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ABSTRACT

Following up our recent analysis devoted to the impact of non steady accretion on the location of young low-mass stars or brown
dwarfs in the Herzsprung-Russell diagram, we perform a detailed analysis devoted to the effect of burst accretion on the internal
structure of low-mass and solar type stars. We find that episodic accretion can produce objects with significantly higher central
temperatures than the ones of the non accreting counterparts of same mass and age. As a consequence, lithium depletion can be
severely enhanced in these objects. This provides a natural explanation for the unexpected level of lithium depletion observed in
young objects for the inferred age of their parent cluster. These results confirm the limited reliability of lithium abundance as a
criterion for assessing or rejecting cluster membership. They also show that lithium is not a reliable age indicator, because its fate
strongly depends on the past accretion history of the star. Under the assumption that giant planets primarily form in massive disks
prone to gravitational instability and thus to accretion burst episodes, the same analysis also explains the higher Li depletion observed
in planet hosting stars. At last, we show that, depending on the burst rate and intensity, accretion outbursts can produce solar mass
stars with lower convective envelope masses, at ages less than a few tens of Myr, than predicted by standard (non or slowly accreting)
pre-main sequence models. This result has interesting, although speculative, implications for the recently discovered depletion of
refractory elements in the Sun.
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1. Introduction

There is a growing consensus in the star formation community
that non steady (episodic) accretion plays a dominant role dur-
ing the formation of low-mass stars (see e.g. Enoch et al. 2009;
Vorobyov 2009; Zhu et al. 2010a, and references therein). In a
recent paper (Baraffe et al. 2009, hereafter BCG09), we have
suggested that episodic accretion provides a viable explanation
for the observed luminosity spread in young cluster Herzsprung-
Russell diagrams (HRD). The present follow-up analysis ex-
plores in more details the effects of episodic accretion on the
internal structure of young low mass stars (≤1 M�), commonly
used to derive ages of star forming regions and young clusters.
We show that, depending on the accretion history, the internal
structure of these objects can be strongly affected for up to a few
tens of Myr (Sect. 2). Lithium depletion and, for the partly con-
vective stars, the size of the convective envelope, in particular
can strongly differ from the standard (non accreting) pre-main
sequence model predictions (Sect. 3). In Sect. 4, we examine
the impact of episodic accretion on the observational signatures
and show that taking this process into account in the young low-
mass object evolution provides a consistent explanation for the
puzzling observations of strong lithium depletion in several low-
mass stars (LMS) belonging to young clusters (e.g. Kenyon et al.
2005; Sacco et al. 2007) and in planet-hosting stars (Israelian
et al. 2009), as well as to the recently determined peculiar abun-
dances of refractory elements in the Sun (Melendez et al. 2009;
Ramirez et al. 2009).

2. Effect of mass accretion on the internal structure

2.1. Evolutionary models with accretion

We adopt the same input physics and the same treatment of ac-
cretion as outlined in BCG09. In standard stellar evolution calcu-
lations, energy conservation equation for a non accreting object
reads as(
∂L
∂m

)
t

= −T

(
∂S
∂t

)
m

+ εnuc, (1)

where m is the mass enclosed in a sphere of radius r within the
object, S the specific entropy and εnuc the local nuclear energy
generation rate. For very young objects, only deuterium fusion
provides a contribution to εnuc

1. For accretion proceeding at a
rate Ṁ, time derivatives at fixed mass shell must account for the
variation of mass with time and of entropy with accreted mass,
i.e. (Sugimoto & Nomoto 1975):(
∂S
∂t

)
m

=

(
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− ṁ

(
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, (2)

with q ≡ m/M∗. The mass (Ṁ ·Δt) accreted during a timestep Δt
is assumed to be redistributed over the entire structure, with the
new mass in a shell of fixed q given by

m(t + Δt) = q × (M∗(t) + Ṁ Δt). (3)

