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Received 14 April 1998 / Accepted 12 November 1998

Abstract. We present new evolutionary sequences for long lasting accreting low-mass (0.1 M ≤ M ≤ 2.5 M ) pre-main
sequence stars. The calculations, performed for two different
mass accretion rates, show that accretion accelerates the evolution of the star. The star has a smaller radius and goes down its
convective track faster than in a standard scheme. Consequently,
the age of a star, as given by its location on the HertzsprungRussell diagram, is lower than that of a non-accreting star. We
discuss 2 H and 7 Li burning and show how accretion affects
the surface abundance of these elements. Notably, we point
out that deuterium must be present at the surface of accreting
intermediate-mass stars. Finally, we estimate the age, mass and
radius of a sample of T Tauri stars located in the Taurus Auriga
star forming region.
Key words: accretion, accretion disks – stars: abundances –
stars: evolution – stars: fundamental parameters – stars: premain sequence

1. Introduction
The gravitational collapse of an initially rotating molecular
cloud core model was recently computed by several groups (e.g.
Yorke et al. 1993, 1995), who solved numerically the hydrodynamical equations governing the collapse. These computations
show the formation of a central protostar surrounded by a flattened, disk-like structure in the equatorial plane of the initial
cloud. Addition of an initial uniform magnetic field threading
the cloud core does not change this result (Galli & Shu 1993).
After being predicted by theoretical computations, the presence
of disks around young stellar objects (YSOs) is now confirmed
by HST observations (Burrows et al. 1996). There are many reasons to believe that circumstellar disks around young stars are in
fact accretion disks as defined by Lynden-Bell & Pringle (1974),
notably the outflow activity observed during the early phases of
stellar evolution (Shu et al. 1994ab, Ferreira & Pelletier 1995).
An accretion
. disk is characterized by two parameters, the
accretion rate Macc and the disk survival time tdisk . The first
quantity can be inferred from the relation
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where Ldisk is the disk luminosity (determined from a disk
model), R and M the stellar radius and mass, respectively.
Adopting a mean stellar mass equal 0.5 M and mean radius of
2R , Adams. et al. (1990) derived accretion rates in the range
4 10−8 < Macc < 4 10−6 M yr−1 . Independent derivations
provided by the observation of optical and near-UV excess
emission lead to similar values (Bertout & Basri 1989, Hartmann & Kenyon 1990, Hartigan et al. 1995). Using the mainsequence mass-luminosity relation to derive the stellar mass
and the effective temperature-spectral type relation of Cohen &
Kuhi (1979), Hillenbrand et al. (1992, .hereafter HSVK) found
accretion rates in the range 6 10−7 < Macc < 8 10−5 M yr−1 ,
for intermediate-mass stars. Note however that derivations of
accretion rates suffer from large uncertainties. Direct estimates
of the intrinsic disk luminosity are difficult, and the exact geometry 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 by tdisk ∼ Mdisk /Macc , where Mdisk is the disk mass.
This value represents however a lower limit because of the possible replenishment of the disk by material from surrounding
envelope. Evaluation of disk masses depends crucially on the
opacity in the submillimeter and millimeter ranges, which are
still relatively poorly known. For intermediate-mass stars, one
finds that tdisk is of order of 0.3 Myr (HSVK). This time-scale
is comparable to the age of the central star and suggests that
the disk should be replenished by ambient circumstellar material, cold and transparent enough to have escaped detection
in the millimeter range. Such a large reservoir of material surrounding the star-disk
system is also invoked if a relatively high
.
mass loss rate (Mwind ∼ 10−7 M yr−1 ; Edwards et al. 1993)
is maintained for several Myr.
Observations of low-mass T Tauri stars (e.g. Walter et al.
1988, Strom et al. 1989, Neuhäuser et al. 1995a) indicates that
disk survival times are different from star to star and span a
large range between 106 − 107 yr. This wide distribution of disk
survival times is also required to explain the rotational evolution
of low-mass stars (e.g. Bouvier et al. 1997a, Krishnamurthi et
al. 1997). The presence of a binary companion is another factor
that may influence disk lifetimes and the geometry of accretion.
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A close companion is supposed to clean the central parts of
the primary circumstellar disk and lead to a circumbinary disk.
However, recent observations (Bouvier et al. 1997b) seems to
indicate that the presence of a companion does not prevent accretion from occurring onto the primary at a rate similar to that
observed in single PMS stars.
If the star is accreting continuously during a period tdisk ,
then the mass of the circumstellar matter should be in the range
.
0.1M <
∼ [tdisk × Macc ] <
∼ 1M ,
values consistent with other determinations (Adams et al. 1990,
Beckwith et al. 1990, HSVK). Hence, a substantial amount of
matter must transit through the disk and feed the star. The fraction of accreted material expelled by jets or outflows surrounding YSO probably does not exceed a few percent (Hartigan et
al. 1995). Consequently a large amount of matter is deposited
onto the star and must alter the pre-main sequence evolutionary paths followed by accreting stars. The evidence gathered to
date suggests that the fraction of PMS stars which display IR
excesses compatible with the presence of accretion disks lies between a few percents, when including X-ray discovered young
stars in large areas (e.g. Alcalá et al. 1996, Neuhäuser et al.
1995b, Wichmann et al. 1996) and ∼ 50%, when considering
only small cloud core regions (e.g. Beckwith and Sargent 1993).
Observations also indicate that the frequency of optically thick
disks evolves with time; between 60–100% of the youngest stars
in the central parts of molecular cloud are surrounded by circumstellar material and by an age of ∼ 10 Myr only 10–30% of
these T Tauri stars still exhibit disks features (e.g. Strom 1995).
These stars are surrounded initially by massive, optically thick
accretion disks, evolving on time scales t < 10 Myr for solartype stars and t < 1 Myr for intermediate-mass stars (Strom &
Edwards 1993).
As noted previously, the ROSAT detection of X-ray emitting PMS without IR excesses in large areas around star forming
regions have considerably reduce the frequency of disks among
TTS to a few percents (e.g. Neuhäuser et al. 1995b). However,
datation of these sources, by comparison with theoretical PMS
evolutionary tracks (e.g. Alcalá et al. 1997, Wichmann et al.
1997), indicates that a large fraction of these objects are indeed weak line T Tauri stars, in a later evolutionary status, with
ages larger than 10 Myr. These observations thus confirm the
decreasing disk frequency with age, and also indicate that the
dissipation of the disk is probably short, of the order of ∼ 105 yr
(Wolk & Walter 1996).
Accretion rates of 10−7 M yr−1 and disk lifetimes of ∼
5 106 yr seem to be reasonable values. These numbers lead to a
total amount of accreted matter of the order of ∼ 0.5 M . Although the accreted mass is much larger than the solar system
mass, planetary system might be formed in the inner part of the
disks. From a theoretical point of view, two typical models have
been proposed so far for the formation of solar system; the models with a low mass nebula of ∼ 0.02 M (Hayashi et al. 1985,
Safranov & Ruzmaikina 1985) and the models developped by
Cameron and his co-workers, with high mass nebula of ∼ 1 M
(Cameron & Pine 1973, DeCampli & Cameron 1979, Cameron
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1985). Our models would then be included in the high mass
nebula models, but one has to keep in mind that disk replenishment is invoked and that 0.5 M represents the total accreted
mass and not the effective mass of the circumstellar disk.
In the next section, we briefly describe the evolutionary code
and the accretion model. In Sect. 3, we study the structure and
evolution of stars accreting at two different rates. In Sect. 4 we
compare our models with standard ones (i.e. without accretion)
and we focus on the consequences of accretion on the mass
and age determinations. In Sect. 5, we discuss the observational
effects of accretion on the surface 2 H and 7 Li abundances. In
Sect. 6 we use our new grids of models to estimate the age and
mass of a sample of T Tauri stars from the Taurus-Auriga star
forming region. Sect. 7 contains a discussion and comparisons
with other works and the paper concludes with a summary in
Sect. 8.
2. Input physics
2.1. The accretion model
The stellar evolution code used in these computations is described by Forestini (1994). The accretion model was developed
by Siess & Forestini (1996, hereafter Paper I) and treats the accretion process in one dimension. The mass deposition profile
inside the star is derived as a function of the chemical and thermal properties of the accreted matter. The model also takes into
account its angular momentum. Simulations have shown that
the accreted material penetrates below the thin radiative envelope of low-mass stars and rapidly reaches the center of these
completely convective stars. It has also been demonstrated that
a radiatively stable layer acts as a barrier and stops matter penetration.
The structure and evolution of accreting stars has been described in detail by Siess et al. (1997a, hereafter Paper II). Their
work shows that accretion leads to energetic changes that are
able to significantly influence the global stellar evolution. In particular, this paper discusses the role of deuterium burning during
accretion. The rapid reaction rate of 2 H(p,γ)3 He (typically a few
hundred years or less) and its key role for the stellar energetics
make it necessary to couple the deuterium nucleosynthesis process to the stellar structure equations. The equation governing
the deuterium abundance evolution is
n
n
na
dn
=−
+
+ D ,
dt
τdest
τprod
∆t

