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Abstract. We present new evolutionary sequences forlong Ia%;lw _ 2 R Laisk
ing accreting low-mass (0.1 M < M < 2.5My) pre-main N gM

sequence stars. The calculations, performed for two differg{here Ly is the disk luminosity (determined from a disk
mass accretion rates, show that accretion accelerates the e\ﬁ\@del), R and M the stellar radius and mass, respectively.
tion of the star. The star has a smaller radius and goes dowrigopting a mean stellar mass equal 0.5 Mnd mean radius of
convective track faster than in a standard scheme. Consequeg%, Adams et al. (1990) derived accretion rates in the range
the age of a star, as given by its location on the Hertzsprungrg—-8 My < 4 10-SMg yr—!. Independent derivations
Russell diagram, is lower than that of a non-accreting star. Wﬁ)\,ided by the observation of optical and near-UV excess
discuss?H and "Li burning and show how accretion affectmission lead to similar values (Bertout & Basri 1989, Hart-
the surface abundance of these elements. Notably, we pPoi¥nn & Kenyon 1990, Hartigan et al. 1995). Using the main-
out that deuterium must be present at the surface of accretiggiuence mass-luminosity relation to derive the stellar mass
intermediate-mass stars. Finally, we estimate the age, mass gilthe effective temperature-spectral type relation of Cohen &
radius of a sample of T Tauri stars located in the Taurus Auriggni (1979), Hillenbrand et al. (1992, hereafter HSVK) found
star forming region. accretion rates in the rangd 07 < M,.. < 8107 °Mg yr—1,

for intermediate-mass stars. Note however that derivations of
Key words: accretion, accretion disks — stars: abundancesaceretion rates suffer from large uncertainties. Direct estimates
stars: evolution — stars: fundamental parameters — stars: Rethe intrinsic disk luminosity are difficult, and the exact ge-
main sequence ometry of mass accretion onto young stars is still a matter of
debate (cf. Bertout et al. 1996).

The other major disk parameter, the disk lifetime, is roughly
given bytgisx ~ Myisk/Myce, WhereMg;y, is the disk mass.
This value represents however a lower limit because of the pos-
The gravitational collapse of an initially rotating moleculagible replenishment of the disk by material from surrounding
cloud core model was recently computed by several groups (€gvelope. Evaluation of disk masses depends crucially on the
Yorke et al. 1993, 1995), who solved numerically the hydrod@pacity in the submillimeter and millimeter ranges, which are
namical equations governing the collapse. These computatigti$ relatively poorly known. For intermediate-mass stars, one
show the formation of a central protostar surrounded by a fl#2ds thatt ;. is of order of 0.3 Myr (HSVK). This time-scale
tened, disk-like structure in the equatorial plane of the initié§ comparable to the age of the central star and suggests that
cloud. Addition of an initial uniform magnetic field threadinghe disk should be replenished by ambient circumstellar ma-
the cloud core does not change this result (Galli & Shu 199%rial, cold and transparent enough to have escaped detection
After being predicted by theoretical computations, the preseribghe millimeter range. Such a large reservoir of material sur-
of disks around young stellar objects (YSOs) is now confirmggunding the star-disk system is also invoked if a relatively high
by HST observations (Burrows et al. 1996). There are many réaass loss ratel{,ins ~ 10~"Mg yr~!; Edwards et al. 1993)
sons to believe that circumstellar disks around young stars aréifnaintained for several Myr.
fact accretion disks as defined by Lynden-Bell & Pringle (1974), Observations of low-mass T Tauri stars (e.g. Walter et al.
notably the outflow activity observed during the early phases 5988, Strom et al. 1989, Neabser et al. 1995a) indicates that
stellar evolution (Shu et al. 1994ab, Ferreira & Pelletier 1995}isk survival times are different from star to star and span a

An accretion disk is characterized by two parameters, thge range betweer® — 107 yr. This wide distribution of disk
accretion ratei/,.. and the disk survival timey;.,. The first Survivaltimes is also required to explain the rotational evolution
quantity can be inferred from the relation of low-mass stars (e.g. Bouvier et al. 1997a, Krishnamurthi et
al. 1997). The presence of a binary companion is another factor
Send offprint requests thionel Siess that may influence disk lifetimes and the geometry of accretion.
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A close companion is supposed to clean the central parts1885). Our models would then be included in the high mass
the primary circumstellar disk and lead to a circumbinary diskebula models, but one has to keep in mind that disk replenish-
However, recent observations (Bouvier et al. 1997b) seematent is invoked and that 0.5) represents the total accreted
indicate that the presence of a companion does not preventraass and not the effective mass of the circumstellar disk.
cretion from occurring onto the primary at a rate similar to that Inthe next section, we briefly describe the evolutionary code
observed in single PMS stars. and the accretion model. In Sdgt. 3, we study the structure and
If the star is accreting continuously during a perig,, evolution of stars accreting at two different rates. In $éct. 4 we
then the mass of the circumstellar matter should be in the raragenpare our models with standard ones (i.e. without accretion)
0AM. < it , <1M and we focus on the consequences of accretion on the mass
Mo S [taisk X Moce] S Mo and age determinations. In Sédt. 5, we discuss the observational
values consistent with other determinations (Adams et al. 19@ffects of accretion on the surfaéel and’Li abundances. In
Beckwith et al. 1990, HSVK). Hence, a substantial amount §ctL6 we use our new grids of models to estimate the age and
matter must transit through the disk and feed the star. The frgass of a sample of T Tauri stars from the Taurus-Auriga star
tion of accreted material expelled by jets or outflows surrount®rming region. Sectl7 contains a discussion and comparisons
ing YSO probably does not exceed a few percent (Hartiganwth other works and the paper concludes with a summary in
al. 1995). Consequently a large amount of matter is deposi@@c'ﬁ@-
onto the star and must alter the pre-main sequence evolution-
ary paths followed by accreting stars. The evidence gatherec%;ﬁ .
date suggests that the fraction of PMS stars which display nput physics
excesses compatible with the presence of accretion disks liesh@- The accretion model

tween a few percents, when including X-ray discovered your_}% , . ) )
stars in large areas (e.g. Aléaét al. 1996, Neuduser et al. e stellar evolution code used in these computations is de-