1 The nuclear energy generation produced by lithium fusion is com-
pletely negligible.
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In the present calculations, we assume instantaneous and uni-
form redistribution of the extra source of internal energy brought
by the accreted material. In reality, mass and heat redistributions
inside the accreting object depend on the thermal properties of
the accreting material. Proto low-mass stars below about 2 M�
are expected to be entirely convective (Stahler & Palla 2005). For
completely convective objects, given the short typical convective
timescales, our assumption of uniform mass and heat redistribu-
tion should be valid, providing the entropy of accreted matter
is comparable to or less than the accreting object’s internal one,
so that the infalling material can rapidly thermalize with its sur-
roundings (see discussion in Siess & Forestini 1996; Hartmann
et al. 1997). If the aforementioned condition is not fulfilled, the
accreting matter may not be able to penetrate very deep inside
the object, possibly leading to Rayleigh-Taylor like instabilities
in stably radiative regions. Siess et al. (1997) explored the effect
of mass and heat redistribution by using a penetration function.
Such an approach, however, remains highly phenomenological
and thus of limited reliability. Given the complexity of the prob-
lem and the present exploratory nature of the effect of episodic
accretion on young low-mass objects, not mentioning uncertain-
ties in the accretion processes, we elected to stick to the simplest
and probably most reasonable in most of the presently explored
situations treatment, and assumed homogeneous, rapid heat and
matter redistribution within the accreting body.

Omitting the fraction ε(1 − α) GMṀ
R of the accretion shock

energy radiated away (see Eqs. (1) and (2) of BCG09 for the def-
inition of α and ε), which does not affect the accreting object’s
structure and evolution, the intrinsic luminosity of the protostar
or brown dwarf is given by

L∗ = αε
GMṀ

R
+

∫
M
εnuc dm −

∫
M

T

⎧⎪⎪⎨⎪⎪⎩
(
∂S
∂t

)
q

− ṁ

(
∂S
∂m

)
t

⎫⎪⎪⎬⎪⎪⎭ dm. (4)

As mentioned above, we assume in the present calculations that
the accreted matter reaches the stellar surface with a lower spe-
cific entropy than the object’s internal one, which implies α→ 0
in Eq. (4). As shown in BCG09, calculations based on this
assumption provide a consistent explanation of the luminosity
spread in young cluster HRDs, while high values of αwould pre-
dict overluminous objects during a short period of time (because
of the short corresponding Kelvin-Helmholtz timescale, see dis-
cussion in BCG09). Addition of fresh infalling deuterium and
lithium is accounted for during the accretion process, with inter-
stellar mass fractions [D]0 = 2 × 10−5 and [Li]0 = 10−9, respec-
tively. Depending on the accretion rate, these elements can start
to be consumed at early stages in the proto-object interior during
the burst accretion phases. The implementation of the accretion
process in the stellar evolution code has been validated (Gallardo
2007; Gallardo et al. 2009) by comparing our numerical results
to those derived from the polytropic approach of Stahler (1988)
and Hartmann et al. (1997) in the limit of validity of the poly-
tropic model, i.e. for initial masses >∼0.1 M�.

2.2. Effect of episodic accretion on the internal structure

As in BCG09, our accretion histories are based on the calcula-
tions of Vorobyov & Basu (2005), obtained from gravitational
instability in the accreting centrifugally supported disk. Starting
from arbitrary initial masses Minit, we vary the number of bursts
Nburst, with accretion rate Ṁburst and durationΔtburst, separated by
quiescent phases of duration Δtquiet and accretion rate Ṁquiet. We
explored a wide range of parameters, inferred from the results of
Vorobyov & Basu (2005), with the aim of obtaining final LMSs

