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Abstract. & sample of 97 galactic held He stars were stndied by taking mto acconmt the sffects mducsd by the fast
mtation on ther fundament al parameters. Al program stars were obssryved in the BCLD spectrophotometnc system
m order to mmimize the perturbations produced by the crormstellar eovimnment on the spectral phot ospherc
mgnatures., |he = aneof the st sttempts at determinmg stellar masses and ages by sl tansmsly usmg made=l
atmospheres and evalwiinary tracks, hath calonlated for rotating abjects. The stellar ages (7] normalmed o
the mspective miermed ttme that sach rotamg star can spend in the mam sequence phase (Tas) reveal a mass-
dependent trend. Thes trend shows that: a) thers am He stam spresd over the whaole mterval 0 £ rfras £ 1 of
the main sequence evolit onary phass; b the distribution of pomts m the | 7fres, W) diagram indicates that
m massmve stars | W 2 12M3) the Be phenomenon 5 present at smaller 1/ 1us age ratos than for lss massne
stars | W £ 12W3). This dstribution can be dus to: 1) higher mass-loss mtes in massive ohjets, which can act to
mduce the surface fast mtation; 1) aroulation time scales to transport angular momentum fraom the core ta the
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surface, which ame longer the lower the stellar mass.
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:;;:1. Introduction

Correlations between the Balmer e emission width witls
= Vain g aml thestatistical tendemey of Be-type emission lime
profiles fe be presant for low Vsing valees, while Ba-slell
type prevails at high Vsing, mspired Strove (1931 model
of the Be phemsmenon, Tlis neede ] widerlies tle nest re
canl omes The modal also assumes that there isa seculady
stable B-type stellar enitical rigied rotator [Tassoul 1974),
which buikls an extended cireunsiallar envelope [(CE) con
demed towand the equatonal plane by equatorial ejection
of mass, Be stars are considerad 1o be O Bamwd A spectrml
type momsupergiant stars that bave shown at least omee
sexmie emisson in the Balmer lines [Jaschek et al, 1941).
[t has long been koown that Be stars are fast rotators
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amcd that they mtate at kast |5 to 2 tines faster than
B stam withowt emision [(Sktiebak 1979 Zoree 3.
From a homesepeoes set of YVand parameters, altlough
ol eormeted for effects of fast rotation, Chawville et al.
(B eomeleded that Be stars rotate on average at an-
gular velocity rates w = 13k =~ (L8, Stoeckley (1968
pedmted out that the Vsind pammetens can be systemat-
wally unde mstimated i secomd onder effects of Tast mota-
tien o alsorption lines are eglcted, Makimg allowance
i tlee calewlationof rotational liee broademng for star dis-
teartion and mon-umform serface temperature i latitude
{wom deipel [%24a b)), Stoeckley [ 1968) coneluded that Be
stars might actually be eritical mtators, Thoes, according
tex this awther = omild proomiee s activity or other minor
dhisturbamces lead to the gjection of msaiter...” to form the

CE. Thess amguments were taken up by Owoeki  [2004)
ancd Towmeand et al, [3EM). In 4 stedy by Frémat et oal,

(3 of rotational elects on Teedamental stallar paran-
aters il s slhown, however, that He stars miate on average

at w o=~ (14,
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Crampin & Hoyle [ 19600 sugeested that tle Ba ple-
mevme o oceurs durimg the secondary contraction pliase
where the sprface rotation velocity has been spun up as
a comegquene ol angular monsntum eomservation. Baw
plotometrie color imdices place Be stars mear, or on,
tlee TAMS [termimal-age main sequense) [Sclommd t-Kaler
18 Sehild & Romamishon [H76). However, this apparant
lewea ticamn 1 tlee HR diagram ol some Be stars is dee ioopard
fen tlue comtimomm amission exeess produced in CE and to
tlee over-lunnmesity of tle contml objects carried by tle
rofatiomally-induced stellar geometrical deformation amd
tlee concomitant gravitational dakeming effect [von Leipel

IF2a, b Sleitabak et al P840 Mernilliod 1982; Sletiebak
P8 Callies & Somneborn 1977; Collines et al. 19891,
Tovwmsend et al. HWM; Frémat et al, 3.

[T the Be plenomenaon is an outgrowth of nearly eriti-
cal stallar rotation, ome of the Tundamantal questions be
commes wlethar such a Fast sorface rotalion & an insate
property, or it s acquimed at some stellar evolutionary
ploase, T differant. plenomeanlogioal frames weare pul
forward to tackle this question, which depend on wlethear
Be stars are considerad binaries or simgle stars. o bisa-
riess Ll Be plenomemon comld arise after o Roelie ke
overflow event, when o of the compoments gaims mass
and angular meamentum [Packet 1981 Harmasee [94T;
Caiess WG, While this meclamism canmost @ntirely accon
fosr the observed fregquency of Be stars [Pok et al. 1981,
van Bever & Vanbeveran [997), it can explain Be X-ray
Bimaries [Coe BN Thearefora, lat us assmme that Be plie-
e o eomcenns only simgle stars only. In that case tle
mear critical equatorial velocity can eitler be an atteilbote
aof stanm simee teir AAMS [2oro-age main sequence) ploase
ar 4 property that is acquired durimg tleir long-lived main
saquance | M5 ) evolutiosary plase, Using neyvmentsal imer-
tia of non-rotating stellar modeals, Hardomp & Strittmatiar
(1ET0) eomeluded that the imtial motation at ZAMS e
be from | to 4% below the critical rate, for the siar to
became a eritical motator Trom oore contraction in the M5,
Sinee the fast miation reduces comiderably the stellar mo-
mentum of inertia, according to Endal (1932 only 40%
wieler-eritical motation at the ZAMS would be meaded to
accelerate the star to the eritical rotation durieg the M5
life span. For the star can reach eritieal rotation dar-
g the M35 phas on the stallar sudace alss depends
o the imitial amsunt amd intersal distribution of an-
gular momeantum amd on s ke and Turther redistribua-
ticn mwechanizms [ Endal & Sofia 197%; Meyeet & Masdar
Hey; Heger & Lamger 20k Meynet & Masder 32,
Masder & Meyoet 2], HH3; Stapen HE2).

Apart Trom the mentioned photonstne reslts, =
stclies deal with the evalutionary status of Be stars
Jaschak et al. (19800 amd Huber-Delplass et al. [ 1982)
mesticesd a muild tendemey of late Be type stars to balong to
tlee giant luminosty class, while esarly Ba type stars have a
tendeney to ba dwarls as if there was a mass-age s leetion
tlsat wnderhes the Be phamsmenon, forec & Briot | 1997T)
founed that the freguency of galastic Ba stars agaiest spee-
tral type does not differ strongly Troms ome hemmnmosity lass

tor anctlier, which might suggest that the Be pliemomenon
can appear at any evolutonary stage dunng the M5 pliase,
[n & stwdy of Hestars in open clstens, Fenstein (T390 mo-
tieed am increase of the frequency of thes abjects pear the
miledle of tlhe M5 phase. Similarly, Fabregat & Toreejdn
(B comcluded that the clhange of tle Treguency distri-
butiemn of He stars agaimst tle spectral type as a function
of cliestar age coukd be acooumted for by assuming tla
ile Be pliemomse mon oocurs in tle scond hall of the M5
pluase,

Whil in the stellar count of field Be stars by
Loree & Briot [ 1#T) the effects Trom CE-depandent over-
lumimosity amd spectral cliamges due to Tast mtation were
taben Tnto acoount, the bimmimg of stars by omimosity clas
groups, wlieh was meant to represent an evolotiomary-
dependent separation, canmot be justifed entirely Tor
muamy stars of the sampla, Om the other bawd, in Fainstain
(190 amd Fabregat & Torrejdn (20K, the sampling of
Be stars in elesters agaimt spectral type can be imeons-
plete. Tm thess anvimmments, Be stars are Treguantly de-
tectad plotometrically. Sines massive Be slars are scame
ancd the amission in the Balmer lines of stars eoaler than
BT can be low, information an the appaamnce of the Be
pliemonemn in te melevant stellar masses may then be
missing . Momover, photometric amd spectroseapic spec-
tral types were mol corrected for allemtions dee to the
CE mor for ehanges nduwsed by fast rotation. T, due
Lo tliese slwrtoomings tle conelusioms drawn o tlose at-
temmpls are likely biased.

Anctler way to undestand the evalutionary status of
Be stars that may in principle solve the above iseone
mie s, 15 Lo stucdy Tn detail astatistically signifieant mone-
ber of individual Be stars, wlere oaacl star tle perturba-
tiesies precluead by the cireumstellar annision falsorptions
an the observed specira are comidersd amd account is
taken of the rotatiomally-iedwed affeciz, The aim of the
present. paper is thos to disoess te avolutiosary stage of
a well-observed sample of brght, feld galactic Be stars,
whose olssrvational data were treated for all these de
viatioms., Tle fact that thess objects are bright amugh
tnplies that their Be chameter is wall reeorded, This is of
particular interest for those abjects aitler amomg the nore
or the less nmassive stars of tle sample, beease o gemeral
tley are mol s mummerous in either of these axtrames of
HTEE

2. Dbservational data

Ol of the main concems relatad to the apalysi of the
alearvational data of Be sars s o remove eireastal-
lar emsission fabsorption perturbatiors, We determineg the
fumdanenial parameters of tlese stars wsing BOD spec-
trophotonetne data [(Chalomge & Divan 1952, In thes
systam the Balner dissontimuty is olsarved, which is
chametanzed by two indepamdent measurable quantites:
thee flux jumipat A = 3700 A, 17 incdex and the mean spec-
tral pesition of the diseontimeity, Ay, preseuted n A =37k
A, The (A, ) pamneten are strong Tunetions of Ty
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and log g [Divan & Forec |8982; ome 19446, i bas bean
slown several times that for Be stars thess two gquanie
ties are Tree of croonstallar extinetion amsd cieumstallar
emission fabaorption [fome & Briot 1991). He stars may
slwow s Balmer discontimuity with two separated com po-
nents, While the variable component due to tle CE can
b im oa given star, eitler in emission or 1 absorption de-
pemding on the time they are abserved | Mow) talid et al.
193, 1998, the constant component mflects tle average

plestosplierie prpertios of tlhe observed stellar lenmsplers

[Howrec et al, HHEE)

