K, which correspondsto the onsetof
molecularformation,theopacityin theV-band,dominatedby
TiO andVO, increaseswith metallicity sothat thepeakof the
energy distributionis shiftedtowardlargerwavelengths,in par-
ticular to the K-band (seee.g. Fig. 3 of Allard et al., 1997).
This yieldsa decreasingV-flux andan increasingK-flux with
increasingmetallicity. On theotherhand,for agivenmass,the
effectivetemperaturedecreaseswith increasingmetallicity(see
e.g.CB97Fig.13andTables1-2)sothatthetotalflux decreases
(F ∝ T 4

eff
). Thesetwo effectscompensatein theK-band,yield-

ing similar K-fluxesfor [M/H] = −0.5 and0, whereasthey
addup in the V-band,resultingin the importantsignatureof
metallicity in this passband.Note that thepreviousarguments
remainvalid aslong asH2 collision-inducedabsorptiondoes
not depresssignificantly the flux in the K-band,which is the
casefor metalpoor low massstarsat the bottomof the Main
Sequence.

4. Color-magnitude diagrams

4.1. Openandglobular clustermainsequences

•47Tuc(Fig.4)This globularclusterhasbeenobservedrecently
by Santiagoet al. (1996)with the HST Wide Field and Plan-
etaryCamera-2 (WFPC2)in theF606W andF814W filters.
Thanksto thecourtesyof G.GilmoreandR.Elson,weareable
to comparethemodelswith observationsin thesebands,in the
so-calledWFPC2Flight system,asdonefor metal-poorclus-
tersin BCAH97.Weusetheanalyticalrelationshipsof Cardelli
etal. (1989)to calculatetheextinctionsfrom theM-dwarf syn-
thetic spectraof Allard & Hauschildt(1998) over the whole
frequency-range,with the reddeningvalueE(B − V ) quoted
by the observers.The observed data,correctedfor reddening,
arethencomparedwith themodels.Weadoptthedistancemod-
ulus (m-M)0 = 13.38andreddeningE(B-V)=0.04of Santiago
et al. (1996).This yields the following extinction corrections:
A555 (∼ AV ) = 0.125,A606 = 0.115andA814 (∼ AI ) = 0.08,
whereV andI referto thestandardJohnson-Cousinsfilters.The

Fig. 3. a Mass-MV relation.Thefull circlesarethedata ofHenryand
Mc Carthy(1993).Solidlines:presentmodelsfor [M/H]=0 (lowerline)
and[M/H]=-0.5 (upperline).Dashedline:”Base”modelsfor [M/H]=0.
Theopentrianglescorrespondto presentsolarmetallicitymodelswith
inputsspecificto theSun(α = 1.9, Y=0.282,seetext). Themodels
above correspondto t=5 Gyrs.Dottedline: present[M/H]=0 models
for t=100Myrs.Werecallthatthezero-agemain-sequencefor a0.075
M⊙ staris ∼ 3 Gyr. b Sameasa for theMass-MK relation.

iron abundancefor theclusteris [Fe/H] ∼ −0.7,−0.65 (San-
tiagoet al. 1996;Caretta& Gratton1997),which corresponds
to a total metallicity [M/H] ∼ −0.5 whentaking into account
the overabundanceof α-elements(Ryan& Norris, 1991;see
BCAH97).

Fig.4displaystheresultsfor t=10andt=14Gyrs.Theageef-
fectisnegligiblebelow theturn-off massmTO ∼ 0.85−0.9M⊙

at t=10 Gyrs and∼ 0.8M⊙ at t=14 Gyrs.Comparisonis also
madewith modelscalculatedwith amixing lengthparameterα
= 2, whichaffectstheevolutiononly for m > 0.6M⊙. Asshown
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Fig. 4. CMD for 47 Tuc. The dataare from Santiagoet al. (1996).
Themodelscorrespondto [M/H]=-0.5 anddifferentagesandmixing
lengthparameters.Solidline(opencircles):t=10Gyrsandα=1;dashed
line (filled circles):t=10 Gyrsandα=2; crosses:t=14 Gyrsandα=1.
Below 0.6M⊙, thevarioussymbolsareundistinguishableandreflect
thenegligibleeffectof ageandα for suchmasses.Themassesindicated
correspondto theopencircleson thesolidcurve.

in thefigure,the theoreticalisochronescalculatedwith α = 1
canbeupto∼ 0.05magtooredin theuppermostmainsequence
(M814 <