within the mass range 0.1−1 M�, in order to focus on the typical
population used to derive the ages of star-forming regions and
young clusters. Brown dwarf cases have been shown in BCG09.
Our initial masses Minit range from 1 MJup to 0.2 M�. The typi-
cal burst number, accretion rates, and duration lie in the ranges
Nburst = 2−30, Ṁburst = 10−4−5 × 10−4 M� yr−1, and Δtburst =
100−500 yr, respectively, while quiescent phases last between
Δtquiet = 103 and 104 yr with accretion rates Ṁ < 10−6 M� yr−1.
As mentioned in BCG09, accretion rates during the quiescent
phase below this value have no significant impact on the final
internal structure of the accreting object. For the sake of sim-
plicity, we have thus adopted Ṁquiet = 0 in the present analysis,
however, this accretion luminosity must be taken into account
when comparing the final luminosity with observations of proto-
objects during the embedded phase. The next two sections il-
lustrate the typical results for two examples at each end of the
presently studied mass range.

2.2.1. Sequences leading to the formation of a 0.1 M� star

Various evolutionary sequences of episodic accretion, with dif-
ferent initial masses, leading to a final 0.1 M� LMS are portrayed
in Fig. 1. As mentioned in BCG09, high accretion rates yield
significantly more compact structures, i.e., smaller radii com-
pared to those of non accreting objects of same mass and age.
This contraction comes from the increase in gravitational energy
as mass is added, yielding higher central pressures and temper-
atures compared with the non accreting case. If the accretion
timescale, τṀ = M∗/Ṁ, is higher than the Kelvin-Helmholtz
timescale, τKH = GM2∗/(R∗L∗), the object can relax to the ra-
dius it would have in the absence of accretion. In contrast, if
τṀ ≤ τKH, which is the case for Ṁburst = 10−4−5×10−4 M� yr−1,
the structure has no time to adjust to the incoming mass and en-
ergy, and the radius remains smaller than the non accreting coun-
terpart of same mass and age, as illustrated in Fig. 1. The more
compact structure of the accreting object yields higher central
temperature compared to the non accreting counterpart. Figure 1
highlights the main effects of episodic accretion on proto low-
mass objects, which can be summarized as follows.

– For a given initial mass Minit, the higher Ṁburst during the
burst phases, the smaller the radius of the object at the end
of the accretion phase, hence the higher its central tempera-
ture. This can be seen by comparing the long-dashed blue
curve (Minit = 1 MJup, Ṁburst = 5 × 10−4 M� yr−1) and
the dash-dotted magenta curve (Minit = 1 MJup, Ṁburst =

10−4 M� yr−1).
– For a given burst accretion rate Ṁburst, the lower the initial

mass Minit, the greater the impact on the internal structure,
i.e., the smaller the radius and the higher the central temper-
ature at the end of the accretion history. This is illustrated
by the comparison between the dash-dotted magenta curve
(Minit = 1 MJup, Ṁburst = 10−4 M� yr−1) with the dotted red
curve (Minit = 10 MJup, Ṁburst = 10−4 M� yr−1).

It is worth stressing that the sequences starting with Minit =
1 MJup in Fig. 1 reach high enough central temperatures dur-
ing the burst accretion episodes to completely burn deuterium,
including the extra accreted fresh one. This extra supply of nu-
clear energy is not sufficient to balance the increase in grav-
itational energy, hence the contraction of the object induced
by the added matter. Deuterium burning starts when the cen-
tral temperature Tc reaches ∼106 K. For the two sequences
starting with Minit = 1 MJup and Ṁburst = 10−4 M� yr−1
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Fig. 1. Evolution of the radius (upper panel) and of the central tempera-
ture (lower panel) as a function of time (in yr) for models with episodic
accretion and reaching a final mass of 0.1 M� (see Sect. 2.2.1). Long-
dash (blue): Minit = 1 MJup, Ṁburst = 5 10−4 M� yr−1, Nburst = 2; dash-dot
(magenta): Minit = 1 MJup, Ṁburst = 10−4 M� yr−1, Nburst = 10; dot (red):
Minit = 10 MJup, Ṁburst = 10−4 M� yr−1, Nburst = 9. All calculations are
done with Δtburst = 100 yr and Δtquiet=1000 yr. The solid line (black)
corresponds to the evolution of a non accreting 0.1 M� star.