1995b, Wichmann et al. 1996) and 50%, when considering scribed by Forestini (1994). The accretion model was developed

only small cloud core regions (e.g. Beckwith and Sargent 199§}’. Siess & Forestini (1996, hereafter Paper I) and treats the ac-
Observations also indicate that the frequency of optically thiGketion process in one dimension. The mass deposition profile

disks evolves with time: between 60-100% of the youngest stijpside the star is derived as a function of the chemical and ther-
in the central parts of molecular cloud are surrounded by C||rp_atl properties of the accreted matter. The model also takes into

cumstellar material and by an age-ofl0 Myr only 10-30% of account its angular momentum. Simulations have shown that
these T Tauri stars still exhibit disks features (e.g. Strom 199§}.e accreted material penetrates below the thin radiative enve-

These stars are surrounded initially by massive, optically thilgpe of low-mass s’Fars and rapidly reaches the center of these
accretion disks, evolving on time scales: 10 Myr for solar- completely convective stars. It has also been demonstrated that

type stars and < 1 Myr for intermediate-mass stars (Strom & radiatively stable layer acts as a barrier and stops matter pen-
Edwards 1993). etration. . .

As noted previously, the ROSAT detection of X-ray emit- _The .structu're an(_j evolution of accreting stars has been dt_a—
ting PMS without IR excesses in large areas around star formirg10€d in detail by Siess etal. (1997a, hereafter Paper Il). Their
regions have considerably reduce the frequency of disks amdffyk shows that accretion leads to energetic changes that are
TTS to a few percents (e.g. Neithser et al. 1995b). However,ab eto S|gn|f|cantly_|nfluence the global stellar evolutlo_n. In par-
datation of these sources, by comparison with theoretical PiiUlar this paper discusses the role ofdiutenum_ burning during
evolutionary tracks (e.g. Alcalet al. 1997, Wichmann et al,2CCretion. Therapid reaction rate’6f(p,7)’He (typically afew
1997), indicates that a large fraction of these objects are Wndrgd years or less) and its key role.for the stellar energetics
deed weak line T Tauri stars, in a later evolutionary status, wiffiAke it necessary to couple the deuterium nucleosynthesis pro-
ages larger than 10 Myr. These observations thus confirm S 0 the stellar structure equations. The equation governing
decreasing disk frequency with age, and also indicate that fAg deuterium abundance evolution is

dissipation of the disk is probably short, of the orderof0> yr  dp, n n nd
(Wolk & Walter 1996). T T + P t AL (1)

Accretion rates ofl0~"My yr~! and disk lifetimes of~
5108 yr seem to be reasonable values. These numbers lead whare .., and Tprod YEPresent the characteristic time scales
total amount of accreted matter of the orderof).5 M . Al-  of, respectively, deuterium burning and deuterium produc-
though the accreted mass is much larger than the solar systiem in the nuclear reactiondH(p,y)*He, 2p(v,v)*H and
mass, planetary system might be formed in the inner part of ttge(p, 2H)2*He. n is the deuterium number density ang,
disks. From a theoretical point of view, two typical models hawle deuterium number density accreted over the current time
been proposed so far for the formation of solar system; the matepAt, in a given shell.
els with a low mass nebula ef 0.02 M (Hayashi et al. 1985, Inadditionto nuclear energy release, the accreted matter also
Safranov & Ruzmaikina 1985) and the models developped logally deposits a fractiom of the available accretion energy
Cameron and his co-workers, with high mass nebuta®M., Ly, released in the boundary layer, so that the equation of energy
(Cameron & Pine 1973, DeCampli & Cameron 1979, Camera@onservation writes
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where L.. is the local luminosityg,.. the specific accretion
energy released per second (its expression is given in pape
ande,. (e4rav) the nuclear (gravitational) energy productiol
rate per unit mass, respectively. Integration of El. (2) over t
interval [0, M] leads to

L= Lnuc + Lgr(w + aLbl ) (3) J@

whereL is the emergent stellar luminosity,,,. and Ly, the :‘
nuclear and gravitational ones, respectiveli;,; represent the 1
fraction of the accretion energy deposited in the boundary lay
which is given to the starl(,; = QMMCC/QR). Finally, to
account for the mass deposition, the new mass dhelit time
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shell of massglm(t), as coming out from our accretion model.
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2.2 Initial models and accretion rates Fig. 1. The HRD evolutionary tracks of = 0.02 accreting stars of
initial masses (from the right to the lefty;,,; = 0.1,0.2, 0.3, 0.4, 0.5,
We have computed the PMS evolution of stars with initial ma$ss, 0.7,0.8,0.9, 1.0, 1.1,1.2,1.3,1.4, 1.5, 1.7, 2.0, and 2,5 “he
M;,; of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2cretionrateis constantand equaldo "M yr~* (case A). The light
1.3,1.4,1.5,1.7, 2.0, and 2.5V with metallicity Z = 0.02 hatched band at the top of the diagram represents the locus of initial
and He mass fractiol equal to 0.293 (scaled from Andersstellardeuterium purning.T_he d_ark da;hed areas correspond to regions
& Grevesse 1989). Our initial models result from a polytropi?here the gravitational luminosity,..., is negative. At the end of the
model with polytropic index =1.5 and after convergence Withcalculatlons, each star has accreted 05 md has reached its malp
our stellar evolution code, the central temperafiiris of a few sequence. The 6hea\_/y line repres_ent_s the isochrone co_rrespondlng to
10° K in all cases. Accretion parameters & — T 10t ga — star age oil.5_ 10° yr, i.e. at the beginning of the exponential decrease
: I ; of the accretion rate

0.75, « = 0.1 and¢ = 0.01 (see Paper | for their meaning).
They contribute to uniformly distribute the material inside the
convective envelope. The value= 0.1 is chosen in such a way here. Inthe presence of magnetic field, matter can flow in the star
that most of the accretion energy released in the boundary lagteng funnel flows or accretion column (e.g. Shu et al. 1994ab,
is radiated away. Ferreira & Pelletier 1995).