(1)

where τdest and τprod represent the characteristic time scales
of, respectively, deuterium burning and deuterium production in the nuclear reactions 2 H(p,γ)3 He, 2p(γ, ν)2 H and
9
Be(p, 2 H)24 He. n is the deuterium number density and naD
the deuterium number density accreted over the current time
step ∆t, in a given shell.
In addition to nuclear energy release, the accreted matter also
locally deposits a fraction α of the available accretion energy
Lbl released in the boundary layer, so that the equation of energy
conservation writes
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∂Lr
= εnuc + εgrav + εacc ,
(2)
∂m
where Lr is the local luminosity, εacc the specific accretion
energy released per second (its expression is given in paper II)
and εnuc (εgrav ) the nuclear (gravitational) energy production
rate per unit mass, respectively. Integration of Eq. (2) over the
interval [0, M ] leads to
L = Lnuc + Lgrav + αLbl ,

(3)

where L is the emergent stellar luminosity, Lnuc and Lgrav the
nuclear and gravitational ones, respectively. αLbl represent the
fraction of the accretion energy deposited .in the boundary layer
which is given to the star (Lbl = GM Macc /2R). Finally, to
account for the mass deposition, the new mass shell dm at time
t + ∆t becomes
dm(t + ∆t) = dm(t) + dmacc ,
where dmacc is the amount of accreted matter deposited in the
shell of mass dm(t), as coming out from our accretion model.
2.2. Initial models and accretion rates
We have computed the PMS evolution of stars with initial mass
Mini of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 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 M , with metallicity Z = 0.02
and He mass fraction Y equal to 0.293 (scaled from Anders
& Grevesse 1989). Our initial models result from a polytropic
model with polytropic index n =1.5 and after convergence with
our stellar evolution code, the central temperature Tc is of a few
105 K in all cases. Accretion parameters are Ri− = −104 , E a =
0.75, α = 0.1 and ξ = 0.01 (see Paper I for their meaning).
They contribute to uniformly distribute the material inside the
convective envelope. The value α = 0.1 is chosen in such a way
that most of the accretion energy released in the boundary layer
is radiated away.
.
If we consider a typical effective accretion rate Macc '
10−7 M yr−1 and a process lasting ∼ 5 106 yr, about 0.5 M
is accreted by the star. Adopting this value as the average mass
of circumstellar matter surrounding PMS stars, we investigate
the structural
response of the star to (i) a constant accretion
.
rate Macc = 10−7 M yr−1 during 4.5 106 years followed by an
exponential decrease with characteristic time scale τ = 5 105 yr
(case A) and
. to (ii) an exponentially decreasing accretion rate
given by Macc = 10−6 exp(−t/2.105 ) + 10−7 exp(−t/3.106 )
(case B). This last expression accounts for a large accretion
phase at the beginning of the evolution followed by a slowly
decreasing accretion activity.
This study is devoted to low-accretion rates but we must
mention that some T Tauri stars are subject to periodic, shorttimed and high accretion rates, so called Fu Ori outburst (see
e.g Hartmann & Kenyon 1996). Notably, Hartmann et al. (1997)
suggest that these powerful events are responsible for the main
mass accretion during the PMS life. This represents another
case that will be analyze in a forthcoming paper dedicated to
high accretion rates. Finally, let us point out that the accretion
geometry does not resume to boundary layers, as we assume