The pregram stars are lsted o Table | Thay were
abserved Tor more than 5 years at OHP [Franes) amd
ES0 [La 5illa, Clile) with the Chalonge spectrograpl
[Baillet &t al. 1973), a devies spacially comeaived o ol
serve the stellar Balmer discontimeity. Simes 199 s of
tlee program objects in the suth hemnsphers have baean
absrved o CASLEQ [San Juan, Argentina) with tle
Boller & Chivens Cassegrain spectrograph, whoss reso-
lutiom im the low dispersion mede s similar to that of
tlee Chalomge speetrograph [Cidale et al, 20060, 3K and
emables one 1o separate elearly the stellar Trom the ci-
cunstallar Balwer decontimnty. Tle (A, 1) paraneiers
af the absrved stars are listed in Table |[eoluommns 2 and
A1, Their r.m.s deviations are on average op & 0000 dex
and oy, & 0.3 A

Tlee Ay, 1) were calibrmted in tle [T, logy) param-
eters [Divan & Yorec 982 Horee 19846, When thes cali
brraticans are waed for fast rotatiog stars, they mest be con-
sicdemd o represent the aspect amgleaveraged properties
aof the stellar photospheare in the observed stellar hemi
sphere, Herealter we call them apparent fundamental pa-
rametars, Tle apparend [ Ter, logy) sets are listed in Table

I: Tor and gy (columns 4 and 5. The Veind param-
eters amployed o the present work [eolummn §) are Troom

Clhawville et al. (2 and Frémat et al. {20050, The lsted
Vaind parameters were obtaimed wsimg elasical meodals
af stellar atmospleres [Stoeckley & Milalas 1973, whers
tlee waration of the lmb-darkening coeflicent witl fre
cuuency 1n the line is taken nto account, so that they can
e commiche paed Tree of wederestimations indueed by tle e
aof constant lmb-darkeming cosffeients [Collioes & Troax
LG Meverileles, tlese YVaind parameters mest also be
comsiderad apprrent.

Fiz. | sliows the HD diagran of the olserved Be stams
given in terns of the olserved BOD (A 1) parametans,
[m this diagram we can s=e the temlency mantioned by
Jaschak et al [1980) and Hubeart-Dealplase at al. [ 1982) of
late type Be stams [eooler than BS) to be on average
slightly muore lumimmus than early Be stars, Altleugh tle
(A, I pammetens of stars presoted in Fig. | can bea
coxnsiderad free of CE perturbations, they are “apparant”
cuuantities beeawse they still mead o be treated for effects
neleed by fast rotation, Our stellar sample as a spectml
type dstribution that muirmors guite weall that of the wlele
kmown Be star population sear the Sun [ Zoree & Briot
L#T). The mesulis we abiaim with theo can then be eon
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Fig. 1. HR diagram of the progmm He siars o terms of
the BOD (A, V) parameters,. Each eurvilinear quadrilat-
eral mpresnis a ME spectral type-lominesity elass group.
The vertical stnps demareate the spectral types, wloeh are
given i the albecissa, Tlie lonmnosity elasses corresponding
tor tle leorizontal strips are marked in the gquadrilaterals

om tle right side of the diagram

sicdered to represenat fairly well the properties of this entie
pevpulation.

Talsle 1. Program stars, observed and derived pammetens

Flesctranic versan

3. Method
3. 1. Stellar atmosphere models of rotating stars

The models of rapidly mtating stars wsed o the presan
wirk to desenbe the aspect angle average spectroseopic
amd spectropletomeatrie chametansties of early type stas
are desenbed n Frémat eb al, [35) [cakulation eode
rasTROT). Tley correspond 1o ashjests with overall rigid
rotation amd take into ascount their geomeatrieal deforns-
tiesn as deseribed by equipotentials o the Reche approx-
tsation. & llowance is ako made for elanges of the polar
rachins and the balomeatre oty produced in the stal-
lar eore, The lowerimg of the balometne homnimesity was
comskderad 1o be related to the mass-com peesation & e
aof rigidly mtating stellar cores [Sackmann [970; Clemeant
1979, The wa-wniform effective tampearatuee distrbution
with latitude Tollows the von Feipal (19244 b)) tleorem as
far as high =nough tempemiures are concerped, For lo-
cal efective temperatures kwer than S K we med the
gravitational darkening caleulatad by Claret [ 1984). The
caleulation sode FASTROT enables us to caleulats spectral
limess aml epergy distributions, We can then estimata the



AEW A
u

u
3
1
=

-
=
-
o
-
=
-
ot |
-
=
=

[ L] a1 [ ] i 1 [ F ] i1 L] [ 3] [ 18

..-l:JiI"ﬂ.l & = [&TE,

Fig 2. Model (A, IY) pamostens against the rate 00
fosr dlifferemt wnperturbed pairs [Ty, los o) amd several as-
pect angles i

clhamges prochiced by motation on tle Balmer discontimuity
amd the (A 1) pammetes that deseribe it

3.2 Relation between “apparent” and “parent
aon — rolaling counterpart” stellar parameters

The main purpass of tle presant paper is to nfer stellar
fumdansntal pammetas that may give us some nsigh
ity the wesst plavsible evolutionary state of the stediad
Ba stars, once the olsaped quantities are treated for tle
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Fig. 3. Fumctions Fr and Fg for vfmas = 0.5 amd tao
stallar masses

first erder rotational affects. To derive te actual stellar
miass Mool a Tast rotator, we assume that the olsarved sl
of parametars (A, ) Vand) s alfected by two types of
rotational elfects There are direct chamges related o the
stellar geometrical deformation amld the comssguent mon-
umiform surface temnperature and gravity distributions,
Moreover, there are effecis related fo changes that the mo-
tatesm produces on the evolution of stars, To order to take
bievtls ty pes of effects intoaccount, we proceed in twostaps,
Ohar mielels are built as a Tunction of effective tempara-
ture and surface gavity of leoologons spherical stams
tlee s mass, but witlout mtation, 5o, noa first step,
Fresmn the olssrved (A, D) quantities we derive the ™ pareal
non — rofafing counferparis” [pare) In a seoond stap,
we e the pore [ Tor, log gl sets to derive the [T, lezy)
gquantities, which are the effective femperature amld grav-
ity o ragred over te whok rotatiosally-delomed stellar
surface. These average quantities are finally wed as the
entry parameters to the medels of stellar evolotion with
rotation to infer mases and ages, For comsistency with
otler works based on the we of FasTroT, e nonescla-
ture of Tundamental pammetens follbws that adopied in
Frémat et al. [ 35

The transition from apparend to pore pammetens s
carried out considerimg the followim tramsformation:

D= D.[Lalogg) « Fp(T logyg, w 1)
Ay = Af(Ta lomy) = Fy (T, g g, w7

Vi (T loog ) 0 ool i

(1)
Vsini =
whare I aml Ay am the obsarved BOD quantities, while
D anmd AT ar those of the mtationles homaksoes starn
Ter and log g are the poee Tundamental parametas; @ is
il stellar aspest amgle; ¥ is tle eritical lnear equato-
rial velkseity for ngid rotation; K. & the eritical sguatorial
radins and K, the “actval” equatorial radios at the mota-
tiesmal rate w = /0. | Tle factors Fu and F, oare Toee-
tiesies caleulated with rasTROT Tor riged motators, which
accounts for the geametrieal deformation of stars, as well
as for the correspomrding aspect amgle depamlant axiarnal
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meu i form tempamture and gravity distributions. Some
excamples of the bebavior of [ amd & as a Towction of e
angular veloeity rate w = {3k and e lination amgle ¢ for
several pore [ Tar, logy) pairs are shown in Fig 2.

Asin previos calealations of rotatiosal effecis on ob-
sarvations] quantities of B stars [Maeder & Peyiremann
Lo, 1972 Ceollins & Sonmebom V9TT; Collie o al. 1991
Tovwmsend et al. 24, Frémat et al. B, the calula-
tiones ol (X, 1) also show that rotational effects bee o
conspicusus at rates w & 05, This it s however lower
for kvwer effective temperatum. The (A 1Y) parametens
are double valued Tunetions agaimst w at bw enough poee
effective tempermtures [Top £ L3R K. This aocnms as a
comsequence of the gravitational darkening effect, wlicl
cliamges the average iomzation balames o the stellar s
face. As o stas with spectral fypes cooler than AL, tle
H- alsorption ncresses progressively over that of bl
Cramsitions of wutral lydrogen, which carnes a decragse
af tle walve of . Similady, the A, folding at high w rates
reflects the same baliavior as o late B-type giant stams, in
Plee sepe tlat presaire broadening effects on Balmer lines
muakes A, decresse more rapidly the lower the effective
e perature as log g decregses,

Simee muocdel evolutionary tracks ame presated o terms
of Tundamental parameters aoeraged over the wlols stel-
lar surface m lewgt ), & relation betwesn tles quantites
amd the prre [Tor, log o) determmined from (1) bas to be
wseed Lew infer stellar masses and ages. Wevertleles instead
ool wesiieg dlires X = FIX; ;w)relations beiwesn prre and
apetaged X-gquantities we prefer to ilerate relations like:

Tt = T = FriM,r, w)
by = logy x FalM, 7 w)

which are essentially of geometneal nature amd where tle

(2

depamlency on the siellar age © aml mass M s small, Fig,
4 shows the functions Fpoawd Fy for M = 3 and 2040
at 7 frgg = 0.5

The ¥sind parameter on tle lafi-and-side of the thind
relatiom in [ 1) & imtemled to mpresant the frae rotational
pammeiar, e tlhe paraneter cormetad for underestins-
ticaes Tncduced by the gravity darkening [Stoackley |964;
Tovwnsend et al. HWM; Frémat at al, 2. Sinee this oor-
rection depemls an the pore [(Tog, logg) and w, it has 1o
be iterated simultanesusly as we search for the soslution of
il systen (1),

Tew sl e relatioms [ 1) and [2) we meed to specily aitler
tle angular velocity mite w or the melination 1. Sinee 1
was shiown by Frimat et al, [20005%) that nest Be stams mo-
tate at w= 08850 which is a distibution with a very
loow disperacn of angular veloeities, we can adopt w =
(L8 tow sl ve the mlations o the sought parameters &M, *
amd 7. ['n this paper we foeus our diseussion only on © amd
M. We also mote that the solution of (1) aml (2 implies
tlsat we can tramslate (A, D) inte [ Tar, logy). Asannpinieal
calibmtions cammal be wed, becanse of mixed rotational
affects, we e model calealations. This mmplies that we
ey et have errors armising from the procedure of tram-

latimg [As, IN) dotes [T, losg ), bt only with thoss passed

Fresmn the olserved BOD quantities omto the apperent T
damental parameters. The propagation of empirical wn-
certainties in the determisation of [ M) & diswssed o
Sect. 4.2