∼
6.5 i.em >

∼
0.6M⊙) andupto∼ 0.1magtoobluein the

lower mainsequence(M814 >
∼

7.5). Adoptinga 0.2maglarger
distancemoduluswouldbringtheuppermainsequencein good
agreement,but the lower main sequencewould be 0.08 mag
tooblue.A possiblecalibrationproblemof thedatain theHST
filtersseemsunlikely sincewehaveusedobservationsfrom the
samegroup,with the samefilters andcalibrationtransforma-
tions,for ω-Cen([M/H] ∼ -1), andagreementbetweentheory
andobservationsis excellent(cf. BCAH97).Althoughthedif-
ferencesin theuppermainsequencereflectverylikely theneed
to usealarger, solar-likevaluefor themixing lengthparameter,
it is premature,at this stage,to examinein detail theorigin of
thediscrepancy at faintmagnitude,given thestill largeobserva-
tionalerrorbarswhichrangefrom±0.04 to±0.17 magin M606

andM814 (Gilmore,priv. com.). If the offset is confirmedby
futureobservations,it reflectsvery likely theonsetof theshort-
comingdueto thetreatmentof TiO, whichbecomesobviousfor
solarmetallicity (seebelow).

• NGC2420andNGC2477(Fig.5) UsingtheHSTWFPC2
camera,von Hippel et al. (1996) have obtaineddeepV- and
I-band photometryfor the two openclustersNGC 2420 and
NGC 2477,with near-solarmetallicity. The instrumentaldata
werekindly provided by T. von Hippel and transformedinto
the standardJohnson-Cousinssystemusingthe calibrationof
Holtzmannet al. (1995).NGC2420is rathermetal-poorfor an
opencluster, with [Fe/H]∼ -0.45andNGC2477is moremetal-
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Fig. 5. CMD for NGC2420(filled circles)andNGC2477(filled trian-
gles).Thedataarefrom von Hippel et al. (1996),with their distance
modulusandreddeningcorrections(seetext). The isochronescorre-
spondto [M/H]=-0.5 (dashedline, x) and[M/H]=0 (solid line, o) for
anaget=1 Gyr anda mixing lengthparameterα = 1. Themassesin-
dicatedcorrespondto theopencircleson thesolid curve. Thecrosses
([M/H]=-0.5) correspondto lowermasses(seeTable2).

richwith [Fe/H]∼ 0.Comparisonof theoreticalisochroneswith
suchdata offersanexcellentopportunitytotestthepresentmod-
els between[M/H]=-0.5 and0. We adoptthe distancemoduli
andreddeningcorrectionsquotedby vonHippel et al. (1996),
i.e. (m-M)0 = 11.95andE(B-V) = 0.05 for NGC2420,which
correspondsto extinction correctionsAV = 0.155 and AI =
0.09,and(m-M)0 = 10.6andthecanonicalvalueE(B-V) = 0.33
for NGC2477,which gives AV = 1.01 andAI = 0.60.Since
NGC2477is known to bedifferentiallyreddened,thecompari-
sonwith theoreticaltracksis adelicatetask.However, vonHip-
peletal. (1996)have examinedtheeffectsof variablereddening
E(B-V), from 0.2to 0.4,andcomparedtheir sequencewith the
solarmetallicitymainsequencestarsof Monetetal. (1992),for
which trigonometricparallaxesareavailable.Thegoodagree-
mentbetweenbothsetsof datashows that thecombinationof
their adopteddistancemodulus,photometrictransformations
andreddeningcorrectionis reasonable.

Basedon isochronesfitting, theageinferredfor NGC2420
rangesfrom 2 to 4 Gyrs and for NGC2477from 0.6 to 1.5
Gyrs(von Hippel et al. 1996,andreferencestherein).Theob-
servedstars,for bothclusters,lie in therange8 ≤ MV ≤ 14,
which correspondsto 0.13M⊙ <

∼
m <

∼
0.65M⊙. Stars in this

mass-rangehave alreadysettledon the main sequenceso that
ageeffectsarecompletelynegligible from 0.6 to 5 Gyrs.The
comparisonwith observationsin Fig. 5 is shown for t=1 Gyr
isochrones.Asseen,for MV <