Fig. 1. The HRD evolutionary tracks of Z = 0.02 accreting stars of
initial masses (from the right to the left) Mini = 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 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 M . The
accretion rate is constant and equal to 10−7 M yr−1 (case A). The light
hatched band at the top of the diagram represents the locus of initial
stellar deuterium burning. The dark dashed areas correspond to regions
where the gravitational luminosity Lgrav is negative. At the end of the
calculations, each star has accreted 0.5 M and has reached its main
sequence. The heavy line represents the isochrone corresponding to
star age of 4.5 106 yr, i.e. at the beginning of the exponential decrease
of the accretion rate

here. In the presence of magnetic field, matter can flow in the star
along funnel flows or accretion column (e.g. Shu et al. 1994ab,
Ferreira & Pelletier 1995).
3. Structure and evolution of accreting PMS stars
HRDs are shown in Figs. 1 and 2 for accretion rates prescriptions A and B, respectively. For comparison, we present in Fig. 3
standard grids of PMS tracks that we will refer to as “standard
models” in the following. They were computed with the same
metallicity and constitutive physics (Siess et al. 1997b) but without accretion.
Initially, the star supplies its energy loss by a quasi-static
contraction until the central temperature Tc reaches ∼ 106 K,
which is enough to ignite deuterium burning. The energy released by this transformation is important and the contraction is
considerably slowed down. At that stage, the star is fully convective and in a standard scheme the initial deuterium content
is completely converted into 3 He in a few 104 yr to a few 105 yr
(depending on the initial mass, Mini ).
The arrival of fresh (deuterium rich) material from the accretion disk maintains the nuclear energy production. In the limit
where all accreted atoms of deuterium are burned, the generated
luminosity is given by
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reaction1 . The rise of the nuclear luminosity is supported by
the accretion process and for low-mass stars, the energy released produces a global swelling of the star. Following our
computations, expansion occurs for Mini < 0.4 M in case
A and Mini < 0.9 M in case B. When the initial content of
deuterium is depleted, accretion alone provides the star with
deuterium. The nuclear luminosity then reaches its equilibrium
value given by Eq. (4) and the star returns to a quasi-static contraction. With the increasing central temperature, the opacity
drops and a radiative core develops. During this phase, the burning of light nuclides in the central region (successively 6 Li, 7 Li,
9
Be, 11 B and 10 B) do not produce energy enough to play an important role. Finally, when the central temperature approaches
1.5 107 K, the depletion of 3 He and 12 C starts. The important
nuclear energy then released is converted into work against gravity and the contraction is halted.
When the hydrogen burning cycles reach equilibrium, the
star enters its main sequence. It is worth noting that in case B
7
the
. accretion process is maintained during ∼ 1.5 10 yr (until
Macc < 10−9 M yr−1 ).
Fig. 2. Same as Fig. 1 but for the bi-exponential accretion law (case B).
From upwards, the plotted isochrones correspond to star ages of 107
and 1.5 107 yr, respectively

4. Comparisons with standard evolution
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)
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

Fig. 3. The evolutionary tracks in the HRD of Z = 0.02 “standard” stars
of (from the right to the left) 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3,
1.4, 1.5, 1.7, 2.0, 2.5 and 3 M . These models come from Siess et al.
(1997b) and will refer to as standard models. Hatched area represents
the region of deuterium burning

LD =

Nav YDacc

.
.
Macc
QD Macc ' 0.2 −7 L ,
10

Stellar evolution with accretion is mainly modified by the combination of two effects, namely (i) the mass addition which
contributes to reinforcing the gravitational potential and (ii)
the nuclear energy production provided by deuterium burning,
which in turn tends to slow down the contraction.
Prior to deuterium ignition (t < 105 yr), the addition of
accreted matter accelerates the contraction of the star. Consequently the central temperature and density increase substantially. However, when deuterium burning ignites, the structural
evolution is now much more sensitive to the parameters of our
model, especially to the accretion energy deposition (α). For
this reason, we divided our study into two parts. On one hand
we will deal with low-mass stars (Mini <
∼ 1.3 M ) where the
accretion luminosity can represent a significant fraction of the
stellar luminosity and on the other hand with more massive stars
(Mini >
∼ 1.3 M ) for which the contribution αLbl is negligible
with respect to their photospheric luminosity.