3.3 Evolutionary tracks of rotating stars

Moddal tracks of stallar evolution with rotation calenlated
by Meymet & Masder [2E), MMERE) for solar elhem-
cal composition £ = (L2 weare done for different initial
[or ZAMS) true equatorial rotation valoeities Y, Do tlese
mcede |5 1 15 also assanmed that im the A MS the sars stan
evalving as rigid rotators, The we of evolutionary tracks
witly rotation bas two diffiealties:

a) e information e sts on wbat Y should be adopted
ton interpolate stallar masses and ages, FToree et al. [2004)
leave slicvwm that the trie equatarial valacities of dwarl Be
stan lave a quite flat distribution agaimt spectral Lype
arcumd Vo= MK ki s F [F = A0 ke s fat BV and
Vo= 270 km s~ 'for BVS). Caleulations of intermal an
gular oo ntum redistribution Tomsees that in the fir
|t 25 of the M5 lifetime an initial flat intemal angi-
lar weloeity distribution tramsformes into a step-like o
where, depending on the mass the rotation m the stel-
lar core becomes 200 to 405 faster than in the enve
lospe [ Demissenkov et al. 19 Meymat & Masder 3.
Simee classical He stars lbave massces that ramge from 3
ter MM, we shoul then we models of stellar evolution
calelated for somewhat higher mass-dependent imitial we
loitios, ramging Trom Ve = 340 at 38z 1o 420 ko s~ Tor
m.hr-':;:

L) tleere s sme evidemoa for intermal amglar niomen-
tum redistribution i the pre-main-seguence [PMS) avo-
lutiomary stages of stars with masses Trom 0.1 to LM
[ WollT et al, 20(M) which tmplies that stas can star
evealving Tromn the EAMS as differential mtators, I so, and
depending on the PMS evolutionary characteristios of i
dividoal stars, the anwunt of rotational energy stored Ly
themn could be igher than the Dot imposed by tle crii-
ieal Agid rotation [Tassowl 19T8). Tn such oo case ilem s
a el ligher mass-oom persation affect on the core balo-
metrie lumimesity and them may be more conmpeguemes on
il stellar evalution than those scoounted for in models

e in the presant work.

Facimg tle quoted unknowes on the intemal rotation
of tle studied stars at the A MS amd on their initial eqqua-
toarial velocity, we estimate the effect on the mass and age
estimates in the physical framework defimd by the exsi-
g, caleulations of stellar evelotion with rotaton.

First, we obtaiped stellar ages and masses with the
evalutionary tracks witleout rotation for £ = (002
(Sclaller et al. 1992, Then, we derived the same gquan-
tities wsimg the evelutionary tracks for V. = 30 km s=*
amd & = (L2 of MM, Tl last correspaomd to initial
amular velooiiy rates that range Trom w. = 079 at M =

At we = L52 for M = MM, They prodeee smaller

affects on the nmass and age estimates than the slghtly
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higher velocites ¥V, = M) peeded to produce tle aver-
age main squence Voo 3K kms™" after baving undengome
rapicd initial intersal angular redistribution in the ZAMS.
The enbameed valuves Vo = FIM) imply rotational effects
can stellar evalotion scaled fn terms of initial rates ranging
fromm we = (LAT at M = 30 to LT0 Tor 3080 . This &4if-
feremee in the imtial rates we may have some sgnifioamss,
since rotatiosally-inducad effecis on the stallar fundamen-
tal parameters inerease rapidly omee w =08 and they are
stromger for lower stellar mass [Frémat et al. 2065,

[ arder to estimate an order of magnitede of the =
fects om thie estimsates of mass and age by initial equatorial
velocites larger tlian tlhose used i the publisled models,
we re-scaled tle existing evolutiosary tracks as a Donetion

af the abovemeantioned mass-dependent values Vo = {58

3.4. Re-scaled ewolutionary tracks
The calculations carned out by Endal & Sofia [ 1978) anxd

T recent ]y Ly
Heger & Lamger [2006)0; Mey et & Maeder |3, 32
and Maedear & Meynet [3H) slow that rotaton introe
duces sveral changes o the evolutiosary trmeks cone
pared to those for noe-rotating stars, The characterstios
of tliese cliamges, under the asswmption that tle stas star
evalwing from the ZAMS as rigid rotators, depend on:
tlee acdopted mass-loss rates, the imitial conditions such as
cliemiceal o position and the imtial rotational veloesity ¥,
and on the mechamsns of angular momeniam redistribo-
tiewn imesicle the star, In Be stars, tle average mass-loss rate
L= Mo ye= ! which encompases winds and diserete
muass ejections, camot lead fo semsitive deviations Trm
il evelution with the timedependent. variation of stel-
lar mass already foresesn o the existing calealations, Tn
tlis work, those chamges of mass are ssumed to be tle
same as Lt calowlatad for abjects evalving with V. = 3
ki &~ . However, dependiog on the initial value of the o
tatiomsal velooity amd the Turtler plemmeanan of angular
mementum redisinbution, thers are at least thirese oiler
ouistanding chamges n the evolutionsary tracks of miat-
g stars in the M5 plase that ioterest our fondamental
parametar determination:

i) I the [lomg L Lo, Toabplane the tracks are shghtly
slifted aml rotated, so that for a given mass the starting
peint 1w the ZAMS is located at a lower temperature amd
lhemmimsity, which reveals the rotatonally-induced mass
cexm pensation eflest [(Sackmann 19700

i) The M5 phase s prolonged to higher hoimesities
tlsan in the nomrotation medals dus to tle anlargement
af the H-eontent im the eonvective core, whiel s prodseead
by tle muxing processes that Tuel it with fresh ol
gen [Heger & Lamger 20 Meynet & Masder 3R, On
tlee other haml, as evalution pmeseds 1n the M5 pliase,
i rotating stas thers s a more seamsitive change of e
mismeEnt of inertia than in noerostatiog sbjects | Emdal
1942, Meyoet & Masdar 26K, which kads to an en-

hamed stretelim of the star, The M5 plhas2 can tlen and

35 ¥

log L/L.,

20F Wy =0 kinfs
Wy =300 kim/=
Vo= f M)
13 -
45 4.4 43 42 4.1 41
log Tug

Fig. 4. Evolutiosary tracks Tor different initial velocities
Voo “dloifed” lines are for evolutionary tracks with Y. = 0
ke &= Fall” lines are for Ve = 300 km &7 ‘dashed
lines correspond 1o Ve = FIM) s that Ve = 30 km s™*
at 38z and 420 ki s™" for 30 M

up at lower surface-averaged eflective tempearatures than
i =rotatiog mecke s

it | The overml]l evalutionsary M5 life span outlasts the
mon-rotating case, on tle one hawd because the levita-
tion eflect prodeced by the rotaton makes stars belsave
as s they had a lower effective mass [Sackomamn 19T,
Bodenheimear [971; Clement 1978 Moss & Sooth 1942
ancd on the other and, becanse the mixing prooessses eited
i i ) i rease tle core-burnieg lifetine [Hezer & Lamger
T, Mey et & Masder 3R},

Thess eflects give a fird order ieight it the elames
iEleed by tle rotation, which astoally encompass a s
riess of subtle global and local mechamsns of mxm and
amgular mucme ntum redistribution, wlese incidems on the
stellar structure can be appreciated only Tl b detailed
calenlations. In this work we = the final settings of such
caleulations carried out by MM3EED o re-seale tle e
lutiosmary tracks for imitial weloeities ¥ at will, We e
tle term “re-scale’ netesd of Sinterpolate’, becamse s
affects caleulatad indetail have been published axpleitly
anly for a restrieted mamber of stellar masses and some
times tley were typiflied by a single case that we bad fo
generalize, Only the M5 phass was treated o this way.
The [log L, log Tam ) avalutiosary patls in the posi-
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M5 part wers comstrocied by tramlatiog the predictions
given |y mocdel-evolution witlowt rotation. Sioce by dofi-
mition Be stars are nooe s pergiant, the supargiant region
will rarely be wed o the present work, The resalis of this
re-sealing operation s shown in Fig, 4. We see tlere: 1)
evalutiomnary tracks for mon-rotatimg stars [dotted lines); 2)
moke] tracks by MM2KK calculated with ¥ = 300 kmns=*
i all masses [Tull lnes); 3) mescaled tracks for a hnear en-
hamement of the initial velocity Ve above 300 kms™" as
a Tumetion of mass given by V. = .':I-ﬂﬂ+[3 w | MM+ ﬂnﬂ]
ki 57" [dashed lines). This relation & ntended fo give
ilee imitial velocities so that alter the first = 1% yr i e
M5 phase tle Be star troe egquatorial veloesities beeonms
Voo Qi e 5= as abserved [r_'r. Beace 3.3:I.

Cliamges of imitial velosities Trom ¥, = 300 kms=* 1o
V.= mp Y [.H,-'.H,n.:|+m] ko s ey mot to predhice
hinge effects om the evolution path shapes, This saturation
aflect woted Tor igh V., values was almady commented on
Ly MAMBWED Toor lest. rotating stars, wlere e peased mass
lowes rates dpe tooa faster rotation partially suppress e
affects related to an enhanced outward tramsport of an-
gular wemen b, Our “tramerption’ of the pliemome o
i all masses for whatever Vo may parlaps be i ffieian
as it depends an o4 simple interpolation amomg the few
cases given explicitly i the Nterature [Taksn et al. 99T,
Meymet & Macder 3. However, we note in Fig. 4 that:
I} the breadilh of the M5 plase of rotatiog modals s
sliglitly enlanged for all OB stallar masseas as oom pared to
Ll rotationless case; 3 Ul stellar mass that comresponds
tew & given [log L /Lo log Tl ) point infermed in the lower
hall of the M5 plase of motatiog objects will be slightly
higher than the same obtaised with traeks of non-rotating
mucdels; 3) stellar masses inferred in the wpper lalf of e
M5 will mot depand smsitively on the type of avalotion
miocde ] used, i masses are lower than ~ 108, while for
stars with 8 3z 108 the masses obiained Trom rotation
depamlent tracks will be lower compared to those intar-
polated with mtationlkss evolutionary pathes.