∼
10(m >

∼
0.5M⊙) thedatalie well

betweenthetwo differentmetallicitysequences,confirmingthe
agreementobtainedfor 47Tuc.Below m=0.5M⊙, however, the
isochronesaresignificantlytoo blueanddepartby almost0.5
magfrom theNGC2477observedsequencebelow ∼ 0.15 M⊙.
Thereasonfor suchadiscrepancy will beexaminedbelow.
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Fig. 6. CMD for disk stars: the data are
from Monet et al. (1992) (filled squares)
and Dahn et al. (1995) (dots). The se-
quenceof NGC2477is also shown, with
the samedistancemodulusand reddening
as in Fig. 4 (filled triangles).Dashedline
(x): presentmodelsfor [M/H]=-0.5. Solid
line (o): presentmodelsfor [M/H]=0. Dash-
dotted line: ”Base” models for [M/H]=0.
Hatchedline: BP95 modelsfor [M/H]=0.
The isochronescorrespondto an age t=1
Gyr. Themassesindicatedcorrespondto the
opencircleson thesolidcurve.

4.2. Diskfieldstars

• MV -(V-I) CMD (Fig. 6)
Fig.6displaystheobservedlocalsampleof (thin)-diskstars

of Monetetal.(1992)(full squares)andDahnetal.(1995)(dots)
for which trigonometricparallaxeshave beendetermined.The
sequenceof NGC2477is alsoshown (full triangles)andis con-
sistentwith thediskpopulation,asmentionedin Sect.4.1.The
theoreticalisochronescorrespondto anaget=1 Gyr, for which
all starswith m ≥ 0.08M⊙ have settledon themainsequence
so that ageeffectsfor t>1 Gyr arenegligible. Fig. 6 displays
thepresentmodelsfor [M/H]=-0.5 (dashedline) and[M/H]=0
(solid line), thesequenceobtainedwith the”Base”atmosphere
models(dash-dotline) and the BP95 atmospheremodelsfor
[M/H]=0 (hatchedline).Thediscrepancy mentionedpreviously
below 0.5M⊙ (MV ∼ 10; Teff ∼ 3600 K) is obviousdown to
thebottomof themainsequence,MV ∼ 20. This clearlyillus-
tratesa real shortcomingin the presentmodels.The previous
”Base”modelsyield abetteragreementdown to MV ∼ 14 and
areoff by ∼ 0.3 magonly beyond this limit, asalreadymen-
tionedin BCAH95. We stress,however, that this betteragree-
mentis fortuitousandstemsfrom theoverestimatedopacityin
theV-banddueto theinaccurateStraightMeanapproximation.
Themodelsbasedon BP95exhibit thesamebehaviour asthe
”NextGen”models.

• Possiblemissingsourceof opacityin theoptical:
Analyzingthepossibleshortcomingsin themodels,wefirst

note that the departurebetweenmodelsandobservationsap-
pearsat MV ∼ 10, which correspondsto Teff ∼ 3600K. This
temperaturehasbeenpointedout by Leggettet al. (1996)who
compareobserved spectraof red dwarfs with the ”NextGen”

syntheticspectra.Theseauthorsnotethat a large discrepancy
appearsfor wavelengthsshorterthan0.7 µm below this tem-
perature.SinceTiO dominatesthe energy distribution of dM
starsin the range0.6-1.1µm, the discrepancy may be dueto
shortcomingsin presentlyavailableTiO line lists. VO is also
an importantabsorber, but only for spectraltypes later than
dM5, which correspondsto m = 0.1M⊙ andMV ∼ 16 (Teff ∼

2800K, cf. Baraffe andChabrier1996).Moreover, comparison
betweensyntheticandobservedspectraof late typeM-dwarfs
showsanoverestimateof VO absorptionfeaturesin theR-band
of syntheticspectra,ratherthat an underestimaterequiredto
explain too blue (V-I) colors(Leggettet al. 1996).Therefore,
uncertaintiesin thetreatmentof VO shouldnot beresponsible
for thedepartureobservedatMV ∼ 10 andbelow.

Alvarez& Plez(1998)recentlyanalyzednear-infraredpho-
tometryof M-giantswith an improved versionof the Plezet
al. (1992)atmospheremodels.AlthoughTiO andVO molecu-
lar datahavebeenupdated,themodelsstill show adiscrepancy
with observationsbelow Teff ∼ 3100K, aswasalreadythecase
with theBP95models,basedon thework by Plezet al. (1992)
(seehatchedline in Fig.6).Alvarez& Plez(1998)interpretthis
departureasanindicationfor amissingsourceof opacityaround
(shortwardof) 1µm.An underestimateof theopacityin thisre-
gion couldberesponsiblefor anoverestimateof theV-flux by
afew tenthsof amagnitude,yieldingtooblue(V-I) colorsfor a
givenmass.Eventhoughourmass-MV relationshipagreeswell
with theempiricalfit of HMC93, suchanuncertaintyremains
within theobservationalerrorbars(cf. Fig. 3a).