If we consider a typical effective accretion raié, .. ~
.10 "M yr-! and a process '?"3“”9 510°yr, about 0.5 M, 3. Structure and evolution of accreting PMS stars
is accreted by the star. Adopting this value as the average mass
of circumstellar matter surrounding PMS stars, we investigatdRDs are shown in Figlsl 1 and 2 for accretion rates prescrip-
the structural response of the star(igp a constant accretion tions A and B, respectively. For comparison, we presentiriFig. 3
rateM,.. = 10" "Mg yr—! during4.5 10° years followed by an standard grids of PMS tracks that we will refer to as “standard
exponential decrease with characteristic time seale5 10°yr  models” in the following. They were computed with the same
(case A) and tdii) an exponentially decreasing accretion rateetallicity and constitutive physics (Siess etal. 1997b) but with-
given by M,.. = 10~% exp(—/2.10°) + 10~ 7 exp(—t/3.10) out accretion.
(case B). This last expression accounts for a large accretion Initially, the star supplies its energy loss by a quasi-static
phase at the beginning of the evolution followed by a slowlyontraction until the central temperaturg fBaches- 10° K,
decreasing accretion activity. which is enough to ignite deuterium burning. The energy re-

This study is devoted to low-accretion rates but we mulgtased by this transformation is important and the contraction is
mention that some T Tauri stars are subject to periodic, shatnsiderably slowed down. At that stage, the star is fully con-
timed and high accretion rates, so called Fu Ori outburst (sexctive and in a standard scheme the initial deuterium content
e.g Hartmann & Kenyon 1996). Notably, Hartmann et al. (199% completely converted inttHe in a few10* yr to a few10° yr
suggest that these powerful events are responsible for the n{depending on the initial mass/;,,;).
mass accretion during the PMS life. This represents another The arrival of fresh (deuterium rich) material from the accre-
case that will be analyze in a forthcoming paper dedicatedtton disk maintains the nuclear energy production. In the limit
high accretion rates. Finally, let us point out that the accretiarhere all accreted atoms of deuterium are burned, the generated
geometry does not resume to boundary layers, as we asslumgnosity is given by
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reactiofl. The rise of the nuclear luminosity is supported by
the accretion process and for low-mass stars, the energy re-
leased produces a global swelling of the star. Following our
computations, expansion occurs fof;,; < 0.4Mg in case
4 AandM;,; < 0.9Mg in case B. When the initial content of
deuterium is depleted, accretion alone provides the star with
3 deuterium. The nuclear luminosity then reaches its equilibrium
1 value given by Eq]4) and the star returns to a quasi-static con-
1 traction. With the increasing central temperature, the opacity
drops and a radiative core develops. During this phase, the burn-
ing of light nuclides in the central region (successiVly "Li,
9Be, 1B and'’B) do not produce energy enough to play anim-
portant role. Finally, when the central temperature approaches
1.5107 K, the depletion oPHe and'2C starts. The important
nuclear energy then released is converted into work against grav-
ity and the contraction is halted.

When the hydrogen burning cycles reach equilibrium, the
e p tlue o w om0 oson oml g sl star enters its main sequence. It is worth noting that in case B

4 3.8 3.6 3.4 the accretion process is maintained duringl.5 107 yr (until
log Ty (K) Myee < 107 Mg yr—1).

Fig. 2.Same as Fi]1 but for the bi-exponential accretion law (case B).

From upwards, the plotted isochrones correspond to star age¥ of 4. Comparisons with standard evolution
and1.5107 yr, respectively '
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Comparisons with standard evolution computations can either
be made by selecting various quantities at a precise time or from
the location of the star in the HRD. All the comparisons made in

this section will be done with respect of the Siess et al. (1997b)

T T | T T T T T T T T
standard grid of models. The constitutive physics is the same
in all the presented computations, observed differences are thus
the result of the accretion process alone. In the next section, we
first describe the evolution of several variables at a given time.
4.1. Comparing the structure
Stellar evolution with accretion is mainly modified by the com-
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bination of two effects, namelyi) the mass addition which
contributes to reinforcing the gravitational potential ard
the nuclear energy production provided by deuterium burning,
which in turn tends to slow down the contraction.

Prior to deuterium ignition#( < 10°yr), the addition of
accreted matter accelerates the contraction of the star. Conse-
guently the central temperature and density increase substan-

T T T TTTT]
Ll

T

0.1

T T T

Il 1 | 1 1

3.8 3.4 tially. However, when deuterium burning ignites, the structural
log T,y (K) evolution is now much more sensitive to the parameters of our

Fig. 3. The evolutionary tracks in the HRO 8 = 0.02 “standard” stars mpdel, eSpeC|aII¥ tp the accret'on_ energy depositiep For
of (from the right to the left) 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.§1iS reason, we divided our study into two parts. On one hand
1.4,1.5,1.7, 2.0, 2.5 and 3 M These models come from Siess et alve Will deal with low-mass stars\(;,; < 1.3M ) where the
(1997b) and will refer to as standard models. Hatched area repres@@gretion luminosity can represent a significant fraction of the
the region of deuterium burning stellar luminosity and on the other hand with more massive stars

(M;n; 2 1.3 Mg ) for which the contribution Ly, is negligible

Vs with respect to their photospheric luminosity.

10-7
whereN,, is the Avogadro numbel5° the deuterium num- 1 The nuclear reactioH (2H , n)*He can be neglected because

ber abundance per mole and per unit mass in the accreted ma#efuclear flux is much lower than the one associated with the
andQp the energy per unit mass generated fe(p, v)3He  2H (p,v)*He reaction

Lp = Nav chc QD Mcc ~ 0.2

L@ ) (4)
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M (M) M (M) Fig. 5. Central density and temperature as a function of the mass in

Fig 4. C . p | d radius b | case of (a) standard evolution (solid line, Siess et al. 1997b), (b) evo-
Ig. 4. Comparison of central temperature and radius between OWition with accretion rates given by A (dotted line) and (c) given by B

mass stars with and without accre'Florb &nd T represent the ra- (dashed line). The selected times, in order of increasing central den-
dius and central temperature coming from standard models with HE’ or temperature, ar210%, 10°, 210°, 510%, 10° and210° yr

accretion (Siess et al. 1997b). Tledt panelscorrespond to the mod- respectively
els provided by our grids witlx = 0.1, the solid and dotted lines
corresponding to cases A and B, respectively. In tiight panels,
the solid, dotted and dashed curves refer to accretion rates equ
5107% exp(—t/410%) + 21077 exp(—t/2.510°), 1075 and 1077
Mg yr—t and witha = 0.01, as defined in Paper Il