3.5 Stellar ages

The avalution time scales depend on the total angular
e b and it progressive intermal redistribution. Le
s eall g the time spent in the M5 phase by a non-
refating star [ Troos AAMS to TAMS) and use the notation
Ty g Tor the M5 life span of 1ts lmalogous motating abjest.
Assuming that stars bave ngid rotation in the LAMS, 5o
tlsat their mitial equatonal velocity & ¥, MM3REED have
slown that betwesn ryg and r5, the following relation

lueskds:

M L a Vsl M, V)
Tm=

whare = (L3 and Vs A, Vo) in km s 'is the surface

rotatiovnal velosity averaged over the wiole ngs period.

(3

O account of the sinplieity of mlaton (3) asld that ac
tally we do not bave amstler way 1o scake stallar ages on
evalutionary tracks for whatever mitial v lees of Ve, under

Table 2, Hatios 5 as a Tunetion of mass and e imitial

amgular veloeity mie w. = V. /12

MMz wo=035 0.8 0.9
0.0 0022 0008 0008
15.00 0011 0021 0029
10L0] 0003 0058 0074

510 0022 0113 0.154
an 003 0170 0242

tle asspmiption that stars are rigid rotatons oo the 24 MS,
let ws write a similar melation to [(3) for the age viw) of
a rotating abject at any moneut of its M5 evolutiosary
pliase amld tle respective ‘rest’ age ° = 7lu=0):

Tlw) _ La T
=10+ r[wjf: Vit i)

where Vi) 1% the tine dependent surface velooity, After
a rapid decrease that lasts | to 2% of the M3 lifetime, in
muaskive stans with mass loss, ¥ (1) shows a romghly linear’
decrease with time [MM200K), while instars witl mases
M o< 10M,, where mass-loss is megligible, i follows a
“parabolic’ e mease | Endal 1982; Meypet & Maeder 2.
We can then denve the ollowing relation betwesn the age
fraction spent in the M5 plase by a mtating star and the
lesmalomgons non- mtating abject:

_ 7 mas)
Tz L+ 5= fres)

riw)

(%)
iII !'lllil'_'ll We |IH.'!E .

Viual M, ¥,
T [% —#[-'h’-'lf;-ll] (

alV,
L+ gl M, iq;:lu-ifl:) 18]

whare (M, Vo) = ¥V, < 1) ¥ mpreseais the surface
equatorial velocity after the very imitial short-lasting in-
termal angular momentum edisteilation. simg the valees
aof ¥ Ve aml Vus( M, Vo) as a fumction of M oand % from
MM and Denissenkow et al, [ 1990 we obiaimed the

estimates of 5 that are given o Table 2, We see tlere tlat

v Ay cases it s || <0 (] s tleat tooa good approxima-
Lieamn:

Tl i) i
ey mes [ - )
O the other haml, the small values of || warrant tlsat
a very detailed represntation of the Tunetion ¥ (1) s ml
relevant to avaluate tle age ratios (5],

Simee we will be dealing with w 2 (L8, nest Be stas
stidied will have Fiw)fras £ 7% /rgg. In general devia-
tiesies Tresmn [7) are sosall amd, as expected, they are higler
Pl lewwer tle muass.

For imterpolation of stellar ages, we divided the
LZAMS-TAMS tine interdal of each svwolutiosary path
intes LK parts: w5, ¢ =01, 1Y, s that w =+maws and
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Toon =Traws =Tys- Limes 1 for the same @i tracks
ol two comecutive masses were comsideraed e prese nting
stars 1 lemelogons evolutiosary stages. Interpolations of
myasses and ages were ten done o the [log L log Tag) dia-
grams aceond img to this erite non of homokgows evalution.

A few studied abjects Tall in the HR-diagmm stnp of
il secondary contraction phase, Ths does not allow s
ten clecide if thess abjecis are still in the M5 plase in tle
seconelary contraction region, or of they are already in tle
giant bramel. We treated them as il they stll wera in tle
M5, simee tle short time seales invelved i the remsaining
pleiases dey ot clamge much the estimate of the age ratios
iz, A small number of stas remain in the post- M5
plase, even after all comections of parameters for mota-
il effects. Do the giant plass the evolubion times were
recscvaled wang a mlation similar to (7).

4. Results
4.1. Praliminanes

Tl muajor motivation of the presnat paper & oo infer e
‘preseut-day’ age of stars already dsplayiog the Be ple
e mon. We cannot say i the plEoosmenon as aleady
bean present in a given star for some tme, or if the star
will display it up to the el of s M5 pliase.

As alredy moted, Frémat et al. [2H5) have sliown that
micsl. Be stars mtate at w o= (L83, Since this rate applies
Lew stars that can be at difarent avalubionary stages im e
M5 plase, only thoss tracks that imply a state of tle sur-
Face wvalocity tliat fit tle comdition w = 0.8 at tle reguired
lemca ticamn el tlee star in the HR-diagmm would be suitable
tew dmfer its mass and age. However, we do omot know e
nElivichual mitial veloeities ¥, to bnild the meoguired model
tracks. This can be solved partially by ileratim tle stal-
lar mass and its ¥, Nonetheless, the oparation moguires
a mumber of subtleties that ame beyomd tle sope of the
present. work and will be developed alsewhere, The results
abitaimed o this section will slew a posterion that adopt-
i an appropnata ¥, for all stars is an apprsimation
tlsat suffices for the purposes of the presnt work, 5o, o
tlee present paper we caleulate masses and ages adopting
tlee muoedals by MMEEEY for ¥, = M koo =8, We esti-
miate the magnitude of possible uneertainties cansed by
tlee lack of kwledge of the specifie wlue of V. To this
amd, we detarmine the [v/rus, M M) parameters of sev-
aral HR “test” points in the upper aml lower hall of tle
M5 phase [clossn at hoe), as a Tuoeetion of evolutionary
tracks dependent on different values of . We assume
tleat tle “test’ points eormspond to stars mtating at w =
88, A given sel of st appaerenl parametes producs, as
expeetad, inclisation angledepandent series of pure and
awerayed Tumlanental parameters, However, tle relative
cliamgas Trom e wse of vanows evolotiosary tracks are tle
same 5o, we assume that the test objects ar sen at =
52°, or am average e lisation of rotation axes orientad al
ramlon (5 = u.rr_'h.ill[m = = /4]). For this specific angle,
apparenl X (1) Tundamental paranetens aml the mapactive

Table 3 Comparson of mases, ages and age ratios de-

rived Troon evalutiosary trcks withowt and with rotation

NT | T bgg MiMz riage) Tfrus
k dex VEATE

1 Apparent pamameters | Ewhition sathont rotation
BGA24 4.043 2478 224x10° 0350
119 A.449 M40 570x10° 01900
oz 4. 100 1198 553x10°  0.350
2529 A.830 1193 1.41x107  0.900
14302 4.157 400 5710 L350
12169 3695 400 148x 10" 091

2 | pnre paramesters for Ewahition wathout rotation
M. = 054
3903 4185 2TET 2A8x 10 048
a0adl 3563 2510 5.06x 107 (LE4]
=l 4.234 13.15  423=10° 1031
25249] A.751 12687 1.18x 10 0807
15434 4. 2310 43 TaAT=10° 0054
13174 808 419  LI8=10" 0818

it Averaged parameters | Evwhition wathout rotaton

far 0/02, = 0.%3

S35 4087 2535 224x 107 035
A 3437 2424 54T« 10° 0.900
T 4.089 1212 429« 10° 0407
23478 AG22 1215  139x10° 1910
14294 4. 149 408 862107 0425
12183 2590 41 141=10" 0922

Ewohition wath rotation
Yo =300 km /s ¥ masses

4 Averaged porameters
far 1141, = 0.84

3545 4.8 2588 231k 10" 29
29491 A.4l1 22AY TAOk 10" Ea
I 4. 108 1281  508x10° 0234
2R34T A.814 1192  1684x10° (L8463
14294 4.171 4737 4.00= 10 1241
12183 A.590 410 1.59x 10" 0342

Ewahton wath rotaton
Vo= FIM) 2 300 km fs

5 Averaged parameters
for {111, = 0.84

33504 4.058 28.81  200x10° 0253
HaE 3.410 ZLTH  AO0Zx 107 0EoE
AT0ad 4.115 1285 438x10° 0243
23473 d.614 1192 169x 10 0867
18294 4.178 432 344x 107 0.2
12183 2530 410 1683x 10" 0848

%% = hlodk wentiher to mdicate in the text the type of
syalitianany mode] nzed

surface averaged X obay: X[i=~ 529 ~ X [the Xs stand
foor losg L, oy, los T, atel).

The resanlts tlies obitaned are displayed inTable 3. The
[ Taer, lowg ) paraneters given in columms | and 2 of the
Laf bleck in Table 3 represent the sheerved, e appeeenaf,
fumlanental parameters which seed o be treated for mo-
tatiomal effects. In oolummes 3 to b oof the laf block are
given tle masses ages and Tmetions of age speat in the
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M5 as reflected by modeals of stellar @velution witlost mo-
tation [Sehaller et al. 1FFE. In columimes | and 2 of the 2nd
bloek are displayed the respective sets of paee [Ty, logg)
parmmetans of test poimis, They comrespond o parametens
il stars would lsave at rest. [n columns 3 to 4 of the Zud
bloek we display the “fetitions” quantities il the pore oo
dlamental parameiors wen wed to derive masses and ages
Frevmm evalutionary mode ls without rotation. The poee pa-
rameters [ Ter, logy) given in eolumns | amd 3 of the 2nd
block were derved wsimg tle Frémat et al. (3R] modeal
atmespleres for rotatiog stars, Simee evolutionary tracks
aof rotating stars are given in terms of fusdamental pa-
rametars aweraged over the rotatiosally-defommed stellar
surface i columns | asd 2 of the Jed, 406 awd A blocks
we give Ll surface aeerged affective temperatures amd
gravities of the tes stars rotating at (3000, =~ (L84, [n
cealunimns 3 to 5 of the Jed block am given the masses, agas
and Tractioms of M5 ages derived i evolutionary tracks
witlesut reotation, wlilein the samecolumm of the 404 amd
Stk blecks we give the parametens inferred wing the orig-
il mieckels by MMZWED with V. = 3k km s~ " dm tle
ZAMSES and the re-scaled evolutionary tracks for the V¥, =
FIM) meant to account for the average V o= 30 ki s~*
aof dwarl Be stars after the imitial fast redistribution of e

internal angular momentum [Sect. 3.3).