(4)

where Nav is the Avogadro number, YDacc the deuterium number abundance per mole and per unit mass in the accreted matter
and QD the energy per unit mass generated per 2 H (p, γ)3 He

The nuclear reaction 2 H (2 H , n)3 He can be neglected because
its nuclear flux is much lower than the one associated with the
2
H (p, γ)3 He reaction
1
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Fig. 4. Comparison of central temperature and radius between lowmass stars with and without accretion. R0 and Tc,0 represent the radius and central temperature coming from standard models without
accretion (Siess et al. 1997b). The left panels correspond to the models provided by our grids with α = 0.1, the solid and dotted lines
corresponding to cases A and B, respectively. In the right panels,
the solid, dotted and dashed curves refer to accretion rates equal to
5 10−6 exp(−t/4 105 ) + 2 10−7 exp(−t/2.5 106 ), 10−6 and 10−7
M yr−1 and with α = 0.01, as defined in Paper II

4.1.1. Low-mass stars
Fig. 4 (right panel) shows that with few accretion energy deposition (α = 0.01), an accreting star systematically presents
a smaller radius than in a standard evolution. The difference
in radii is more pronounced when the accretion rate is higher
because in these situations the mechanical effect of mass deposition is reinforced. This shift is also present during the star
expansion which results from the nuclear burning of the initial
deuterium content. Accreting stars thus present a higher central
temperature than standard evolution models, as Tc ∝ M/R.
However these discrepancies reduce as α becomes larger. The
accretion energy is then converted principally into work against
the compression and consequently the contraction is slowed
down and the swelling more important during the main deuterium nuclear burning phase. In such a case, the radius of an
accreting star is close to its standard value.
The part of the HRD where the gravitational luminosity
becomes negative is indicated by dark hatched areas in Figs. 1
and 2. It concerns stars with initial mass less than ∼ 0.4 M
and ∼ 0.9 M in cases A and B, respectively. This phase of
global expansion is longer for the lower mass stars because
(i) their lower central temperature leads to a slower deuterium
burning and (ii) the accretion luminosity (αLbl ) is large and

Fig. 5. Central density and temperature as a function of the mass in
case of (a) standard evolution (solid line, Siess et al. 1997b), (b) evolution with accretion rates given by A (dotted line) and (c) given by B
(dashed line). The selected times, in order of increasing central density or temperature, are 2 104 , 105 , 2 105 , 5 105 , 106 and 2 106 yr,
respectively

contributes to increase the negative value of Lgrav (Lgrav =
L − Lnuc − αLbl ).
With the exhaustion of initial stellar deuterium, the star returns to global contraction, the nuclear luminosity reaches its
equilibrium value LD and the luminosity decreases as long as
the star lies on the Hayashi line. Eventually L becomes once
more equal to Lnuc + αLbl . The low-mass star then experiences a new dilatation (at least of the central part of the star)
as indicated by the second dashed area in Fig. 1. Finally, with
the termination of the accretion process, the star relaxes on the
standard PMS track corresponding to its final mass.
4.1.2. Intermediate-mass stars
In more massive stars (Mini >
∼ 1.3 M ), the nuclear luminosity
due to deuterium burning (Lnuc ) and the luminosity injected
into the star (αLbl ) are very small compared to the emergent
stellar luminosity and are not sufficient to produce a swelling.
The mechanical influence of accretion cannot be balanced by
the nuclear energy production or by the deposition of accretion
energy.
From Fig. 5, we see that higher accretion rates lead to higher
central temperature and density (dashed line). The reason is that
young stars are not highly condensed objects and the faster mass
accumulates in the star, the more efficient the contraction is. This
effect is more important for massive stars that already have a
rapid contraction rate.
With increasing initial mass, central temperature is higher
so that deuterium ignites earlier and burns more rapidly. For
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Fig. 6. Same as Fig. 5 but for the effective temperature and stellar luminosity. The selected times in order of increasing Teff or decreasing
luminosity are 2 104 , 105 , 2 105 , 5 105 , 106 and 2 106 yr, respectively

example, the deuterium burning phase of a Mini = 2 M star
lasts ∼ 1.5 105 yr and ∼ 105 yr in case A and B, respectively.
For comparison, a Mini = 0.1 M star will burn its initial deuterium during ∼ 106 yr and ∼ 5 105 yr for the same respective
cases A and B.
4.2. Comparisons from the location in the HRD
In the HRD, the motion of a completely convective accreting
star is made up of two displacements: (i) the usual vertical
shift along the Hayashi line and (ii) an horizontal shift due to
the increasing mass. As we have seen above, using the central
temperature as an indicator of the evolutionary status of the
star, an accreting star evolves more rapidly than in a standard
scheme, since its central temperature is higher. Therefore, the
star moves downward faster along the Hayashi line and thus
exhibits a lower luminosity at a given age than it would in an
accretion-less evolution. On the other hand, the enhancement
of the stellar mass results in an horizontal displacement and
contributes to increase the effective temperature as we can see
from Fig. 6. Consequently, the path followed by the star in the
HRD is more inclined than in a standard evolution.
Concerning the depth of the convective envelope, we know
from Paper II that the development of the radiative core can be
delayed by accretion because the radiative gradient ∇rad remains higher than the adiabatic gradient due to the additional
nuclear energy production (∇rad ∝ Lr ). But, on the other hand,
matter accretion forces the star to evolve more rapidly, so that a
radiative core develops more rapidly as well. As a result, we see
from Fig. 7 that accretion is not able to maintain a convective
envelope that is significantly deeper that in standard evolution.
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Fig. 7. Mass coordinate of the base of the convective envelope as a
function of the total stellar mass. Conventions are the same as in Fig. 5.
From the right to the left, the mass of the convective envelope is presented at times 2 105 , 5 105 , 106 , 2 106 and 5 106 yr, respectively