AdAtributes to increase the negative valuelgfq, (Lgrqv =
L— Lnuc - aLbl)-

With the exhaustion of initial stellar deuterium, the star re-
turns to global contraction, the nuclear luminosity reaches its
equilibrium valueL p, and the luminosity decreases as long as
the star lies on the Hayashi line. Eventuallypbecomes once
more equal tal,,,. + aLy. The low-mass star then experi-
Fig.[4 (right panel) shows that with few accretion energy dences a new dilatation (at least of the central part of the star)
position (v = 0.01), an accreting star systematically presentss indicated by the second dashed area ir(Fig. 1. Finally, with
a smaller radius than in a standard evolution. The differentte termination of the accretion process, the star relaxes on the
in radii is more pronounced when the accretion rate is highstandard PMS track corresponding to its final mass.
because in these situations the mechanical effect of mass de-
position is reinforced. This shift is also present during the Stilrl 2 Intermediate-mass stars
expansion which results from the nuclear burning of the initial =
deuterium content. Accreting stars thus present a higher centnahore massive stard{;,; = 1.3 Mg ), the nuclear luminosity
temperature than standard evolution modelsT:asx M/R. due to deuterium burninglf,..) and the luminosity injected
However these discrepancies reducexdsecomes larger. The into the star ¢L;;) are very small compared to the emergent
accretion energy is then converted principally into work againstellar luminosity and are not sufficient to produce a swelling.
the compression and consequently the contraction is slowdte mechanical influence of accretion cannot be balanced by
down and the swelling more important during the main dethe nuclear energy production or by the deposition of accretion
terium nuclear burning phase. In such a case, the radius ofesergy.
accreting star is close to its standard value. From Fig[5, we see that higher accretion rates lead to higher

The part of the HRD where the gravitational luminositgentral temperature and density (dashed line). The reason is that
becomes negative is indicated by dark hatched areas inFiggoling stars are not highly condensed objects and the faster mass
and[2. It concerns stars with initial mass less than.4 M, accumulatesinthe star, the more efficientthe contractionis. This
and~ 0.9My in cases A and B, respectively. This phase affect is more important for massive stars that already have a
global expansion is longer for the lower mass stars becawapid contraction rate.

(i) their lower central temperature leads to a slower deuterium With increasing initial mass, central temperature is higher
burning and(ii) the accretion luminosity«(Ly;) is large and so that deuterium ignites earlier and burns more rapidly. For

4.1.1. Low-mass stars
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minosity. The selected times in order of increasipgs Tor decreasing
luminosity are2 10*, 10°, 210°, 510°, 10° and2 10° yr, respectively

Fig. 7. Mass coordinate of the base of the convective envelope as a
function of the total stellar mass. Conventions are the same as [q Fig. 5.
From the right to the left, the mass of the convective envelope is pre-
sented at time8 10°, 510°, 10°, 210° and5 10° yr, respectively

example, the deuterium burning phase dffg,; = 2Mg star

lasts~ 1.510yr and~ 10° yr in case A and B, respectively. therefore, for the assumed accretion rate anaccretion does
Fo_r comparison, agi”i =0.1Mo E)star will burniits initial de'“_" not solve the puzzling problem of strong surface activity encoun-
terium during~ 10°yr and~ 510° yr for the same respectivegreq in intermediate-mass stars. The activity of Herbig Ae/Be
cases Aand B. stars is such that they are sometimes assumed to have chromo-
spheres. In low-mass stars, chromospheric activity is linked to
4.2. Comparisons from the location in the HRD the presence of convection in the subphotospheric layers (e.g.
. . . Catala1989) but the nature of activity inintermediate-mass stars
In th_e HRD, the motion Of_ a completely convective acc_ret'r\%mains unknown. Palla and Stahler (1993) found that Herbig
star is made up of two displacements) the usual vertical 5g/Be stars do follow a convective track for a short time and
shift along the Hayashi line ar(di) an horizontal shift due 10 o4, de that the presence of emission lines and strong winds

the increasing mass. As we have seen above, using the centrala iy Ae/Be stars may not be linked to the outer convec-

temperature as an indicator of the evolonnary §tatus of ive zone, as their models always show that convection retreats
star, an accreting star evolves more rapidly than in a stand

h : _ | i< hiah heref ﬁli ards the surface with increasing effective temperature.
scheme, since its central temperature is higher. Therefore, the; ap, position in the HRD, we now compare the mass and

star moves downward faster along the Hayashi line and thiys, oqtimates from the standard and variable mass tracks passing
exhibits a lower luminosity at a given age than it would in afhrough this point, looking for general trends
accretion-less evolution. On the other hand, the enhancement ’ '

of the stellar mass results in an horizontal displacement and We note that during the convective phase, the age of an
contributes to increase the effective temperature as we can seeccreting star is systematically lower than in a conventional
from Fig.[8. Consequently, the path followed by the star in the evolution. The discrepancy between these two evolutionary
HRD is more inclined than in a standard evolution. schemes is of order dfo® yr and is maximum at the time
Concerning the depth of the convective envelope, we know of stellar deuterium burning (the dark hatched regions in
from Paper |l that the development of the radiative core can be Figs[1 andR). During this period, the ages of accreting and
delayed by accretion because the radiative gradiént; re- non-accreting convective stars differ by a factor 2-3. When
mains higher than the adiabatic gradient due to the additional the star develops a radiative core, the age determination is
nuclear energy productioN%..q4 < L,.). But, onthe other hand, made difficult because in this portion of the HRD isochrones
matter accretion forces the star to evolve more rapidly, so that a are almost parallel to the evolutionary tracks.
radiative core develops more rapidly as well. As a result, we see Mass estimate is very similar in both evolutionary schemes,
from Fig[Z that accretion is not able to maintain a convective especially when the star is completely convective. How-
envelope that is significantly deeper that in standard evolution. ever, when entering its radiative track, we observe that mass
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Fig. 8. Time at which the temperature at the base of the convective z