Tle frgures in Table 3 reveal tlat for mass estimates,
tlee uneedaintes Trom pw-ime msmateles batwean V.
amcd THTE. at the reqquired location of the aar in the HR
disgram are wol igher than [ My Tor M 2 108y axd
tley are mich smaller for masses M5 10Mz . Thers may
be lwswever, stromg diffeorasces o the alsolute age asti-
muates, Tlese diffarenos have to be taken info accouni
whean comparsons must be dome with ages of dars inen-
viromments ke clusters that wers inferred from nom- or
slowly-rotatimg stars, Fortumataly, tlhe age fractiom ©fryg
are el less sepsitive o detailed calealations of stellar
evolution. From the 4ih and S04 block we see tlhat tle
clisics of tracks with motation mesalts n nghser weartamn-
tiess oo Lhe Tractions #fry g 1o the st evolutionary stagas
af the M5 phase than the and of this please,

We can tlen conelede that mass determinations are
et stremgly sensitive to e type of avolutionary track
wsee, Oin the other haml, the wse of modeals for miating
stars that take into account the average rotatiomal ohar-
actamitios of fast rotators in the dwad state of te MS
leads to extimates of fractional ages which are not -
tive te the specifie mitial value of ¥ aroomd 3060 km ™",
This ensures that the models wed nthe present work lead
tes reliable statstical imights on global distrilations and
pes brle nnass-de pemdenscies of Tmotional ages at whiel the
Ba pleEnomenon accurs, [t oould ba, however, suitable to
proscesd o more detailed iterations whean discussimg e
vidlual ahjecis wiless alsoluis ages are to be determined.

4.2 Application to observed stars

The entry parametars wsed to derive stellar mases ancd
ages wang relations [ 1) amd [2) were comsidersd with their
le uncertainty bars X = XNotoe (X stamds for sur-
face avermged log L or logyg aml log Ter). Each mtarval
[ Xore, Nabre ) was divided into T parts, so that tle sole
tiewies el melations (1 F(2) and for each star interpolations
i the HR diagrams were performed for all possible eome-
bimatioms of individeal sub-X; entry pammetens. Hence,
for each star we obtained 8% solutioms that detennimed
the respectively v oamd M-distributions of tle soluiions
[t of them am wot symmetrical ), From these distri-
butioms we adopted the modes as the nest probable e
sults, as wall as the cormsponding average Lo dispearsion,
iy account for the mlated uncertainties. We note that the
unceriainties aflfecting the apperent Tundamental paran-
aters are tlose from the olsered (A, 1) quantities. We
alsn have the uncertainty of (4000, — (LM around the
adopied rotation mie w = LA that could affect tlhe e
sults, Mevertleless, the global chamges that will mply on
the [ fmas, M A2 disgram the treatment of the Tunda-
mental pammetan with w =0 orw = (L84, jestily peglect-
g Ll sanall dispersion dw = 4000, — 00, The appoeeni
ad surface average [T, log o) sets are given in Table 1.
I this table we alao reproduce the obtaiped ages, nases
amld M5 age Mractions denved wsing evolotiosary models
withowt and with rotation.

Fig. Ja) shows the HR diagrm of the studied stas
i terms of their apparent. (log L log Tlp) parameters ancd
where am slewn alss the evolutiosary tracks for mon
rotating stars [Schaller et al. [952). Fig. 5b) shows the

HR diagram of tle same stars, but in terns of tleir sur-

face averaged [ log L Lo, g Tar) quantities, where we as-
sumed all stars rotate at w = 0088, In this igure are also
shown the evolutiosary tracks for mtatimg objects Tl
star evalyimg Mrom the ZAMS as ngid rotators with eqqua-
torial velocity Ve = 300 km s~ " (MM 20045,

[n spite of the widened M5 phas of otating stams
amcd comections made to their Tundamental pammetes
for rotational effects, four program stars lie o the post-
M5 “bright giant’ region. They are HDERGU, HDA58 10,
HD 1836546 and HDZITETH, whoss tree Vaind in km s=*
amcd estimated jnclisations ¢ are [149A457), (25767,
(274,77 and (272807 mapactively, Thes objects are rel-
ercnced 1o the literature as binaries or noultiple systens,
Their apparatly oo ‘evalved” character could be duee o
a neErging aflect of fundamental parametars Trons several
CUNTTN e s,

The translation of tle HR positionss o Fig, 5 et
muasees &M aml age fractions ¢ /s 15 given in Table
| amd i Fig. 6. Fig. fia) shows the distribution of psints
(7fruz, MM ) obtamed for the promram stas wsing the
arigimal or apparend Toslamental parameters and tlhe e
lutiomary tracks without rotation [Schaller et al. [952).
The plotted amor bars sorrespond o the |l disparsions
of the 8% 7 ryg- and MW - solution dstribotios. Fig.

fil) slesws the sane by pe of distrbation, ot wlere param-
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L5
log T

5.5

V., = 300 km/s

43

4I3 42 4I.1
log Tog

4.4

Fig 5. HR diagramsol the stsdied Be stams. a) Apparent [log L Lo log T with evalutionary tracks withowt motation.
b Surface avermged (logl (Lo log Tl and evalutionary tracks with imitial an eguatonal rotation velocity ¥ = 3K

ke &~ Tor all mssees,

eters were obtaieed wsing surface geeraged Tundamenial
pammetan for w = (088 amd models of stallar evalution
with rotation calewlated by MM 200K for Vo = 3060 kms™".

We mote that the wcertaimty bars affecting tle mass
determimations are ssall, while tlose comearning the M5
life fractioms ar im most cases gquite large, T his indicatas
tleat ermors in the determined quantities dee o approge
mate cloices of ¥, can be concealed within the weariain-
ties related to the obsara tions.

[ both diagrams of Fig, 6, points are spread over e
whole interval of age fractions 000 & 7fryg & L0, which
suggest tlhat the Be plemomenon nay appear at any stage
af the stellar evolution in the M5 evolution plase, There
iz, lowever, a differemce between solutiom where mitation
i= takem imto accownt and tlese where i s mob. [T we were
net aware of rotational effects, Fig, da) would suggest tlat
A% of stars are above the frygg = 0.5 limit. Fig. 6b)
slevws, however, that when the fast rotation of Be starms
15 taken imto acoomnt, the fraction of stars o our sample
above ¢ = (L5nus drops 1o G2E,.

Amstler important result appears wlen we sparats
tlee stars info massies (M 2 128 and less massiee
omes [ M 12820, We see then that in Fig. 6b) that tle
stars are distributed as follows:

The mass-depandent division of Ba stars regarding their

pesition with respect to ¥ = (Limas implies that the Be

lupper &3 half]
Jower &3 half]

0% | A5
mE | ask
M 212M5 | Mg 12M5

phenmmenon i omassie slars tends lo appear on auerge
al smaller ©/mgs age fmclions than i dhe less massiee
stars, The sane plemmenon s also suggesiad in Fig, G6b)
by the stars with M 2 128 in the lowar M35 all region,
as they all e above a diagonpal that staris ameomg the nore
muassive objectsat ¢ s = 0 and ends at /s = 0.5 Tor
M o=~ 3Mg. Sime dwarl Be stars motate on average with
Vo 3 km ™" [Fores et al. BWMI, aither we adopied
Vo= 3 km =" ar Vo = FIM 2 300 km s~ It can be
slown that the initial amgular velocity rate we s hgler
tle lower the stellar mass (of. Sect. 3.3, Tle fact that in
e A = 12M: region stars are above tlhis well defimed
miase-cepelant slope might suggest that the mechansms
of angular nemeniom tramport. that accelerate the stellar
surface up to a mearfor eritical velocity bave relatively
lomger tine scales as the stellar masse dec reases,

We also abiaimed masses and age ratios ©/mgs with
il rescaled evalutionary tracks for Vo = FIM) 2 0K
km 5" [ef. Sect. 34). The tilted character of the tremd

of points obitained & tle smme as the one pesenied in
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TTas

is
MMM,

Fig 6. Age ratics rfngg of the studied Be stas against the mas. a) Parameters derived sing evalutionary tracks
without rotation; b) parmmeters derived using evolutionary tracks with rotation

Fig. 6ib). There iz, however, a sightly more promsunced
dow mard drift of poinis.

In Fig. § we potice that T8 of the sudied objecis
have masses Trom 3 to 28, On the other hand, there is
a striking lack of massive Be stars with & = 168, . This
lack can be due fo several ressons: 1) smaller IMF for
massive objects; 2] the fast evolution of massive stas, so
that many of them in the wolar peighbouring regions could
have alreday migrated towards the supergiant plase; 3)
tlee CE can be blown away by the radiation presare of
the ‘potential” otiest Be stars [Massa [975).

5. Discussion
5.1. Companson with prewious works

The HR diagram drawn in terms of the apperent BCD
(Ag, I parameters confimns the fepdency noticed by
Jasehek ot al. (19800 amd Huberi- Delplace ef al. [ 1982)
Lhat late-iype Be stars can be on average slightly more e
muisins Llsan early Be stars, This result can alss be |ikenead
tex the trend shown in Fig. fa) which concerns the appar-
ant stallar pammetan,

Our finding of the Be plessmenon appearing al any
evolutionary pliase is in agresment with similar assertions
Ly Mermilliod [ 19827 and Slettebak [ 1985) based on st -
e of Be stars i elustens, However, the scatter of poinis
over the wihale M35 life span foumd by tliese autlions can
i part e due to the plestomeatrie data tlhat wers not cor-
rected for CE perturbing effects and changes introdused
by tle Tast motation.