Therefore, for the assumed accretion rate and α, accretion does
not solve the puzzling problem of strong surface activity encountered in intermediate-mass stars. The activity of Herbig Ae/Be
stars is such that they are sometimes assumed to have chromospheres. In low-mass stars, chromospheric activity is linked to
the presence of convection in the subphotospheric layers (e.g.
Catala 1989) but the nature of activity in intermediate-mass stars
remains unknown. Palla and Stahler (1993) found that Herbig
Ae/Be stars do follow a convective track for a short time and
conclude that the presence of emission lines and strong winds
in Herbig Ae/Be stars may not be linked to the outer convective zone, as their models always show that convection retreats
towards the surface with increasing effective temperature.
Given position in the HRD, we now compare the mass and
age estimates from the standard and variable mass tracks passing
through this point, looking for general trends.
– We note that during the convective phase, the age of an
accreting star is systematically lower than in a conventional
evolution. The discrepancy between these two evolutionary
schemes is of order of 105 yr and is maximum at the time
of stellar deuterium burning (the dark hatched regions in
Figs. 1 and 2). During this period, the ages of accreting and
non-accreting convective stars differ by a factor 2–3. When
the star develops a radiative core, the age determination is
made difficult because in this portion of the HRD isochrones
are almost parallel to the evolutionary tracks.
– Mass estimate is very similar in both evolutionary schemes,
especially when the star is completely convective. However, 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 zone
reaches 3 106 (left curve) and 106 K (right curve) as a function of the
mass of the star. These temperatures correspond to the threshold above
which 7 Li and 2 H are nuclearly depleted with convective mixing. The
dashed regions represent the locus where accretion can increase the
abundances of these elements (see text)

determined from accreting tracks is systematically smaller
than the value derived from standard evolution tracks by a
few percent (∆M/M <
∼ 5%). The discrepancy is more pronounced if the accretion process is maintained for a longer
period than in case B.
We now show that accreting tracks can be distinguished
from standard evolution by differences in the surface chemical
abundances.

Fig. 9. Surface abundance of 2 H and 7 Li relative to their standard non
accreting values (2 H0 and 7 Li0 , respectively) as the stars reach their
ZAMS. The solid and dotted lines refer to the accretion calculations in
cases A and B, respectively. Note that on the ZAMS, the 2 H abundance
in standard models (Siess et al. 1997b) is similar for all masses, the
mass fraction being equal to X(2 H0 ) ' 10−18

the further evolution of its surface abundance will mainly depends on the ratio between the accretion and nuclear burning
time scales (τacc and τnuc , respectively). If accretion proceeds at
a high rate compared to the nuclear burning rate associated with
a specific nuclide (τacc < τnuc ), it stops its surface depletion
and can even reverse it. On the opposite, if τacc > τnuc , accretion 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 the
surface of PMS stars due to their low burning temperatures. 2 H
and 7 Li are expected to be mostly depleted in that respect and
accretion can significantly modify their surface abundance depletion. Two situations have to be considered. Either the base of
the convective envelope is hot enough to allow nuclear reactions
to occur or it is not. For a given element that has been partially
or completely depleted during the fully convective phase, accretion will increase its surface abundance to its initial (interstellar)
level if no nuclear burning is present inside the convective envelope. The region where the nuclear activity has stopped in
the convective envelope (i.e. for temperatures at the base of the
convective envelope lower than ∼ 106 K and 3 106 K for 2 H and
7
Li, respectively) is represented in Fig. 8 by the hatched area. If
accretion occurs when the star evolves in the dark (light) region,
2
H (7 Li) is not destroyed. On the other hand, if the convective
envelope is still burning an element when accretion keeps on,

5.1. The 2 H surface abundance
Fig. 8 tells us that for stars less massive than ∼ 1.2 M , deuterium cannot survive in the surface layers as the temperature at
the base of the convective envelope always remains higher than
106 K. In case A (B), accretion is stopped at times t ∼ 6 106 yr
(1.5 107 yr) and from Fig. 8, we read that it affects the 2 H abundances of stars with M >
∼ 1.3 M ). These
∼ 1.8 M (M >
results are confirmed in the upper panel of Fig. 9, which depicts
the 2 H mass fraction as the star reaches the ZAMS. The signature of accretion is clearly obvious and causes the surface 2 H
abundance to increase almost to its initial interstellar level.
5.2. The 7 Li surface abundance
From Fig. 8, we can see that 7 Li is never burned in the envelope
of stars more massive than ∼ 1.5 M . We also note that in the
mass range 0.8–1.0 M , accretion in case A (solid line in Fig. 9)
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Fig. 10. HR diagram showing the regions where accretion modifies
the surface abundances of 7 Li and 2 H. The light area delimited by
Tenv < 3 106 corresponds to the locus where 7 Li surface abundance
is increased if accretion is taking place there. Similarly, in the region
where Tenv < 106 (dark area), deuterium detection would clearly
establish the presence of accretion

favors lithium depletion. Indeed, with higher accretion rates
the central temperature reaches larger values and 7 Li is burned
more efficiently during the fully convective phase. We report
a difference of ∼ 0.6 dex with respect to the standard value
when the stars reach their ZAMS. For lower mass stars (M <
∼
0.8 M ), accretion is still taking place when the temperature at
the base of the convective envelope falls below 3 106 K, resulting
in an increase of 7 Li surface abundance.
To illustrate these conclusions, we present in Fig. 10 the
regions in the HRD where accretion modifies the surface abundances of deuterium and lithium. From the above considerations, we can expect to detect deuterium in young PMS stars
with M >
∼ 1.2 M (dark area) and to observe enhanced lithium
surface abundance in young low-mass stars with M <
∼ 1.5 M
(light area).