_ . .
reaches 10° (left curve) andl0° K (right curve) as a function of theqﬂs' 9. Surface abundance 8H and”Li relative to their standard non

ccreting values®Ho andLio, respectively) as the stars reach their
mass ?f t_he Stﬁ‘“ These temperatures corr_espond to t_he th_re_shold a2R¥7s. The solid and dotted lines refer to the accretion calculations in
which “Li and “H are nuclearly depleted with convective mixing. The

ce&zes A and B, respectively. Note that on the ZAMS?*tHabundance

dashed regions represent the locus where accretion can increase & ndard models (Siess et al. 1997b) is similar for all masses, the

in
abundances of these elements (see text) mass fraction being equal §(*Ho) ~ 10~

determined from accreting tracks is systematically smaller

than the value derived from standard evolution tracks by

a . . . .
few percent AM/M < 5%). The discrepancy is more pro_the further evolution of its surface abundance will mainly de-
o : q,nds on the ratio between the accretion and nuclear burning

nounced if the accretion process is maintained for a Ionq[é i ;
. . Ime scalest,.. andr,..., respectively). If accretion proceeds at
period than in case B. . . ; .
a high rate compared to the nuclear burning rate associated with
We now show that accreting tracks can be distinguishadspecific nuclider,.. < Tn.c), it Stops its surface depletion
from standard evolution by differences in the surface chemicaid can even reverse it. On the opposite,if. > 7,.., accre-
abundances. tion cannot prevent the surface abundance decrease; at most, it

slows it down.

5. Effect of accretion on surface chemical abundances

Some light species can be partially or completely depleted at t%él TheH surface abundance

surface of PMS stars due to their low burning temperatdi¢s. Fig[8 tells us that for stars less massive than.2 M, , deu-
and’Li are expected to be mostly depleted in that respect atium cannot survive in the surface layers as the temperature at
accretion can significantly modify their surface abundance dée base of the convective envelope always remains higher than
pletion. Two situations have to be considered. Either the base 0f K. In case A (B), accretion is stopped at times 6 106 yr

the convective envelope is hot enough to allow nuclear reactiqnss 107 yr) and from Figl8, we read that it affects the abun-

to occur or it is not. For a given element that has been partiatlgnces of stars witd/ 2 1.8My (M 2 1.3Mg). These

or completely depleted during the fully convective phase, accresults are confirmed in the upper panel of Eig. 9, which depicts
tion will increase its surface abundance to its initial (interstellatye 2H mass fraction as the star reaches the ZAMS. The signa-
level if no nuclear burning is present inside the convective eture of accretion is clearly obvious and causes the suffbice
velope. The region where the nuclear activity has stoppedabundance to increase almost to its initial interstellar level.

the convective envelope (i.e. for temperatures at the base of the

convective envelope lower than 10° K and3 10° K for 2H and s

"Li, respectively) is represented in FAig. 8 by the hatched area?l—_’h‘2 - The'Lisurface abundance

accretion occurs when the star evolves in the dark (light) regidfrom Fig[8, we can see théti is never burned in the envelope
2H ("Li) is not destroyed. On the other hand, if the convectivef stars more massive than1.5 M . We also note that in the
envelope is still burning an element when accretion keeps omass range.8—1.0 M, , accretion in case A (solid line in F{g. 9)
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favors lithium depletion. Indeed, with higher accretion rates : s "11)5

the central temperature reaches larger values aing burned age from standard tracks
more efficiently during the fully convective phase. We report
a difference of~ 0.6 dex with respect to the standard valu&ig. 11.Mass and age determinations from the different grids of mod-
when the stars reach their ZAMS. For lower mass stafs< els. Data are compared to the 1:1 relation (solid line) expected from
0.8 My, ), accretion is still taking place when the temperature attandard tracks..For the age detgrminations we have.also depicted the
the base of the convective envelope falls belaW® K, resulting tace : tstand relations corresponding to 1:1.25 (dotted line), 1:2 (short-
. . . ' dashed line) and 1:3 (long-dashed line)
in an increase ofLi surface abundance.

To illustrate these conclusions, we present in [E1jy. 10 the
regions in the HRD where accretion modifies the surface abun-
dances of deuterium and lithium. From the above considera-
tions, we can expect to detect deuterium in young PMS st
with M Z 1.2M, (dark area) and to observe enhanced lithiu
surface abundance in young low-mass stars Witl< 1.5 Mg,
(light area).

| | h
107

iative branch, age determination is relatively uncertain since
fochrones are almost parallel to the evolutionary tracks.

6.1. The effect of accretion on age and mass determination

From Fig[I1 (lower panel), we see that for ages 1.5 106 yr
accreting stars are effectively younger than standard ones. The
For the purpose of illustrating our results, we selected a samgkyiation from the 1:1 relation is more pronounced for the
of young stars and determined their mass and age, by interpoungest stars with an age difference varying by a factor 2 or 3.
lating the luminosity and effective temperature in the differeffthis shift between the difference estimates decreases with time
grids of models. These characteristics have been evaluated famd fort = 1.5 10 yr, the dispersion in ages is small, less than
standard evolution models and for the two accretion rates used:-10%, with a linear correlation coefficient 0.97.

in the present study. As can be seen from the Table 1, there The stellar mass determination is almost not affected by the
are several non-determinations denoted by (ind.) which corpresence of accretion. The deviation from the 1:1 relation is very
spond to very low-mass stard/( < 0.1-0.2 My, ) located out- small, the linear correlation coefficient being always larger than
side our evolutionary tracks. We also note that for stars on th@i899 in both cases A and B. This result is not surprising as the

6. Comparison with observations
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Table 1.Properties of T Tauri Stars. The Herbig & Bell Catalog numbers (HBC) comes from Herbig & Bell (1988). The effective temperatures
are given by Cohen & Kuhi (1979) or determined from the spectral type using the Cohen & Kuhi (1979) conversion relation. The intrinsic
luminosity has been estimated by Bouvier (1990), Cabrit et al. (1990) and Bertout (1997). Standard tracks come from Siess et al. 1997hb.