Zore: & Briot [1997) bave comcluded that the fre
quency of Bestars as a Tunction of speetral type is roughly
the sane i oall leoninesity classes, Tlese authors lave
dealt witha sample of field Bestars thres times larger than
the sample stielied o the preseat work, However, they
ave gathersd the studied objects in three wide growps
aof homimsity olass=s, wlere both evolutionary and rota-
ticsmal effects on the apparent lonnmosity ©las were mixed,
Statistical corrections for CF flux excosses amd Tor clhanges
related to fast mtation were nbmduced . Sisce lese cor-
rections foowed on the countings per group of lumisesity
class separately, they concerped only alsaslute magnitudes
amcd speactral types, Moreover, in the mamber Tregquencies
N[Be) /N [B4+He) against spectral type, not only do B stas
without emission greatly outmamber Be stars, but they
represent 4 ighly eierogenames group in physical eharae
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teristios. Theirevalution then as different elaracterstios
ten tleat of Be stam, wlhich & thus a source of deviations in
tlee cownt frequencies that canmot be ascribed to Be stars
Hemee, the msult Touwnd by FZoree & Briot [ 1987) slold
be considerad as mtermediate o those soown in Fig. da)

and Fig. §h).

When it eomes 1o Be stars in clusters, statilics can
be imcomplete o the loiter aml o the cooler extrenss
of spectral types The scarcity of massive Be stars was
already discusad o Sect. 4.2 To this add the possible
excleion of genuine massive He stars o young clusters
[ the aceretion pre-mmin-sespeence | PMS) star formation
parmdigm [Palla & Stahler 1953; Beech & Mitalas 1994),
slars with masses M 2 100 o [Behrend & Masder 261
Maeder & Beliemd 3HE2) may bave a penod of M5 life
when they can still be mmbedded in tle protostellar webala.
At thess early evolubiosary stages, there may be gemaine
fast rotators that have already Tormed, by mass-loss pro-
cemes some circunstellar dise, Thios, their olesrved emis
sienn les Cwo s e, Elee dlise amd tle lefovers Trom tle ac-
cretion mebula. In spite of their med Be and Herlig & «He
chameter, these objects should not then be discarded Trom
il Be statistics. For late type Be stars, their mimber is
recluced becanse the low eflective temperature muaintaines
iy cdremgen atons aloest seutral, thes disabling possilble
exating CE to prduce olservable Balmer ennssion, Sioce
tlee existimg studies of Treguencies of Be stars in clesters
have not taken into account mtationally-ieleed eflfects
i bl speciml classifications, they sbould be comparsd
with our resulis presented o Fig, Ga). Thas, if o this fg-
ure we disregard Be stars with masses M 2 128 and
M % 5Mz to mimic possible misdetections, we can see
Cleat tle stars in the upper hall of the disgrams widely
oot ber those in the lower hall, This readily acoosunts
for the suggestion made by Fabregat & Toreejdn {3
tleat the Be plemaenon temds to appear in the second

hall of the M5 life time.

5.2 Tited distribution of points

Let us discwss briefly the tilied trend of points sliown in
Fig. i), It is kmow n tlat the myass- loss pliemome mon in Be
stars las twe msain oo poments: a) winds with rates of 1le
order of M -~ I Moyr=" b)) discrete mass ke events
of dM =~ M underlyiog light outbursts several times
per year [Hubert =t oal 3k dorec BHM) Be stars with
masses M L 12M, spend some 107 o 1P yrin the M3
ploase [MMBNEY, @ they can be comsidend as avalving
al a mearly eomstant mass regime, Altleowgl tle mmssee]oss
rates currently assumed for stars in the 12 2 M/ M 2 25
muass interval are igher than quoted above, they canmo
account Tor a total loss of the order of ~ LM during 1le
M5 phase to explain the slope of the wpper edge of e
strip of points in Fig, & in terms of a dnft towards tle less
muassve sie as the stars evolve Trom ZAMS 1o TAMS.

The Aglit-land slope of tle lower edge of the tremld o
Fig. 6ib) may suggest that B stars of low mass nesd to

spend somme mass-depeandent time o the M5 before tley
can display the Be plemmenon; e the time peeded Tor
il surface velocity be spun up to 03 Mk - (085,

Whe can also speculate on the tilted aspect of the dis-
tribution of points in Fig. Gb) as produced by a mass
dependent distrbution of nitial egquaiorial velocities o
the ZAMS, e that massive stas start their M5 plase
with higher average rotational velocities than the les mas
siwe e relative to tle respective eritical valocities, While
the suggestion of a mas-depemdent evalution of surface
rotatiomal velseities needs a thorough theomtical stady,
s elses on tle imtial rotation i the ZAMS can be ob-
taimed from the basies of sellar strocture and eorrelations
drawn from alsarvation.

Evolutiomary el af rodating slan
[Meynmet & Masder DWW, 22 suggest that we can di-
vide the imterior of stars in the ZAMS rouglily into e
regioms, core 8l snvelope. which rotate each at differant,
bt respectivaly at near unifonn amgular velocities, The
testal stellar amgular momentun J can then be written as:

7 = ke MeaRZoflea + ki Mo — Meo) (R~ REoJi | o)
= kgM.R¥ig = f

wiherse the k., aml kg are the gyration radin; &L, and Mg
are e masses; B, and By the radi; 3, and £k are the
amgular velooities of the sere and eneelope respectively;
* gtands for the whole star. To obtain from (8] an i
siglit o the muass dependence of the mmtial velooty V| 1=t
s mote tlat i MMZ KN models we bave 8 (8. = 04,
Henf M = 04, eIl g = 3. Moreoyer, assuniimg tlsai
Keg = (132 and ks = (L0 as 1t would cormspond to aver-
age’ palytropes of indices 01 = 1.5 for the convective oore
amcd 1= 3.0 for the mdiative envelope, we obtaim that f
i mlatiean [8) is Taicly indepemdent of mas and f~ |,
On the otler hasd, wimg observed  Vsind valies
Foawaler [1987) has shown that on average tle amgular
mucsme ntum of dwarls depends o the stellar mass as:

J -~ M 8]
Simee the initial M5 radi of stas K. seale with tle dallar
IWiAsE A

Ro~ M2® (M. 2Ms), (1)

fresmn [9) for B = . the ratioof the average initial equato-
rial velooity of stam Vo = g N momalized to the eritical
valocity Ve =~ (ZM.1AKRY? s melated to the sallar
ITECaEtY

. )
h = M. (RRN
¥ kg

=

Fomwwimg that for the whole ramge of stallar nsasses eon-
camed by the Be plemameanon, models of the stellar inte
riese 1 the ZAMS are omologoes, it follows that the gy-
ratesn radius g & inde peadent. of mass over tle arrveyed
ramge of masses, Thes, (1) gives o oa st isight oo
tle pessible initial depeandence of rotational veloeities on
muask, which mphes that stas with masses & 2 1582
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can lave imtial rotational veloeiiies 25% e loser to tle erit-
ical one than those with masses Mo £ 58z, This mass
dependence is small indesd. However, o aceount antirely
foor the noted tendency that ot stas mach the pear for
eritical ratation at smaller ratios :r,l':r:..qg than Tl ooeler
omess, tlere moest still be some intemetion betwesen mota-
tiosally and evalutiosary-indweed changes an tle siellar
maesme nt of 1mertia that can be Talt as doe o asmall nass

related decmase of the gy mtion radius.

Let ws fimally mote that if we meglect the possilble sneall
muasscde perlence of kg from Mo o~ L5Ms to =~ 508, e
latiewes [ L) amd [L1) will tnoply tlsat 5015 ValB) ~ 16,
whilke from obserations of dwarl Be stas, which are an
average ab a later evolutiosary stage than implied by .,
we cerive VULBVS) =~ L3 (el Seet, 330, This suggests
tleat te obtain resalis of the Kind shown in Fig, b, o
would be better toowse meedels with ¥, = fiM) = 30
ki s=" (el Sect. 34), rather than ¥, = 30 km s—*,
Such a clexios would imply the we of reescaled avalution
ary tracks, We preferred, lowever, 1o keap the original
muoche s by MM, sinee they depict the elecis of Tasi
refation im a more consistent way aml because alioseatler
tleey mive reliable orders of magniiude of tlese e,

5.3 Companson with model predictions

The noticeable lack of Be sars with masses M = 128
i Ll wpper hall of the M5 can be explained as the wat-
wral meult of angular momentum ks produced by mass
lowes, wilnowe rate jmereases with the stellar nsass, This loss
recluces e surface equatorial mtational veloeity oomver-
Limg the star into a mech lowear mbating olyject [w < (L8],
Conversaly, the merease of the number of He stars witls
masses M OZ 108z i the upper hall of the M5 must be
an effect of mtemal coupling, where te amgular memean-
Ly is ecnnn vesteed Troams Ul stellar core to e surlface by e
muericional cirewlation. The time seale of the meridian ¢ir-
culation is roughly e =~ A S wher w5 e Kalvin
Helnluesl t tivnee amcd 4 15 tle ratioof the contrifugal foree to
tlee gravity. Sinee for Be stars it is f = || Feee ranges with
Ll stellar mass as Tewe ~ 4 2 0F[M M2 ve It then
beconmes elaar that the lapse of time to reach (0 - | s
lesmgerr tlee smaller the stellar noass (M AMBNEE and Maader
HEM, private conmmmeation ), similar to modal predie-
RETE

b4 On the rotational velocities and star formation
regions

From AIFpARCo s parallaxes we ses that 4% of stars inour
sample he inoa region within S pe of the Sun, of which
G2% are within 3 pe. It s aks motewartly that 45% of
tlee miore massive shjects of this sample, hotter than T2
K, are within 36 pe asd 35% are batwean 300 and 50K
pe. Only two stars are at o =~ 8K pe. The stellar sample
stuclied should mt tlen be characterized by stromg dif

ferem=s in the imtial metallicity, Tn Tast, low netallicities

miglt Taver the fast rotation i some cases [Masder o al.
L9, bt it cammat be tle case for the massive Be stans
of our samiple, Aceonlimg to Mey et & Maador [3M2) kow
metallicity mduces the mass-los rate, which favors the
conservation of amgular momenium in the stellar surface
anel sy, the existance of igher surface rotational velocities.,
Alsry, Maeder & Meynet [BH) predict that tle e pease
of tle (k. ratio towards | i nsassive stars is Taster in
mueslels with kow metallicity. [t would then be interesting
ten test tlos prediction by obbaiming diagrams like tlhose o
Fig. & for He stars in envirommenis witl guite difleremt
metal abundance, an amm that we will pusoe o slse-
et work