Fig. 11. Mass and age determinations from the different grids of models. Data are compared to the 1:1 relation (solid line) expected from
standard tracks. For the age determinations we have also depicted the
tacc : tstand relations corresponding to 1:1.25 (dotted line), 1:2 (shortdashed line) and 1:3 (long-dashed line)

radiative branch, age determination is relatively uncertain since
isochrones are almost parallel to the evolutionary tracks.
6.1. The effect of accretion on age and mass determination

6. Comparison with observations
For the purpose of illustrating our results, we selected a sample
of young stars and determined their mass and age, by interpolating the luminosity and effective temperature in the different
grids of models. These characteristics have been evaluated from
standard evolution models and for the two accretion rates used
in the present study. As can be seen from the Table 1, there
are several non-determinations denoted by (ind.) which correspond to very low-mass stars (M <
∼ 0.1–0.2 M ) located outside our evolutionary tracks. We also note that for stars on their

6
From Fig. 11 (lower panel), we see that for ages t <
∼ 1.5 10 yr
accreting stars are effectively younger than standard ones. The
deviation from the 1:1 relation is more pronounced for the
youngest stars with an age difference varying by a factor 2 or 3.
This shift between the difference estimates decreases with time
6
and for t >
∼ 1.5 10 yr, the dispersion in ages is small, less than
∼ ±10%, with a linear correlation coefficient > 0.97.
The stellar mass determination is almost not affected by the
presence of accretion. The deviation from the 1:1 relation is very
small, the linear correlation coefficient being always larger than
0.999 in both cases A and B. This result is not surprising as the
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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. 1997b.
Observational points

Standard tracks

Case A

Case B

Star

HBC

Teff
(K)

L
(L )

Mass
(M )

Age
(in 106 yr)

Mass
(M )

Age
(in 106 yr)

Mass
(M )

Age
(in 106 yr)

FM Tau
BP Tau
DE Tau
RY Tau
T Tau
DF Tau
DG Tau
DH Tau
DI Tau
UX Tau A
FX Tau
DK Tau
HL Tau
GG Tau
GH Tau
GI Tau
GK Tau
DL Tau
CI Tau
AA Tau
DN Tau
DO Tau
VY Tau
Haro 6-3
DR Tau
DS Tau
GM Aur
SU Aur
RW Aur
034903+2
V773 Tau
LkCa-3
LkCa-4
041559+1
V819 Tau
LkCa-7
HD 283572
IP Tau
042835+1
042916+1
V827 Tau
V826 Tau
V830 Tau
HP Tau/G
LkCa-15
IW Tau
LkCa-19
045251+3
V836 Tau

23
32
33
34
35
36
37
38
39
43
44
45
49
54
55
56
57
58
61
63
65
67
68
73
74
75
77
79
80
351
367
368
370
376
378
379
380
385
392
397
399
400
405
415
419
420
426
427
429

3920
4000
3680
5780
5099
3800
3959
3919
3919
4954
3680
4000
3959
3959
3499
4000
4000
3680
4000
3959
3919
3959
3919
4199
4400
4775
3959
5780
5099
4400
4775
3680
4000
4000
4000
4000
5659
3919
4400
4000
3959
3959
3959
5899
4400
4000
5239
4000
3959

0.20
0.96
0.43
6.51
8.81
1.84
1.35
0.41
0.71
1.24
0.63
1.38
1.22
1.13
0.69
0.83
1.06
1.03
0.66
0.76
0.65
0.42
0.33
0.84
1.06
0.42
0.75
11.74
4.47
0.43
5.59
1.24
0.81
0.48
0.67
0.72
10.28
0.36
0.37
0.61
0.74
0.75
0.82
11.24
0.53
1.28
1.19
0.95
0.41

0.66 ± 0.05
0.52 ± 0.07
0.38 ± 0.05
1.79 ± 0.08
2.31 ± 0.05
0.38 ± 0.05
0.47 ± 0.07
0.55 ± 0.08
0.49 ± 0.07
1.30 ± 0.01
0.35 ± 0.05
0.50 ± 0.07
0.47 ± 0.07
0.48 ± 0.07
0.27 ± 0.03
0.53 ± 0.07
0.51 ± 0.07
0.33 ± 0.04
0.55 ± 0.08
0.51 ± 0.07
0.49 ± 0.07
0.57 ± 0.08
0.59 ± 0.09
0.71 ± 0.11
0.92 ± 0.13
0.91 ± 0.01
0.51 ± 0.07
2.19 ± 0.09
1.94 ± 0.02
0.92 ± 0.02
1.61 ± 0.21
0.32 ± 0.04
0.53 ± 0.07
0.59 ± 0.09
0.55 ± 0.08
0.54 ± 0.07
2.21 ± 0.10
0.57 ± 0.08
0.91 ± 0.01
0.56 ± 0.08
0.51 ± 0.07
0.51 ± 0.07
0.50 ± 0.07
2.06 ± 0.08
0.95 ± 0.06
0.50 ± 0.07
1.19 ± 0.04
0.52 ± 0.07
0.58 ± 0.09

12.20 ± 4.11
1.02 ± 0.15
1.55 ± 0.19
6.51 ± 0.88
1.32 ± 0.32
0.29 ± 0.21
0.71 ± 0.03
2.86 ± 0.78
1.26 ± 0.21
8.29 ± 1.65
1.10 ± 0.01
0.72 ± 0.04
0.77 ± 0.05
0.82 ± 0.07
0.58 ± 0.43
1.22 ± 0.22
0.91 ± 0.12
0.44 ± 0.30
1.66 ± 0.39
1.26 ± 0.23
1.42 ± 0.28
3.02 ± 0.85
4.30 ± 1.32
2.02 ± 0.58
2.54 ± 0.76
26.70 ± 4.73
1.29 ± 0.24
3.68 ± 0.59
2.57 ± 0.58
11.30 ± 2.98
0.85 ± 0.25
0.36 ± 0.27
1.26 ± 0.24
2.70 ± 0.76
1.61 ± 0.38
1.48 ± 0.32
3.53 ± 0.61
3.56 ± 1.05
14.70 ± 3.59
1.87 ± 0.47
1.30 ± 0.24
1.28 ± 0.23
1.15 ± 0.19
4.75 ± 0.66
8.19 ± 2.30
0.76 ± 0.06
15.10 ± 2.57
1.03 ± 0.16
3.17 ± 0.91