In order to estimatethe effect of a missing opacity and
overestimatedV-flux on the syntheticspectraandatmosphere
profiles,we have arbitrarily increasedby a factor 5 the total
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opacitycoefficient in the spectralregion covering the V-band
(κ′

λ = 5 × κλ, with λ = 0.47 - 0.7 µm) in order to obtain
a fainterV-flux. Thetestatmospheremodelsareperformedfor
[M/H]=0, Teff = 3400K andTeff = 2800K with log g = 5, which
roughlycorrespondtoMV ∼ 11.4, m∼ 0.3M⊙ andMV ∼ 16,
m ∼ 0.1M⊙, respectively, on thesolarmetallicty isochroneof
Fig. 6. Themaineffect is a redder(V-I) colorby 0.6maganda
fainterMV by0.5magfor 0.3M⊙ andaredder(V-I) by1.1mag
andfainterMV by 0.8 magfor 0.1 M⊙. Interestinglyenough
the sameincreaseof opacity translatesinto a larger effect at
coolertemperature(0.1M⊙), asneeded.Westressalsothatthe
atmosphereprofiles are hardly affected,suggestingthat such
an increaseof the opacity in the V-bandwill not modify the
agreementreachedby the presentmodelsin the nearinfrared
passbands(seebelow). Indeed,theJ, H, K bandsremainses-
sentiallyunaffectedwhereastheI-flux is slightly increased(0.3
magat most).Although thesecalculationsareby no meansa
proof, they show thatamoderate(lessthana factor5) increase
of theV-bandopacitywouldsolvethediscrepancy betweenthe-
oryandobservationfor solarmetallicityin theopticalbelow 0.4
M⊙ withoutaffectingsignificantlytheIR colors.Notethatthis
(clearlyoverestimated)increaseof theMV -magnitudeyieldsa
mass-MV relationshipwhich remainswithin theobservational
errorbars(Fig. 3a),contrarilyto theoneobtainedwith thepre-
viousgenerationof ”Base”atmospheremodels.Thissimpletest
onlysuggeststhatamissingopacityin theV-bandcouldimprove
themodels,but a systematicanalysisof all possiblesourcesof
uncertaintyis requiredto draw any robustconclusion.

Regardingpossiblesourcesof missingopacity, wenotethe
presencein late type M-dwarf spectraof a strongabsorption
featureat λ ∼ 0.55µm dueto CaOH(seeAllard et al. 1997
andreferencestherein),which is not taken into accountin the
presentmodels.Although we do not expect this moleculeto
solve entirely the problemin the V-band,the next generation
of atmospheremodelsshouldtake it into accountin order to
improve thecomparisonwith observedspectra.Finally, below
Teff ∼ 2800K, grainformationin theouterlayersof theatmo-
spheremayaffect thespectra,andcouldberesponsiblefor the
discrepancy foundat magnitudesfainterthanMV ∼ 16 (Tsuji
et al. 1996a,Allard 1997a,b).

In spiteof thetremendousimprovementsperformedrecently
in cool-staratmospheremodels,the descriptionof molecular
absorbersaround1 µm andTeff < 3700K remainsuncertain.
Thesolutionof thisproblem,andthetreatmentof grains,repre-
sentthemainchallengesfor thenext generationof cool object
atmospheremodels.

• MK - (I-K) CMD (Fig. 7)
The situation in the near-infrared is much betterand the

”NextGen”modelsshow arealimprovementover earliergener-
ationsof models.Asshownin Sect.3,themass-MK relationship
agreeswell with the observationalempiricalrelation.Leggett
et al. (1996) reachas good an agreementbetweenobserved
andsyntheticspectrafor λ > 0.7µm andTeff ≥ 2700K. The
presentmodelsreproduceaccuratelythe observed sequences
of youngclusterslike thePleiadesandPraesepe(ZapateroOs-