and Ṁburst = 5 × 10−4 M� yr−1, this corresponds to central densi-
ties of ρc = 20 and 30 g cm−3, respectively. This stage is reached
when both sequences reach a mass of ∼0.03 M�. For the se-
quence starting with Minit = 10 MJup and Ṁburst = 10−4 M� yr−1,
the same central temperature is reached near the end of the ac-
cretion phase, for a central density of ∼2 g cm−3 and a total mass
∼0.08 M�. For this sequence, a significant fraction of deuterium
(∼65% of the initial mass fraction in the fully convective inte-
rior) is still present at the end of the accretion phase, generating
an important source of nuclear energy which produces the in-
crease in R and then decrease in Tc between 104 yr and 105 yr,
as shown in Fig. 1.

Finally, Fig. 1 clearly illustrates, for the sequences starting
with 1 MJup, the strong differences in radius and central tem-
perature after a few Myr, up to 30 Myr, between a 0.1 M� star
produced by episodic accretion with Ṁburst > 10−4 M� yr−1

and the non accreting counterpart. We also stress that, for ini-
tial masses Minit >∼ 0.05 M� and burst accretion rates Ṁburst <
5 × 10−4 M� yr−1, accretion history hardly affects the internal
structure and location in the HRD after ∼1 Myr, producing ob-
jects of 0.1 M� with properties similar to those predicted by stan-
dard (non accreting) pre-main sequence models at ages ≥1 Myr.

Fig. 2. Same as Fig. 1 for models reaching a final mass 1 M� (see
Sect. 2.2.2). Long-dash (blue): Minit = 10 MJup, Nburst = 20; dash-dot
(magenta): Minit = 30 MJup, Nburst = 20; dot (red): Minit = 0.1 M�,
Nburst = 18. All calculations are done with Ṁburst = 5 × 10−4 M� yr−1,
Δtburst = 100 yr and Δtquiet = 1000 yr. The solid line (black) corresponds
to the evolution of a non accreting 1 M� star.

2.2.2. Sequences leading to the formation of a 1 M� star

Figure 2 displays the same analysis for episodic accretion se-
quences producing 1 M� objects. The figure portrays the results
with Ṁburst = 5 × 10−4 M� yr−1, which yields the strongest and
most interesting effects on the structure and on lithium depletion
(see Sect. 3). As found previously, the lower the initial mass,
the greater the effect on the structure for a given accretion rate.
For initial masses Minit < 0.1 M� and such high burst accre-
tion rates, the figure illustrates the strong departure in radius
and central temperature of these models from the non accret-
ing sequence up to 20−30 Myr. For higher initial masses and
Ṁburst < 5 × 10−4 M� yr−1, the accretion history is found not
to significantly alter the properties of the newly formed 1 M�
star, producing an object with a position in the HRD and internal
structure similar to the predictions of a non accreting evolution-
ary sequence at ages ≥1 Myr.

3. Effect on the size of the convective envelope
and on lithium depletion

3.1. The case of fully convective stars

The significantly higher central temperatures induced by
episodic accretion affect the timescale of lithium depletion, lead-
ing to faster lithium depletion compared with a non accreting
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Fig. 3. Evolution of the lithium abundance (divided by the initial
Li abundance) as a function of time for the same models producing
a 0.1 M� low-mass star as in Fig. 1.

object of the same age, as illustrated in Fig. 3 for sequences pro-
ducing 0.1 M� stars. Initial Minit = 1 MJup protostars experienc-
ing burst accretion rates Ṁburst = 5 × 10−4 M� yr−1 produce a
0.1 M� object that entirely depletes its lithium content within
about 10 Myr, whereas for the non accreting counterpart, com-
plete lithium depletion takes more than 50 Myr. As clearly il-
lustrated in Fig. 3, depending on the initial mass and the burst
accretion rate, different episodic acccretion histories can pro-
duce objects with the same mass, say 0.1 M�, at a same age, say
<∼50 Myr, exhibiting different levels of lithium depletion. Similar
effects are found for episodic accretion sequences producing fi-
nal objects within the entire characteristic domain of fully con-
vective stars, M <∼ 0.35 M�.