Observational points Standard tracks Case A Case B

Star HBC  Taoff L Mass Age Mass Age Mass Age

K) (Lo) (Mo) (in 10°yr) (Mo) (in 10°yr) (Mo) (in 10°yr)
FM Tau 23 3920 0.20 0.66&0.05 12.20t+4.11 <0.72 < 16.60 <0.72 < 16.10
BP Tau 32 4000 0.96 0.520.07 1.02+-0.15 0.52+-0.07 0.95+0.24 0.52+0.09 0.99+0.23
DE Tau 33 3680 0.43 0.380.05 155+0.19 0.44+0.07 1.79+0.46 ind. ind.
RY Tau 34 5780 6.51 1.790.08 6.51+-0.88 1.78+-0.07 6.46+-0.81 1.78+-0.08 6.37+0.90
T Tau 35 5099 8.81 2.3:0.05 1.32+0.32 2.35-0.08 1.25+0.31 2.35+0.07 1.20+0.31
DF Tau 36 3800 1.84 0.380.05 0.29+0.21 0.37£0.06 0.20+£0.16 0.42+£0.06 0.18+0.14
DG Tau 37 3959 135 0.4%0.07 0.71+£0.03 0.47+£0.07 0.58+0.12 0.49+0.06 0.58+0.11
DH Tau 38 3919 041 0.5%0.08 2.86+0.78 < 0.59 <5.14 < 0.66 <4.21
DI Tau 39 3919 0.71 0.4%0.07 1.26+£0.21 0.48:£0.07 1.21+0.29 048009 1.21+0.35
UX Tau A 43 4954 124 1.38:0.01 8.29+1.65 1.29+0.01 7.87+1.62 1.30+0.01 7.94+1.64
FX Tau 44 3680 0.63 0.3%0.05 1.10+0.01 0.36+0.03 0.86+0.14 ind. ind.
DK Tau 45 4000 1.38 0.580.07 0.72-0.04 0.50+0.07 0.62+-0.14 0.514+0.07 0.61+0.11
HL Tau 49 3959 1.22 0.4%#0.07 0.77£0.05 0.44+0.10 0.65-0.14 0.50+0.06 0.66+0.14
GG Tau 54 3959 1.13 0.480.07 0.82+0.07 0.48+0.07 0.71+0.16 0.50+0.07 0.72+0.16
GH Tau 55 3499 0.69 0.2£0.03 0.58+0.43 0.27+£0.04 0.38+0.25 <0.33 <0.13
Gl Tau 56 4000 0.83 0.530.07 1.22+0.22 0.54+0.08 1.18+0.30 0.53+0.08 1.24+0.32
GK Tau 57 4000 1.06 0.5%0.07 0.91+0.12 0.51+0.07 0.84+0.20 0.50+0.08 0.88+0.20
DL Tau 58 3680 1.03 0.330.04 044030 0.33£0.04 0.32£0.21 0.35£0.02 0.28+0.19
Cl Tau 61 4000 0.66 0.5%0.08 1.66+0.39 0.55+0.08 1.73+0.46 0.55+0.09 1.75+0.54
AA Tau 63 3959 0.76 0.5%0.07 1.26+0.23 0.51+0.08 1.22+0.30 0.50+0.09 1.24+0.34
DN Tau 65 3919 0.65 0.420.07 1.42+-0.28 0.50+0.07 1.42+-0.38 < 0.58 <1.88
DO Tau 67 3959 042 0.5%0.08 3.02-0.85 0.59+0.12 4.34+1.29 < 0.69 < 4.44
VY Tau 68 3919 0.33 0.5920.09 4.30+1.32 <0.71 <7.26 < 0.70 < 6.22
Haro 6-3 73 4199 0.84 0.7 0.11 2.02-0.58 0.71+0.10 2.04+0.56 0.71+0.10 2.09+0.53
DR Tau 74 4400 1.06 0.920.13 254+0.76 0.90+0.13 247075 0.91+0.13 257+0.76
DS Tau 75 4775 0.42 0.9£0.01 26.70+4.73 0.91+0.01 26.70+4.81 0.90+0.01 26.00+ 4.76
GM Aur 77 3959 0.75 0.5%0.07 1.29+0.24 0.51+£0.07 1.25£031 0.50+0.10 1.30+0.38
SU Aur 79 5780 11.74 2.19%0.09 3.68£059 2.15+0.09 3.97£0.65 2.18+-0.09 3.69+0.64
RW Aur 80 5099 4.47 1.940.02 257+058 1.96+0.05 2.43+0.59 1.94+0.09 2.40+0.59

034903+2 351 4400 0.43 0.920.02 11.30£2.98 0.93+0.02 11.30+2.78 0.91+0.03 10.80+ 2.82
V773 Tau 367 4775 559 164021 0.85-0.25 1.60+£0.21 0.81+0.22 1.59+0.20 0.77+0.20
LkCa-3 368 3680 124 0.320.04 0.36+0.27 0.32£0.04 0.25+£0.17 0.31+0.04 0.20+0.13
LkCa-4 370 4000 0.81 0583007 126024 054008 1.22£0.31 0.53+0.08 1.26+0.33
041559+1 376 4000 048 0.590.09 2.70£0.76 0.70+£0.05 3.68+1.26 0.61+0.11 2.92+1.01
V819 Tau 378 4000 0.67 0.5b50.08 1.61+0.38 0.55t£0.07 167044 0.56£0.09 1.72+0.53

LkCa-7 379 4000 0.72 054007 148032 0.55£0.08 149039 0.55£0.09 1.55+0.45
HD283572 380 5659 10.28 2.210.10 3.53£0.61 2.16+0.10 3.74£0.71 2.19+-0.10 3.47+0.64
IP Tau 385 3919 0.36 0.5F0.08 3.56t1.05 < 0.65 <6.01 < 0.68 <531