[M/H]=-1

[M/H]=-0.5

[M/H]=0

120 Myrs

Fig. 7. MK -(I-K) CMD: thefield stars(full circles)arefrom Tinney et
al. (1993;1995).ThePleiadesobjects(full squares)arefrom Steeleet
al. (1993,1995)andZapateroet al. (1997).Solid line presentmodels
for t=5 Gyrs and [M/H]=-1, -0.5, 0 from left to right, as indicated.
Dashedline:presentmodelsfor t=120Myrsand[M/H]=0. Thecrosses
on the solid curvescorrespondto the following masses0.08(except
for [M/H]=-1), 0.09,0.1,0.11and0.13M⊙.

orio, 1997;Cossburn et al., 1997,Pinfield et al. 1997).Such
an agreementcould not be achieved with the stellar models
basedon the previous ”Base” atmospheremodels.Regarding
field stars,Tinney et al. (1993,1995)carriedoutaparallaxpro-
gramon very low massstarswith availablephotometryin the
I andK passbands.Theseobjectshave all tangentialvelocities
<
∼

110 km.s−1 andrepresenta sampleof old disk andyoung
diskpopulations.

Fig. 7 shows thesedata (filled circles), comparedto the
presentmodelsfor metallicity rangingfrom [M/H]= -1.0 to 0.
Pleiadesobjects(Steeleetal. 1993,1995;Zapateroetal. 1997)
arealsodisplayed(filled squares)andcomparedwith the120
Myrs isochroneof thepresentsolarmetallicitymodels(dashed
line), a reasonableagefor this cluster(Basriet al, 1996).The
lowestmassesof the 5 Gyr isochronescorrespondto the hy-
drogenburningminimummass(i.e.∼ 0.075, 0.079,0.083M⊙

for [M/H]=0, -0.5, -1.0,respectively).The120Myrs isochrones
extendinto thebrown dwarf regime.

As alreadymentionedandshown in Fig. 7, thebulk of the
Pleiadesobjects,atMK ∼ 8 − 8.5 (i.e.,Teff ∼ 3000K) agrees
fairly well with the 120 Myrs isochroneof the presentmod-
els. Even in the brown dwarf regime, i.e. below 0.075 M⊙,
which correspondsto MK >

∼
9 andTeff <

∼
2800K for this age,

the agreementis still reasonable,althoughthe formation of
grainsat suchlow temperaturesmay alter the spectra.This is
indeedsuggestedby thefirst resultsof theDENISsurvey which
revealedseveralbrown dwarfcandidatesshowingextremelyred
(J-K) colors(Forveille et al. 1997).Observed valuesof (J-K)
> 1 cannotbereproducedby thecurrentgrainlessatmosphere
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models(cf. Baraffe andChabrier1997andFig. 8) but seemto
be in agreementwith preliminarycalculationsincludinggrain
formation(Tsuji et al. 1996a;Allard, 1997a,b).Although not
shown in Fig. 7 for sake of clarity, stellarmodelsbasedon the
previous”Base”atmospheremodelsweretooredby∼ 0.3mag.

TheTinney et al. (1993;1995)sampleis particularlyinter-
esting,sinceit coverstheverybottomof themainsequence,with
objectsfainterthanMK ∼ 8.5, which correspondsto a solar
metallicitymainsequencestarof ∼ 0.13M⊙ andTeff <

∼
3000K.

Interestinglyenough,thedataarewell distributedbetweenthe
[M/H]=-0.5 sequenceand the 120 Myrs [M/H]=0 isochrone,
asexpectedfor amixedold disk/youngdiskstellarpopulation.
This comparisonaddscredibility to the presentmodelsdown
to thebottomof themainsequence.Specialattentionis paidto
thebinarysystemTVLM513-42404ABdiscoveredby Tinney
(1993)which liesat thebottomof the[M/H]=-0.5 sequence,as
indicatedin Fig. 7.A betterdeterminationof its parallaxwould
be highly desirable,althougha difficult taskasmentionedby
Tinney et al. (1995).If bothmembersof thesystemhave acom-
mon origin (sameageandmetallicity) and thuscanbe fitted
by asameisochrone,they offer auniqueopportunityto testthe
predictedshapeof thesequenceat thebrown dwarf limit, and
to examinetheeffectof grainformation.

Finally, wenotethepowerful diagnosticfor metallicitypro-
vided by MK − (I − K) CMDs, comparedto optical (V-I)
colours.