5.5 On the mitial conditions

The caleulated properties of an evalving object with rota-
i i the M5 depend on tle assumed initial comditions,
Tle resulis given in e presant work depend on predic-
tiees muade for stars which began evolving in the ZAMS as
rigid rotators, This cloice may, lewever, be mot the only
pesssi ble, Similacly to ZAMS, which iz likely a computa-
tiomal “landmark” [Endal & Sofia 19315, rigid rotation in
the EAMS may be a gmplification too, Om tle ome liand,
the meossity andfor definition of & ZAMS for massive
sltan s ol clear, as it bappemrs o the acemtion paradigm
of star formation [ Palla & Staller 1903, Beech & Mitalas
198, Maeder & Belrend 30F2). On the other band, due
tor lycdrodymansical instabilities, an initial rigid rotation
switches rapidly (some 100 yr) into a differential rota-
tion | Denissenkoy et al, |98 Meymet & Masder 3.
Such a differantial rotation may then be presnat before

il “EAMS please,

[n tle classical PMS evolution T, based on the
contraction of a csmestant mass sphere wntil the gravita-
tiossal energy relesse ipereases tle central temperature
enciggh 1o trigger the muclear reactions, rigid rotation
i the ZAMS was generally justified bhecawe: a) dynane-
weal stability agaimst axisymimeine periorbations could
be warmntad for ngid stellar rotatons [ Fujimote [947);
b it was assuned that o the PM5 the full sonveetion
phase stam becons ngid rotators However, recant 2-D
lyd el yamnical caleulations show that convection does
met. msaimtain rigid rotation, but it rather produces am -
tersal amgular valoeity detribution profile 3jz) = = F
(e = distanee to the mtation axis), which s interme
diate batwesn complate redistribution of speeifiec amgular
mcmentum (p= 2) aml rigel rotation (p= 0 [Deupes
10, HWk), 2001, Furtlemore, o the acerstion forma-
tiesn seleme the star s a mass aml angular momentam
gaimng obyject [Palla & Stahler 1993; Mereer-Smith et al.
19, Terebay et al, 1984). Meanwhile a mn-rotating star
gaims mass, it first undergoes a full-oomveetion pariod, tlen
a radiative eor s developad | the star swealls wotil a tem-
porary Tull mdiative state & attaimed aml finally the core
becomies comvestive, Dunng this period the frmim star
streteles and contracts, but it can alss undergs magmetie
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inferaction with the acemeiion dise [Stepied BHEE) . Tlese
plenomeana can produce an uneven distrbution of the ae
gular momeniun inside the star, There s also some de
cont pling of stallar intersal regioms, simee tle time sea les of
amgular muoase ntwm redistn bution in convective ad radia-
tive moes ar different [Endal & Sofia 19810, IT tle siar
acpuires mass through an aceretion dse, which s prol-
ably in Keplerian miation, a losge gain of angular e

take place [Packet 18415

Jit) m [GRIOM D]V M (1) (12)
where (7 is the gravitiosal comstant, B and M oare tle

time-dependent. radius and mass of the star respactively

amd M B the mass aceretion rate [hr - |ﬂ_5[.¥:|r|l'lur-=;:l"'
My fyrwith g ~ L1 5 [Masder & Belrosd 2002)]. Sinos
tlee rigid rotation mplies a very low ameount of rotational
emergy, 1t cammt be then excluded that a comiderable
lesael ol angular mementun may exist somewlere desp -
siche the star, so that an a prion assum ption of ngid ota-
tican ean ba difficult to justify. However, it was moticed by
Sprut | 19, 2062 that a powarlul esough differeatial o
tation can ereate magnatie fialds, Different megiomn side
tlee star could then be “loeked™ o recover sone degeea of
rigid rotation [ Masder & Maymeat 33,

Stepean [HEFE) bas suggestad that given an appropn-
ate mnge of surface magnatic fialds, stams may gain angular
mnsme nium thirough an affective magnetic aceretion i the
PMS phase. Stepiei (B2 notes that tlhe mtation can bea
[astar tle more mwassive the star, becamse tle nteraction
witls the eireumstellar mattar lasts loss tinse . Neveartlelos,
tlee fimal balames batwean losses amwld gains of angular mio-
muentwm precluced by interactions with the eimumstellar
enviranment were mot definitively astablished, wor were
its comeguenes on tle ntersal rotation law of the star,
[m particular, very htile was said about the amsoant of
rotational kinetic ensrgy the star s kel with after thess
infarac tioms,

Rigid rotaten puts an upper lmit onto the ansaon
of mtational kinetie ey & a star can store, AL rgid
critical rotation, an eady-type star has £, = W] =
LS (W= gmvitational potantial energy). Ina star witls
internal differmntial rotation, the same surface rotations
miay eorrespomd to higher valees of £, whieh may thean
carry stromger stallar deformations, gravity darkenim =
fects amd intersal hydmod ynanneal imstabilities, For an or-
der of magnitude estimate, Table 4 gives the rotational ke
netic emergy ratios K ) (K =0 and energy ratios £(p) =
Kl /W )| for an internal rotational law (3e) = =77,
assunnimg that the stallar surface motates at (010 = 0.9
as oceurs on average for Be stars, Thess values were ol-
taimed using two dimentional models of stallar stroeetore
[Foree atoal, |9848a), We =e that for a okl dilferential
rotation g = 04 it 15 £ = £ aml that for p = 0.7, an
average rotation law st by convestion, £ s mearly twice
as lngh as for a critical rigid motatar, Tn seeh a cass there
15 & lowering of the cor balometrie lumnmsity that ramgas

Frovm rowghly 17T% at masses Mo~ Mo 1o 279 in masses

Talvle 4, Kinetic energy ratios and £ miios calealated Tor

differant. valwes of

p K{p)/Kip=0) E(p)
0.4 .52 0.018
0.7 217 0.0
1.0 3.8 0.038

Mom 38 [(Clement 1979). A much complicate relation
nuest then exist betwesn spectra, mass=s and siellar ages
tham treated in the present work [(Collins & Smith 1945,
Lovree 1984; Zores et al 1947, 198340ha, |9, Zore [952).

6. Conclusions

In this paper we have studied a sample of 97 field Be
stars, nwel of which are at distamess o < 5 pe from the
Sum, =0 that they can be considersd more or less hones-
geneouns reganrlimg tleir imitial metallicity, A1 thes stans
were abserved n the BOD spectropletometric system fo
have photospheric spectral sigmatures as mch as peossi-
bile free ol CE emsson/absomiion pertatbations. The ap-
parent Tundamental parane ters derived Tmoom the olsered
BOD (A, I quantities, e paraneters reflecting the av-
erage rotationally-perturbed  photosphers slewn by the
projected stellar hemisplers towards tlhe observer, wers
tramslated Tnte pore and aeeraged Tusdanental pamne
ters, “prare” 15 the acromym for parend non-rolaling coun-
ferpards, or parmmeten that eorrespomd o omokgoms
mon-rotatimg stars, The averaged Tundamental parmome
ters correspond o ave mges over Lhe whole sellar surface,
We have assumed that the studied Be stars motate with an
amgular velocity ratio {30 = (L84 [Frédmat et al. 35
Mot tle differencss batween aeeraped amd apperent the
last represatiomg a sorl of average spectrom emitted by
il ‘obsarved stellar hemisphera, Tle aeveraged parmoe
fers ame the only quantities that can be wed tointepolate
slellar masses and ages o the evolutionary tracks,

The present contribution represents ome of the st at-
tempts to derive stellar mases and ages of Be stars by
sing sl tame ]y model atmosplierss and evolution
ary tracks both cakulated for rotating objects, According
ter the statistical avermge of true motatiosal veleifes V
of dwarl Be stars, the evolutionary models wed are Tor
LAMS equatonal rotational veleity ¥, = 3E km s=* in
all msasses. For all stas we derived the mass amd gellar
ages T mormalwed to the respective time that each miat-
g star can spend in tle main segquence phase Tyg. As
a comegque e of efllects of the rapid rotation deseribed
by tle medels weed, we oblaied a trend of points o the
[T/ Twg, MM ) diagram, which implies that:

a) there are Be stars spread over the whole age nterval
0& 7 ms & 1 in the main segque e evolutionary pliass,
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L) im msassive stars the Be phenomenon tands to be
present. at lower ¥ frgs age mitios tlan o e less massive
slars

The lack of massive stars in tle upper M5 can be due
Len lewis ool sunmgrualur mncsnmee mtum tlorougle o ass loss w el pro-
duces s stromg decresss of tle stellar sarface £ (k. ratio.
O the other band, the imerease of the numbear of les mas
sive He stars o the upper M3 ean be axplaimed in terms ol
amgular et wm tramsport Trom tle core fo e surfacee
carfied by the merdional cireulation, which bas lomger
fimee scales the lower the stallar mas,

Arguments based om the distribotion of the total an-
gular momentum of dwarl stars agaimst mass raveal tha
Plee msassive stars may start evolving from the ZAMS with
a slightly lgher ¥ 0V, than the s massive omaes
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Table 5. Program stars, obsarved and derived parametams

HIi L X 1o bgg V¥anr fam logg | MMz logr rfres | MMz logr  7fras
dex A K dex  km/s dex i ¥T) i yr)
4 pparent A veraged M. =0 Q1. =034