042835+1 392 4400 037 0.910.01 1470£3.59 0.91+0.01 14.70£3.51 0.90+0.01 14.00+3.53
042916+1 397 4000 0.61 0.560.08 1.87£0.47 055+0.08 2.03£0.58 0.56+0.10 1.98+0.63
V827 Tau 399 3959 0.74 0.5t0.07 1.30£0.24 0.51+0.07 1.26:0.31 0.51+0.10 1.31+0.38
V826 Tau 400 3959 0.75 0.5t0.07 1.28+0.23 0.51+0.07 1.24+0.31 0.50+0.09 1.264+0.35
V830 Tau 405 3959 082 0.5600.07 115+0.19 0.51+0.07 1.08t0.27 0.50+0.09 1.10+0.29
HP Tau/G 415 5899 1124 2.360.08 4.75£0.66 2.02£0.06 4.99+:0.57 2.04£0.08 4.44+-0.34
LkCa-15 419 4400 053 095006 8.19+£230 0.95:£0.06 8.24t£201 0.93£0.05 7.87£2.17
IW Tau 420 4000 1.28 0.5€¢0.07 0.76:0.06 0.50+£0.07 0.67+0.15 0.51+0.07 0.68+0.13
LkCa-19 426 5239 119 1.180.04 1510+257 1.20+£0.04 14.60+2.61 1.20+£0.04 14.70+2.60
045251+3 427 4000 095 0.520.07 1.03£0.16 0.52£0.08 0.96+0.24 0.52£0.09 1.02£0.24
V836 Tau 429 3959 041 0.580.09 3.17+0.91 < 0.70 < 5.88 <0.72 < 4.64
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star is located at each moment on the standard track correspondg 5 | ° i
ing to its instantaneous mass. - o standard tracks -

case A J
© case B |

» X

[e]

6.2. The effect of observational uncertainty

—+100K)
o
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In this section we analyze the changeslinandt determina- i . P ]
tions caused by the introduction of an observational uncertalm;y IR g £
ATes 100K on the effective temperature. This uncertamty“ L Xay i
has several origins and can be related to the observation (com&re 1
sion between spectral type and effective temperature) and ag;o r
to the presence of spots on the surface of the star. The tempéta- | a 9
ture of these magnetic structures a680-2000 K cooler than . ° % 8 £ ?
the surface stellar temperature, but the effect of starspots on the 0
observed effective temperature is not obvious. Indeed, stellar 05 1 15 2
rotation will more or less dilute the effects of starspots which mass
also depends on their size, surface coverage and temperature. T T
The effect could be atleast as large as the uncertainty introduced | x
here. j x standard tracks
4 case A

As illustrated in FiglIP (lower panel), we can see that inde- C © case B
pendently of the presence or not of accretion, age determinatin®-® [
is very uncertain for the youngest stars. We also note that éjc r
cretion tends to increase the uncertainty on the age estimate®6 [~
especially in the period10° < ¢ < 310° yrwhere mostof the & x o
determinations from accretion tracks (filled triangles and open 0.4 | °
circles) have higher values and are located above standard délier- . 3
minations (crosses). During this time interval, the mean valie o.2 |- o KX > % ~
of At/tis equal to 20, 26 and 36% in the standard evolutionary [
models, case A and case B models, respectively. Finally, when [ x
the accretion process has terminateg:(5 10° yr), the uncer- L L .
tainties in the age determination become very comparable and 10° e 107
close to 20-25% in all evolutionary schemes. g

Uncertainties related to the mass determination are gldhg. 12.Errors introduced into the age and mass estimates of our sample
ally higher for low-mass starsM < 0.8Mg) with due to an observational uncertainty in the effective temperature equal
Am/m ~5-20%, this value falling below 5% when the mas® ATgff = £100K. The quantityAm and At represents the mean

exceed$.8 M, . We also observed that the uncertainty is largéffference in evaluating the mass and time of a star from its position in
when determinations are made from accreting tracks. the HRD shifted byt100 K. The values ofAm andAt are estimated
for the standard tracks (crosses) and from accretion tracks A (filled

triangle) and B (open circle)
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7. Discussion

Hartmann et al. (1997, hereafter HCK) have also considered tireting evolution, a results confirmed by our study. HCK also
effect of accretion on stellar evolution. They assume, as we doticed(:) large discrepancies between standard and accreting
that (i) accretion disturbs only a small area of the stellar suracks forages 5 10° yrand(ii) thatthe age of alow-mass star,
face, either through an accretion disk of a funnel floig, the determined from its location in the HRD, can be overestimated
transfer of energy between the accreting surface and the stebyaas much as a factor of 2 for agesi0° yr. Note however that
photosphere has little effect afii) they also account for ther- in their study HCK use a small value af which may be more
mal energy addition by introducing the parametesimilar in appropriate for funnel flows, because in this scenario, the ac-
its meaning to ours. But their approach differs significantly fromreted matter has time to radiate away its thermal excess. They
our modeling because they consider that the accretion procals® confirm that thermal energy addition farger) leads to
affects only the surface layers of the star and also because tapyncrease of the stellar radius. A straight comparison of their
use a very simplified modeling of the stellar structure. results with ours remains difficult principally because of the
Although their study is mainly devoted to high acdifferent treatment of the stellar structure. However their main
cretion rates, typical of the star forming phask{. = results are confirmed by our study, notably the effects of the dif-
210-5Mg yr—1), they also treat lower accretion rates and readerent parameters and the implications on ages determination of
conclusions very similar to ours. As a consequence of a sltww mass stars.
accretion processif,.. = 10~ "M, yr—1), they found that ac- Another important effect is the geometry of accretion and
creting stars descend their Hayashi branch faster than in northe-physics itinvolves. In the present paper, we assumed that the
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accreted matter joins the star through a boundary layer and, éwer, deuterium is completely destroyed in the envelope for all
to shear mixing, can reach the convective zone and be draggeestigated mass accretion rates.
to the center of the star by convective motions. In other accre-
tion geometries, like funnel flows (e.g. Shu et al. 1994ab), thgknowledgementsThe authors thank the anonymous referee for con-
accreted matter is expected to be deposited mainly in the surf&igactive comments that clarified and improved the paper. The compu-
layers of the star. In such a case, the fractioof the accretion tatlons_ pres’ented |nth|§ paper were pe"rformed“at the“ Centre de Calcul
energy imparted to the stellar material is deposited in averythlntenSIf de I Observatoire de Grenoble” and ,at IMAGA onalBMSP1
. . IE')mputer financed by the MESR, CNRS anegidn Ridne-Alpes.