• MK-(J-K) CMD (Fig. 8)
Fig. 8 displaysmain sequence(t > 1 Gyr) andpre-main

sequence(0.5Gyr) isochronesin theMK vs J − K CMD for
severalmetallicities([M/H] = 0,−0.5,−2.0) for thebottom
of theMS anddown into theBD domain.Thedotsarethedata
by Leggett(1992).Wefirst notethepronouncedblue-looppho-
tometricsignaturein theIR for objectsat thebottomandbelow
the MS,similar to theonepredictedfor sub-solarmetallicities
(seeBCAH97). Although this shift of the flux toward shorter
wavelengthsis dueessentiallyto the ongoingCIA absorption
of H2 below ∼ 4000 K (∼ 0.5 M⊙) for metal-poorabundances
(Saumonet al., 1994;BCAH97 Sect.4.2), it reflectsprimarily
the formationof methane(CH4) at the expenseof CO below
∼ 1800 K for solar-like metallicities(Allard et al., 1996;Tsuji
et al. 1996b;Marley et al. 1996;Burrows et al. 1997).Several
objectsareindicated,thestarVB8, thestill undeterminedobject
GD165B(Leggett1992;Kirkpatrick et al. 1995),thePleiades
BD Teide1 (Reboloetal. 1995)andGL229B(Oppenheimeret
al. 1995)The photometryof GD165Bis severely affectedby
grain formationandputsit at thevery edgeof thestellar/sub-
stellartransition(Kirkpatrick et al., 1998).Theagreementbe-
tweentheoryandobservation is excellentbothfor theMS ob-
jectsandin theverycoolBD regimeillustratedby Gl229B(Al-
lard et al., 1996;Burrows et al. 1997).Theregion in-between,
however, is likely to be stronglyaffectedby the formationof
grainsin theatmosphere,assuggestedby thefew objectswith
MK >

∼
10 and(J − K) > 1, althoughthe generalqualitative

featureswill remainthe same.Work in this directionis under
progress.

   stellar/substellar limit

GL229B

VB8

GD165B

Teide 1

[M/H]=-2
[M/H]=-0.5

[M/H]=0

Fig. 8. MK -(J-K) CMD: thefield stars(dots)arefrom Leggett(1992).
Severalobjectsareindicated,VB8 andGD165B(Leggett1992;Kirk-
patricket al. 1995),thePleiadesBD Teide1 (Reboloet al. 1995)and
GL229B(Oppenheimeretal.1995).Solidlinepresentmodelsfor t=10
Gyrsand[M/H]=-2 , t=6Gyrsand[M/H]=-0.5, t=5Gyrsand[M/H]=0
from left to right, asindicated.Dash-dottedline: presentmodelsfor
t=0.5Gyrsand[M/H]=0. Thefull circleson thecurvescorrespondto
thestellar/substellartransition:0.083M⊙ for [M/H]=-2, 0.079M⊙ for
[M/H]=-0.5 and0.075M⊙ for [M/H]=0.

5. Conclusion

We have presentedsolar-type metallicity evolutionarymodels
from1M⊙ downtothehydrogenburningminimummass.These
modelsincludethe mostrecentinterior physicsandnon-grey
atmospheremodelsandrely onfully consistentcalculationsbe-
tweenthestellarinterior andtheatmosphere,with not a single
adjustableparameter. Any discrepancy betweentheoryandob-
servationthusreflectsremaininglimitations in thephysicsen-
tering the theoryandnot internalinconsistency in themodels.
In ordertocarefullyexaminetheselimitations,specialattention
hasbeenpaidto thecomparisonwith observedmass-magnitude
relationshipsandcolor-magnitudediagrams.

Regardingtheopticalspectralregion, thetheoreticalmass-
MV relationshipis in excellentagreementwith observational
data ofHenry andMcCarthy (1993)all the way down to the
bottomof themainsequence.However, theanalysisof theMV -
(V −I)CMDshighlightsthelimitationof thepresentmodelsfor
colorsredwardof (V-I) ∼ 2, i.e. Teff <

∼
3600 K (m <

∼
0.4 M⊙),

predicting (V-I) colors substantiallybluer than the observed
ones.This suggestsa possibleunderestimateof opacitybelow
1µm.Wehavetestedsuchanhypothesisby increasingarbitrar-
ily theopacityover theV-bandin a coupleof testatmosphere
modelsandobtainedthe requiredeffect i.e redder(V-I) color
and unaffectednear infrared fluxes and atmosphereprofiles.
Metal-poormodels,whicharelesssensitive to metallicmolec-
ularabsorbers,donotsufferfromthisshortcoming,asillustrated
by theremarkableagreementobtainedfor globularstarclusters
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with [M/H] ≤ −1 (BCAH97).Thediscrepancy beginstoappear
at [M/H] ∼ -0.5,assuggestedby thecomparisonwith 47 Tuc,
althoughtheobservationalerrorbarsremainlarge,andbecomes
obviousfor solarmetallicity.