< 0.72
0.52 ± 0.07
0.44 ± 0.07
1.78 ± 0.07
2.35 ± 0.08
0.37 ± 0.06
0.47 ± 0.07
< 0.59
0.48 ± 0.07
1.29 ± 0.01
0.36 ± 0.03
0.50 ± 0.07
0.44 ± 0.10
0.48 ± 0.07
0.27 ± 0.04
0.54 ± 0.08
0.51 ± 0.07
0.33 ± 0.04
0.55 ± 0.08
0.51 ± 0.08
0.50 ± 0.07
0.59 ± 0.12
< 0.71
0.71 ± 0.10
0.90 ± 0.13
0.91 ± 0.01
0.51 ± 0.07
2.15 ± 0.09
1.96 ± 0.05
0.93 ± 0.02
1.60 ± 0.21
0.32 ± 0.04
0.54 ± 0.08
0.70 ± 0.05
0.55 ± 0.07
0.55 ± 0.08
2.16 ± 0.10
< 0.65
0.91 ± 0.01
0.55 ± 0.08
0.51 ± 0.07
0.51 ± 0.07
0.51 ± 0.07
2.02 ± 0.06
0.95 ± 0.06
0.50 ± 0.07
1.20 ± 0.04
0.52 ± 0.08
< 0.70

< 16.60
0.95 ± 0.24
1.79 ± 0.46
6.46 ± 0.81
1.25 ± 0.31
0.20 ± 0.16
0.58 ± 0.12
< 5.14
1.21 ± 0.29
7.87 ± 1.62
0.86 ± 0.14
0.62 ± 0.14
0.65 ± 0.14
0.71 ± 0.16
0.38 ± 0.25
1.18 ± 0.30
0.84 ± 0.20
0.32 ± 0.21
1.73 ± 0.46
1.22 ± 0.30
1.42 ± 0.38
4.34 ± 1.29
< 7.26
2.04 ± 0.56
2.47 ± 0.75
26.70 ± 4.81
1.25 ± 0.31
3.97 ± 0.65
2.43 ± 0.59
11.30 ± 2.78
0.81 ± 0.22
0.25 ± 0.17
1.22 ± 0.31
3.68 ± 1.26
1.67 ± 0.44
1.49 ± 0.39
3.74 ± 0.71
< 6.01
14.70 ± 3.51
2.03 ± 0.58
1.26 ± 0.31
1.24 ± 0.31
1.08 ± 0.27
4.99 ± 0.57
8.24 ± 2.01
0.67 ± 0.15
14.60 ± 2.61
0.96 ± 0.24
< 5.88

< 0.72
0.52 ± 0.09
ind.
1.78 ± 0.08
2.35 ± 0.07
0.42 ± 0.06
0.49 ± 0.06
< 0.66
0.48 ± 0.09
1.30 ± 0.01
ind.
0.51 ± 0.07
0.50 ± 0.06
0.50 ± 0.07
< 0.33
0.53 ± 0.08
0.50 ± 0.08
0.35 ± 0.02
0.55 ± 0.09
0.50 ± 0.09
< 0.58
< 0.69
< 0.70
0.71 ± 0.10
0.91 ± 0.13
0.90 ± 0.01
0.50 ± 0.10
2.18 ± 0.09
1.94 ± 0.09
0.91 ± 0.03
1.59 ± 0.20
0.31 ± 0.04
0.53 ± 0.08
0.61 ± 0.11
0.56 ± 0.09
0.55 ± 0.09
2.19 ± 0.10
< 0.68
0.90 ± 0.01
0.56 ± 0.10
0.51 ± 0.10
0.50 ± 0.09
0.50 ± 0.09
2.04 ± 0.08
0.93 ± 0.05
0.51 ± 0.07
1.20 ± 0.04
0.52 ± 0.09
< 0.72

< 16.10
0.99 ± 0.23
ind.
6.37 ± 0.90
1.20 ± 0.31
0.18 ± 0.14
0.58 ± 0.11
< 4.21
1.21 ± 0.35
7.94 ± 1.64
ind.
0.61 ± 0.11
0.66 ± 0.14
0.72 ± 0.16
< 0.13
1.24 ± 0.32
0.88 ± 0.20
0.28 ± 0.19
1.75 ± 0.54
1.24 ± 0.34
< 1.88
< 4.44
< 6.22
2.09 ± 0.53
2.57 ± 0.76
26.00 ± 4.76
1.30 ± 0.38
3.69 ± 0.64
2.40 ± 0.59
10.80 ± 2.82
0.77 ± 0.20
0.20 ± 0.13
1.26 ± 0.33
2.92 ± 1.01
1.72 ± 0.53
1.55 ± 0.45
3.47 ± 0.64
< 5.31
14.00 ± 3.53
1.98 ± 0.63
1.31 ± 0.38
1.26 ± 0.35
1.10 ± 0.29
4.44 ± 0.34
7.87 ± 2.17
0.68 ± 0.13
14.70 ± 2.60
1.02 ± 0.24
< 4.64
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star is located at each moment on the standard track corresponding to its instantaneous mass.
6.2. The effect of observational uncertainty
In this section we analyze the changes in M and t determinations caused by the introduction of an observational uncertainty
∆Teff ±100 K on the effective temperature. This uncertainty
has several origins and can be related to the observation (conversion between spectral type and effective temperature) and also
to the presence of spots on the surface of the star. The temperature of these magnetic structures are 1000–2000 K cooler than
the surface stellar temperature, but the effect of starspots on the
observed effective temperature is not obvious. Indeed, stellar
rotation will more or less dilute the effects of starspots which
also depends on their size, surface coverage and temperature.
The effect could be at least as large as the uncertainty introduced
here.
As illustrated in Fig. 12 (lower panel), we can see that independently of the presence or not of accretion, age determination
is very uncertain for the youngest stars. We also note that accretion tends to increase the uncertainty on the age estimate,
6
especially in the period 5 105 <
∼t<
∼ 3 10 yr where most of the
determinations from accretion tracks (filled triangles and open
circles) have higher values and are located above standard determinations (crosses). During this time interval, the mean value
of ∆t/t is equal to 20, 26 and 36% in the standard evolutionary
models, case A and case B models, respectively. Finally, when
6
the accretion process has terminated (t >
∼ 5 10 yr), the uncertainties in the age determination become very comparable and
close to 20–25% in all evolutionary schemes.
Uncertainties related to the mass determination are globally higher for low-mass stars (M <
∼ 0.8 M ) with
∆m/m ∼5–20%, this value falling below 5% when the mass
exceeds 0.8 M . We also observed that the uncertainty is larger
when determinations are made from accreting tracks.