low mass region close to the surface. Consequently, if a large
amount of energy is released in the stellar atmosphere, one can
expect important modifications of the structure of the surfaf¥eferences
Iay¢r§ and possible recession of_the convective zone (Prialpims F.C., Emerson J.P., Fuller G.A., 1990, ApJ 357, 606
& Livio 1985), an effect not seen in our computations. Anders E., Grevesse N., 1989, Geochim. Cosmochim. Acta 53, 197

Finally, the study of high accretion rates of the order gficala J.M., Krautter J., Covino E., et al., 1997, A&A 319, 184
10~*Mg yr—1, as assumed to prevail in the Fu Ori outburslicala J.M., Terranegra L., Wichmann R., et al., 1996, A&AS 119, 7
is another aspect of accretion onto PMS stars that shouldHBeekwith S.V.W., Sargent A.l., Chini R.S.,iGten R., 1990, AJ 99,
analyzed. During these brief events, a large amount of matter is 924

accreted with probably high values @f(= 0.1, HCK). Beckwith S.V.W., Sargent A.l., 1993, In: Levy E.H., Lunine J.I. (eds.)
Protostars and Planets lll. University of Arizona Press, Tucson,
p.521

8. Summary Bertout C., 1997, unpublished

) ) Bertout C., Basri G., 1989, ApJ 341, 340
We have presented the evolution of stars accreting a substariglout C., Harder S., Malbet F., Mennessier C., Regev O., 1996, AJ
fraction of their mass+ 0.5 M, ) during the PMS phase. Cho- 112, 2159

sen accretiontimescale and accretion rates have typical valueBafvier J., 1990, AJ 99, 946

5109 yrand10~"M, yr—!, respectively. For the invoked accre-Bouvier J., Forestini M., Allain S., 1997, A&A 326, 1013

tion rates, our computations indicate that the contraction rateBiguvier J., Rigaut F., Nadeau D., 1997b, A&A 323, 139

globally increased by the mass addition, the star contracts mBk&rows C.J., Stapelfeldt K.R., Watson A.M., et al., 1996, ApJ 473,
efficiently and its evolution is accelerated. Consequently the age 437

of alow-mass star, determined from its position in the HRD, cg‘?b”t S., Edwards S., Strom S.E., Strom K.M., 1990, ApJ 354, 687

be overestimated by a fe#)® yr, when using standard tracks atalaC., 1989, In: Low Mass Star Formation and PMS Objects. ESO
proceeding, p. 471

without accretion; a conclusion also reached by other groupge;on A.G.W., 1985, In: Black D.C., Matthews M.S. (eds.) Proto-
(Hartmann & Kenyon 1990, HCK, Palla & Stahler 1993). The = gar5 and Planets I1. Univ. of Arizona Press, Tucson, p. 1073

stellar mass is well determined from the star position in th&meron A.G.W., Pine M.R., 1973, Icarus 18, 377
HRD; the error in its determination does not exceed 5% am@hen M., Kuhi L.V., 1979, ApJS 41, 743
does not depend on the evolutionary scheme. Finally, we n@&Campli W.M., Cameron A.G.W., 1979, Icarus 38, 367
that accretion is unable to maintain a deep convective enveldgiwards S., Ray T., Mundt R., 1993, In: Levy E.H., Lunine J.I. (eds.)
and thus cannot help elucidating the problem of strong stellar Protostars and Planets Ill. University of Arizona Press, Tucson,
activity of intermediate-mass stars. p. 567 “Protostars and Planets
The clearest signature of accretion is the nucleosyntheSféreira J., Pelletier G., A&A, 1995 295, 807
of light elements. The replenishment of fresh material from t restini M., 1994, A&A 285, 473
. . . . alli D., Shu F.H., 1993, ApJ 417, 243
accretion disk alters the evolution of the surface chemical abll'—?érti an P. Edwards S. Ghandour L.. 1995. ApJ 452 736
dances ofH and’Li. Differences in7Li surface abundances, oo - . h P ’
. . ~“Hartmann L., Cassen P., Kenyon S.J., 1997, ApJ 475, 770, HCK
are expected to be small because its burning occurs late in theimann L., Kenyon S.J., 1990, ApJ 349, 190
evolution. In stars more massive than 1.5 Mhe surface abun- Hartmann L., Kenyon S.J., 1096, ARA&A 34, 207
dance of this element is not modified by the accretion procepgyashi C., Nakazawa K., Nakagawa Y., 1985, In: Black D.C.,
For stars around 1 M, our calculations indicate that.i sur- Matthews M.S. (eds.) Protostars and Planets II. Univ. of Arizona
face abundance for stars reaching the ZAMS is decreased byPress, Tucson, p. 1100
~ 0.6 dex with respect to standard models (Siess et al. 1997¥rbig G.H., Bell K.R., 1988, Lick Obs. Bull. no.1111, 1
due to a faster increase of central temperature in their PMS eflenbrand L.A., Strom S.E., Vrba F.J., Keene J., 1992, ApJ 397, 613,
lution. But the most “visible” and clear signature of accretion HSVK

is the expected presence of deuterium at the surface of stiff§hnamurthi A., Pinsonneault M.H., Barnes S., Sofia S., 1997, ApJ

. . . 480, 303
more masswﬁ thgm 12er? . Indeed, in these ofbleectbs the temi_yndeII-BeII D., Pringle J.E., 1974, MNRAS 168, 603
perature at the ase_ of the cohvegtlve zone falls bl Neufrauser R., Sterzik M.F., Schmitt J.H.M.M., Wichmann R., Krautter
and prevents deuterium depletion in the surface layers. There-j 19955 A&A 295, L5
fore, Herbig Ae/Be stars presenting an IR excess, suggestiitauser R., Sterzik M.F., Schmitt J.H.M.M., Wichmann R., Krautter
the presence of an accretion process, are the best candidates., 1995b, A&A 297, 391

for such a detection. In stars less massive thaMg , how- Palla F., Stahler S.W., 1993, ApJ 418, 414
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