3.2. The case of stars that develop a radiative core

If the central temperature exceeds ∼2−3 × 106 K, a radiative
core develops, because of the opacitiy decrease after the last
“κ-bump” due to metals (C, O, Ne and Fe, see Rogers & Iglesias
1992), as explained in Chabrier & Baraffe (1997, see their
Sect. 3.2 and their Fig. 9). The exact temperature at which this
occurs depends on the density, given the sensitivity of the opac-
ities to density in this temperature range (see Fig. 2a of Rogers
& Iglesias 1992). The higher the density, the higher the tem-
perature required for the radiative core to develop. Since this
range of temperatures is also characteristic of the temperature re-
quired for Li nuclear fusion, the central temperature and density
at which the radiative core develops will determine the tempera-
ture at the bottom of the convective envelope and thus the level of
Li depletion in the convective envelope. For sequences produc-
ing 1 M� stars, Fig. 4 shows that accretion history has a strong
impact on (i) the age for the onset of a radiative core; (ii) the
mass of the convective envelope at ages <∼30 Myr; and (iii) the
Li abundance in the convective envelope. The higher central
temperature reached by sequences with strong burst accretion
rates (see Fig. 2) results in a radiative core that develops earlier

Fig. 4. Evolution of the mass of the radiative core divided by the total
mass (upper panel) and of the surface lithium abundance divided by
the initial Li abundance (lower panel) as a function of time for models
producing a 1 M� star. The curves refer to the same models as in Fig. 2.
Note that Li is entirely depleted in the model with Minit = 10 MJup

(long-dashed blue line) in less than 1 Myr.

in time. For the sequence starting from Minit = 10 MJup, its
more compact structure yields significantly higher temperatures
at the bottom of the convective envelope, with a maximum of
∼7 × 106 K, resulting in complete Li depletion in the convective
envelope at ages <1 Myr. In comparison, for the accreting se-
quence starting with Minit = 0.1 M�, the maximum temperature
reached at the bottom of the convective envelope is ∼3.5×106 K,
which is comparable to the value found in the non accreting se-
quence (see Fig. 4). These differences in temperature are crucial
for Li depletion, yielding very different final lithium abundances
in the convective envelope, as illustrated in Fig. 4.

The main results of this section can be summarized as fol-
lows. Depending on the initial seed mass and the burst rates, dif-
ferent episodic accretion histories can produce 1 M� star mod-
els with different sizes of the convective envelope at the same
age, for ages <∼30 Myr. The models can have different surface
Li abundances even after the models have converged toward the
same structure, i.e. after∼30 Myr in the particular case portrayed
in Fig. 4. Similar effects are found for models with episodic ac-
cretion producing partly convective objects in the mass range
0.35−1 M�.
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4. Discussion

4.1. Summary of the results

We have shown in the present work that an early proto-
star/BD accretion history based on episodes of short, intense
bursts of accretion with typical accretion rates Ṁburst = 10−4−5×
10−4 M� yr−1, as obtained in 2D hydrodynamical simulations
of gravitationally unstable accretion disks (Vorobyov & Basu
2005), can affect the internal structure of low-mass objects even
after several Myr, up to a few times 10 Myr. The main results
obtained in the present analysis can be summarized as follows.

(i) Episodic accretion produces objects with smaller radius and
higher central temperature compared to the non accreting
counterpart with the same mass at the same age.

(ii) Higher central temperatures at a given age and mass can
significantly enhance lithium depletion in fully convective
low-mass stars.