4130 2389 412 | 14400 334 195 14300 3.438 57 7.85 .01 a1 TAT 094
5394 082 662 | 2887 420 432 | 30240 4.08 14.3 G.41 0.53 15.1 G54 03z
10144 241 399 | 15040 348 235 16090 3.47 G.2 7.78 1.2 a.7 T.74 094
10516 0079 613 | 26540 4.20 #H0 | 2ETED 4018 11.7 G.85 .42 13.58 G.28 0.1z
233G 017 Sad | 18T 420 328 19320 4.10 G4 7.48 .54 7.1 7.20 0l
22192 030 450 | 15670 3689 275 15340 3.62 G2 7.74 0.97 a.7 7.70 033
301G 07T 480 | 12150 AT 235 12790 3.74 41 a.148 0.91 43 a.13 0.7
3302 00M3 404 | 1260 544 171 13010 3.57 44 a.08 1.01 4.7 a03 09z
T340 039 ME | 1320 569 240 14190 §.69 44 7.97 0.93 i1 Ta7 043
3630 0363 G319 | lEIaEd 305 140 12410 3.08 G.1 7.78 1.2 54 Tal 1102
23=52 00381 530 | 12100 398 230 12390 4.03 a4 3.2 (.64 AA A1 045
24534 0062 599 | 23120 4.20 3| 28140 3.9 14.3 .33 .42 14.3 G249 .50
25940 028 432 | 16180 382 197 16720  3.79 6.1 7.73 .89 G.1 772 0.73
4T 0063 559 | Za090  4.08 2| 2Tl 4013 3.3 4.7 .45 14.3 G52 0.2l
A00ra 012s 468 | 2410 385 23| 21960 38T 9.1 732 .82 9 7.29 0465
a3 035 595 | 16100 411 95 15460 4.02 5.2 7.74 0.6:3 51 7.7 047
A5411 Q128 983 | ZaGa0 419 170 | 21970 3.83 9.7 7.23 0.73 9 729 054
A5439 00134 525 | 2EAO0 3498 ¥H3 | 23800 398 9.1 7.25 .69 9.5 7.18 049
AG5TE 0122 587 | 2msA) 402 W5 | 2360 3.90 10.1 7.22 .74 10.4 7.18 0463
Ara0r 0155 442 | 19610 AT74 A0 | 20050 3.68 A5 7.42 (.89 a1 748 0Al
AT490 0163 483 | 20000 4.5 172 19000 5.4 a4 7.45 Q.91 .1 T.A53 043
A7E57 0195 480 [ 1750 AT4 193 17870 A.77 G4 7.60 .89 44 Th2 0.78
ATME 0328 430 | 1310 364 130 13140 3.64 44 2.05 .94 414 203 0Aa7
AT9ET 0.xd9 550 | 15900 402 210 15920 3.93 53 7.78 0.74 54 775 0.59
d3010 0068 580 | 274E0 0 419 70 | 2EdT) 4,28 113 G.37 Q.14 13.0 535 001
40978 0180 615 | 18450 AT 00 19020 3.8 TA 7.53 (.84 7.4 TA2 0.7l
41335 023 510 | 21800 E.92 A58 | 23850 4.02 8.7 7.2 0.4 10.1 Ta7 044
42545 033 580 | 15600 4.08 B35 18110 3.97 5. 7.81 0.7z 54 771 0.54
44458 0088 40 [ 2T 355 M2 | 24570 .83 129 7.11 .91 12.9 7.18 033
45314 0.HD 552 | 30650 404 B\5 | 08 4.08 15.2 G.685 0.43 15.5 G.58 028
45542 0300 4680 | LME) 568 217 14100 3.73 4.7 7.99 0.92 44 74849 0.A0
45725 0,192 550 [ 18070 4.06 30 15340 §3.95 G.5 7.58 .73 71 TAT 0.54
45310 0078 323 | 20680 274 b2 LU . {1 R 2.1 G.54 .01 3.3 Go2 1111
45995 0120 517 | 240 394 2[5 | 25T AR = 7.25 .79 94 727 043
47054 0361 431 | 12490 368 219 13090 3.70 43 2,10 0.94 4.5 2049 033
S0013  0.9E &7 S | 26§E) 420 M3 | 25300 4,12 11.5 G.41 037 11.4 G.73 025
0083 0124 480 [ 21960 585 170 | 22500 3.77 10.1 7.28 Q.87 1.1 T.28 0.73
53974 0054 510 | 2E910 584 100 | 27810 §3.69 15.1 G.85 .80 15.1 71 077
S6014 Q1683 G7 A | 18540 329 |0 20EI) 3.0 94 7.38 1.2 10.7 7.8 094
S6139 0190 5548 | 18110 4.05 a5 173680 387 4.4 7.58 Q.77 . 754 044
A7219 0218 485 | 18500 3.8 a0 15350 3.71 G2 7.70 .89 54 TR0 a1
58050 0162 G602 [ 20000 4.20 130 19350 4.02 TA 7.7 .59 7.1 7.5 045
S 020 480 | 16250 AT79 43 15520 3.73 G.1 7.72 (.89 5.7 TA4 0.A0
SATLS 0400 509 [ 11740 568 230 12060 §3.94 i5 a.25 Q.75 34 a.15 054
asd8 0051 T | 2e9ad 420 HY | A07e) 4.33 14.2 g.22 013 14.9 01041
434852 0.050 TR0 | 30020 4.20 435 | 300 4.4 15.4 §.78 .58 18.5 &80 035
a5875 0,142 S0 | 21350 404 153 | 20870 3.92 A5 7.32 .69 a2 7.5 .58
G398 007 577 | 26300 4.20 145 | 25340 4.8 120 G.534 0.44 11.5 GA2 0.4
#3953 0353 497 | 14800 478 250 15350 3.81 4.l 7.8 (.84 5.4 TAZ 0.2
91120 0438 500 | 10vEd 395 307 11950 §3.92 .2 #.34 Q.81 34 a.21 041
914865 0193 430 | 17200 363 355 13330 3.68 7.1 7.60 .94 7.7 7.58 0Aa2
19337 0238 450 | 14174 3.59 A0 14870 3.69 52 7.91 0.93 54 792 033
110432 00150 =00 [ 20850 392 400 | 22510 3.9 a.1 7.40 .74 94 T.24 A1
1lade]l 0151 630 [ 21190 4.05 20 | 21800 4% T4 7.4 .28 74 G.21 004
120324 00112 544 | 23150 404 159 | 23410 3.95 94 7.18 .65 9 T.22 0455
120931 0104 533 [ 2E820 395 T L3I0 3.E2 10.5 7.19 Q.74 94 T.29 0469
124337 0222 57A | 16480 404 5 17060 4.08 52 7.63 .57 57 748 034
l2ra7e 01685 514 | 20050 394 A0 | 20730 3.9z £ 7.41 Q.71 a2 TA5 0A7
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Table G, Program stars, obsarved and derived parametams

HIi L X 1o bgg V¥anr fam logg | MMz logr rfres | MMz logr  7fras
dex A K dex  km/s dex i ¥T) i yr)
4 pparent A veraged M. =0 Q1. =034

131492 0145 57A [ 21120 4.09 185 | 20560 3.9 a1 7.4l (.64 75 TAl [{EE]
135734 0356 545 | 12580 4.04 7R 13290  4.08 i a.14 (.64 41 7494 042
137387 0134 G301 | 21980 420 250 | 21943 4013 8.2 7.15 0.44 a5 G.94 0.24
133749 0378 528 | 1440 384 340 15969  §3.94 44 7.93 Q.73 54 7.7 055
142184 0,140 4658 | 21540 4.20 0| 2a70 4.30 7h G.93 023 a5 5468 01
142926 0383 5S40 [ 12080 393 A35 13320 4.8 a4 3.2 .63 41 7Rg 0Aa7
142983 0.200 430 [ 17790 380 0| 20240 3.93 G4 7.60 Q.77 75 EE 0.54
143184  0.dE G633 | 30700 4.20 144 | 29590  4.14 15.8 G.47 .27 14.9 G.42 0.17
149434 0.061 515 | 28600 5383 15 ATILD 3.8 15.8 G.54 0.649 14.1 700 064
149757 0.083 G602 | 27EI10 4.20 d4a | 2810 4.01 133 G583 Q.60 14.5 GAl 042
15702 Q129 57A | 2a050 419 0| 22560 4.11 A3 7.18 .44 a4 4497 0.29
153427 0201 588 | 17380 413 230 17780 4.4 SR 7.481 .60 g2 748 043
152732 0312 493 | 13070 48] A10 14120 3.80 43 a.07 (.84 44 7493 0.74
164234 0141 628 | 21650 411 |0 | 21830 3.98 8.2 7.23 0.52 a5 708 0.3
173948 0,123 468 | 23250 383 140 | 21550 3.59 11.2 7.21 0.91 10.4 733 0A5
174237  0.198 550 [ 17450 407 153 16960 §3.83 G4 7.63 Q.81 G2 74649 0.7
178175 0157 478 | 15940 3.49 105 15290  3.50 a7 7.4 .99 a2 755 041
183656 0248 350 | 12650 529 275 14110 3.30 53 7.92 1.2 54 740 112
1834915 0.060 474 | 27850 360 9| 2E9) 367 17.5 G.90 .84 15.9 G949 077
187811 0190 530 [ 17790 393 245 13600 4.00 G4 7.60 .72 a.7 TA5 043
l9a0dd 0319 44 | 12940 364 245 13770 367 44 #.04 0.95 44 a.01 045
194335 00133 709 | Zzaod 420 380 | 2E:@T) 4.2 3.1 G.90 023 a4 G.40 007
200120 0124 857 | 25 420 79| 23T 4,10 a4 7.18 .53 10.0 490 .29
202004 0182 5TA | AHTD 408 185 | G0 408 TA 7.3 0.57 7.7 T.20 0.5
A03ET4 0055 G675 | 29150 420 A3F | 298E0 388 15.8 G.85 0.71 15.9 GA7 0.58
5637 ITS 385 | 1TEAD G149 225 19070 §3.40 a.7 7.45 1.2 9.2 748 0497
AMETTE 0050 4853 | 3G 4.20 30| 31500 4,14 15.8 G.59 .35 17.0 G.21 0.1z
dB014 00384 534 | 12360 A&7 20 13350 384 AR a.17 .81 43 A.04 049
AEL09 0GERE 430 | 12770 48| 230 13360 387 4.1 a.11 .85 414 7593 044
P52 0Z2R 0 441 | 16260 380 275 17020 3.78 6.1 7.72 (.84 G4 7549 077
210129 0500 444 | 13390 3462 1130 13770 3.70 44 7.98 0.94 44 a0z 0A3
12076 0UEE 453 | 24290 48 94 R340 3.E2 11.3 7.13 .74 10.5 T.22 064
212571 007G 570 | @T0A 419 30 | 2TTTD 4013 128 G.90 0.54 13.1 G457 0.2l
214748 0385 3RO | 11993 345 200 12400 3.48 44 a.12 1.2 414 3.14 093
217050 0184 404 | 17860 354 0| 201803 354 7.7 7.55 .93 9.2 743 033
2753 00208 525 | 16990 385 Ai0 13510 3.95 54 7.638 .74 Ga 749 0.55
ITETS  0EEl 0 383 | 14140 317 3 15800 §3.534 Gl 7.78 1.2 G4 T.74 1111
217E3l 0.EE4 513 | 14050 384 95 13530 §.83 44 7.97 .82 44 a.04 0.7l
dxG3G 0419 45 | 1133 4TS 300 13260 3.75 5 8.8 0.89 41 &.20 0.78