Fig. 12. Errors introduced into the age and mass estimates of our sample
due to an observational uncertainty in the effective temperature equal
to ∆Teff = ±100 K. The quantity ∆m and ∆t represents the mean
difference in evaluating the mass and time of a star from its position in
the HRD shifted by ±100 K. The values of ∆m and ∆t are estimated
for the standard tracks (crosses) and from accretion tracks A (filled
triangle) and B (open circle)

7. Discussion
Hartmann et al. (1997, hereafter HCK) have also considered the
effect of accretion on stellar evolution. They assume, as we do,
that (i) accretion disturbs only a small area of the stellar surface, either through an accretion disk of a funnel flows, (ii) the
transfer of energy between the accreting surface and the stellar
photosphere has little effect and (iii) they also account for thermal energy addition by introducing the parameter α, similar in
its meaning to ours. But their approach differs significantly from
our modeling because they consider that the accretion process
affects only the surface layers of the star and also because they
use a very simplified modeling of the stellar structure.
Although their study is mainly devoted to high
ac.
cretion rates, typical of the star forming phase (Macc >
∼
2 10−6 M yr−1 ), they also treat lower accretion rates and reach
conclusions very similar
to ours. As a consequence of a slow
.
accretion process (Macc = 10−7 M yr−1 ), they found that accreting stars descend their Hayashi branch faster than in nonac-

creting evolution, a results confirmed by our study. HCK also
noticed (i) large discrepancies between standard and accreting
5
tracks for ages <
∼ 5 10 yr and (ii) that the age of a low-mass star,
determined from its location in the HRD, can be overestimated
6
by as much as a factor of 2 for ages >
∼ 10 yr. Note however that
in their study HCK use a small value of α, which may be more
appropriate for funnel flows, because in this scenario, the accreted matter has time to radiate away its thermal excess. They
also confirm that thermal energy addition (α larger) leads to
an increase of the stellar radius. A straight comparison of their
results with ours remains difficult principally because of the
different treatment of the stellar structure. However their main
results are confirmed by our study, notably the effects of the different parameters and the implications on ages determination of
low mass stars.
Another important effect is the geometry of accretion and
the physics it involves. In the present paper, we assumed that the
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accreted matter joins the star through a boundary layer and, due
to shear mixing, can reach the convective zone and be dragged
to the center of the star by convective motions. In other accretion geometries, like funnel flows (e.g. Shu et al. 1994ab), the
accreted matter is expected to be deposited mainly in the surface
layers of the star. In such a case, the fraction α of the accretion
energy imparted to the stellar material is deposited in a very thin,
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 surface
layers and possible recession of the convective zone (Prialnik
& Livio 1985), an effect not seen in our computations.
Finally, the study of high accretion rates of the order of
10−4 M yr−1 , as assumed to prevail in the Fu Ori outburst,
is another aspect of accretion onto PMS stars that should be
analyzed. During these brief events, a large amount of matter is
accreted with probably high values of α (>
∼ 0.1, HCK).
8. Summary
We have presented the evolution of stars accreting a substantial
fraction of their mass (∼ 0.5 M ) during the PMS phase. Chosen accretion timescale and accretion rates have typical values of
5 106 yr and 10−7 M yr−1 , respectively. For the invoked accretion rates, our computations indicate that the contraction rate is
globally increased by the mass addition, the star contracts more
efficiently and its evolution is accelerated. Consequently the age
of a low-mass star, determined from its position in the HRD, can
be overestimated by a few 105 yr, when using standard tracks
without accretion; a conclusion also reached by other groups
(Hartmann & Kenyon 1990, HCK, Palla & Stahler 1993). The
stellar mass is well determined from the star position in the
HRD; the error in its determination does not exceed 5% and
does not depend on the evolutionary scheme. Finally, we note
that accretion is unable to maintain a deep convective envelope
and thus cannot help elucidating the problem of strong stellar
activity of intermediate-mass stars.
The clearest signature of accretion is the nucleosynthesis
of light elements. The replenishment of fresh material from the
accretion disk alters the evolution of the surface chemical abundances of 2 H and 7 Li. Differences in 7 Li surface abundances
are expected to be small because its burning occurs late in the
evolution. In stars more massive than 1.5 M , the surface abundance of this element is not modified by the accretion process.
For stars around 1 M , our calculations indicate that 7 Li surface abundance for stars reaching the ZAMS is decreased by
∼ 0.6 dex with respect to standard models (Siess et al. 1997b),
due to a faster increase of central temperature in their PMS evolution. But the most “visible” and clear signature of accretion
is the expected presence of deuterium at the surface of stars
more massive than ∼ 1.2 M . Indeed, in these objects the temperature at the base of the convective zone falls below 106 K
and prevents deuterium depletion in the surface layers. Therefore, Herbig Ae/Be stars presenting an IR excess, suggesting
the presence of an accretion process, are the best candidates
for such a detection. In stars less massive than 1.2 M , how-

ever, deuterium is completely destroyed in the envelope for all
investigated mass accretion rates.
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