This shortcomingis observed also in the comparisonbe-
tweensyntheticandobservedM-dwarf(Leggettetal.,1996)and
cool giant(Alvarez& Plez,1998)spectraandthusstemsmost
likely from a still incompletedescriptionof theatmosphere of
coolobjects,ratherthanfrom substantialmodificationsof their
structuralandtransportproperties.Thisshortcomingis inherent
to all currentlyavailableatmospheremodelsandrepresentsthe
next challengefor cool startheorists.

In thenear-infrared,the resultsarevery satisfactory. Con-
trarily to modelsbasedon previousgenerationsof atmosphere
models,thepresentmass-MK relationshipis in excellentagree-
mentwith theHenryandMc Carthy(1993) observationaldata.
The analysisof MK − (I − K) andMK − (J − K) CMDs
for youngopenclusters(Zapateroet al., 1997;Pinfield et al.
1997)andfor field disk starsdown to the bottomof the main
sequenceconfirmsthe significantimprovementof the present
modelsover previousgenerations.

As for sub-solarmetallicities,thephotometricsignatureof
thebottomof themainsequenceandof thesubstellardomain
in the near-IR is a large blueshiftduein that caseto H2 CIA
absorptionbut alsoto theonsetof CH4 formation,shifting the
peakof theflux toshortwavelengths(∼ 1 µm),asobservede.g.
in Gl229B(Matthewsetal.1995;Geballeetal.1996).Thevery
behaviour of this shift at the high-massendof the sub-stellar
domain,however, is likely tobeaffectedbygrainformationand
remainsto becharacterizedpreciselyin this region.

At last,wewanttostressthefollowingpoint:comparisonbe-
tweentheoryandobservationin theoretical Teff -Mbol diagrams
shouldbe avoided.Suchcomparisons,except for the seldom
caseswheretheexactbolometricmagnitudeis determined,are
unreliablesincethey arebasedonempiricalcolor-Teff or color-
bolometriccorrectionrelationswhich do not take into account
effectsof age,gravity or metallicity amongthesampleof ob-
jectsusedto derive them.Although,asstressedin ourprevious
andpresentcalculations,shortcomingsarestill presentin the
theory, yieldingstill slightly inaccuratebolometricmagnitudes,
discrepanciesarisingfrom comparisonsin Teff -Mbol diagrams
reflectprimarily uncertaintiesor inconsistenciesin thevarious
transformations.Suchdubiouscomparisons,which usedto be
theonly possibleonesafew yearsagowhennosyntheticcolors
wereavailable,leadin generalto incorrectandmisleadingcon-
clusionsbothfor thetheoryandtheobservations.Meaningful,
consistentcomparisons,whichavoid externalsourcesof errors,
mustbedonein thevariousobservationalcolor-magnitudeand
color-color diagrams.Theselatter representmuchmorestrin-
gentconstraintsfor thetheorythanaglobalTeff -Mbol diagram.
Modelsaimedatdescribingcoollow-massobjectstructuraland
thermalpropertiesmustrely on sucha generalparameter-free,
consistenttheoryandmustfirst beproven to be valid in every
availablepassband.With asa holy grail the accuratedescrip-
tion of the physicalpropertiesof the star in all characteristic
passbands.

As shown in thispaper, thepresentstellarmodels,although
basedon updatedphysicsand consistentinterior-atmosphere
calculations,still suffer from uncertaintiesat optical wave-
lengths,at leastfor solarmetallicity. This reflectsour still un-
completeknowledgeof the complex physicscharacteristicof
cool star-like objects.It is our aim to solve theseshortcomings
in a nearfuture andto derive fully reliablemodelswith com-
pletely accuratecolor- effective temperaturerelationshipsand
bolometriccorrectionscales.

Tables1-3areavailablebyanonymousftp (includingalarger
grid in ages):

ftp ftp.ens-lyon.fr
username:anonymous
ftp > cd /pub/users/CRAL/ibaraffe
ftp > getBCAH98 models
ftp > quit
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