(iii) As a consequence of the hotter structure, a radiative core
develops earlier in accreting objects with final masses
M >∼ 0.35 M�. Episodic accretion can thus lead to final
objects with smaller convective envelopes than predicted
by standard non accreting models, at ages up to a few
times 10 Myr.

(iv) The more compact and hotter structure of accreting mod-
els with M >∼ 0.35 M� increases the maximum tempera-
ture reached at the bottom of the convective envelope, com-
pared to the non accreting counterpart, increasing the level
of lithium depletion in the convective envelope.

We stress that the magnitude of all these effects strongly de-
pends on the initial mass, the acretion burst rate, and the total
number of bursts, but barely depends on the phases of quies-
cent accretion, as long as Ṁquiet 
 10−6 M� yr−1. Within the
range of parameters mentioned in Sect. 2.2, episodic accretion
can produce final low-mass star models that depart at various
levels from standard non accreting models in terms of radius,
luminosity (and thus position in the HRD, see BCG09), lithium
abundance, and convective envelope mass, at a given similar age.
Conversely, final objects issued from episodic accretion display
observational signatures similar to non-accreting objects of same
mass, but at a younger age, as shown in BCG09, the age differ-
ence again depending on the various accretion histories.

4.2. Comparison to observations: anomalous lithium
depletion in young clusters

Several observational studies report discrepancies between ages
inferred from evolutionary isochrones, on one hand, and from
lithium depletion, on the other hand, for M to G type stars of
various ages (e.g. Yee & Jensen 2010). Observations also show
lithium scatter in clusters and associations (e.g. da Silva et al.
2009; King et al. 2010) and young cluster members exhibiting
severe, unexpected Li depletion for the inferred age of the clus-
ter (e.g. Kenyon et al. 2005; Sacco et al. 2007). The present
calculations provide a consistent solution to these puzzles, in
particular providing an explanation for the anomalous lithium
depletion observed in some members of clusters that are a few
Myr old (Kenyon et al. 2005; Sacco et al. 2007, 2008; da Silva
et al. 2009). The explanation suggested for these “interlopers”,
found for instance in σ Ori, λ Ori, and the ONC, is to invoke a
significant age spread within these clusters. However, at least in
some cases (see below), the required age spread is significant,
up to 10−20 Myr, a rather unlikely possibility in such young

clusters. The present calculations, based on early evolution se-
quences involving accretion outbursts, provide a more plausible
explanation, as illustrated in Fig. 5 for the three weird objects
discovered by Sacco et al. (2007) in σ Orionis. These objects
show severe Li depletion, inconsistent with the age of the cluster
(about 5 Myr), but have radial velocities consistent with cluster
membership. They are displayed in the upper panel of Fig. 5.
Evolutionary sequences undergoing burst accretion with rates
Ṁburst ∼ 5 × 10−4 M� yr−1 and reaching final masses 0.3 M�
and 0.7 M�, respectively, reach the observed locations in the
HRD at an age of ∼5 Myr, consistent with the age of σ-Ori,
whereas the same locations correspond to 10−15 Myr for the
non accreting sequences of same mass, as shown in the figure.
For the accreting sequence producing a 0.7 M� object, the mid-
dle panel of Fig. 5 shows that a radiative core develops much
earlier compared to the corresponding non accreting sequence.
The lower panel illustrates the much faster Li depletion for the
accreting sequences, as discussed in Sect. 3, with complete de-
struction occurring within less than 1 Myr for the sequence pro-
ducing a 0.7 M� object. The possibility for the accretion burst
models to explain consistently both the position in the HRD and
the observed severe lithium depletion for these objects at the
cluster age without particular fine tuning of the accretion pa-
rameters provides a strong support for this scenario. Although
the high level of Li depletion in the three objects of Sacco et al.
(2007) has recently been questioned by Caballero (2010), sim-
ilar anomalous Li-depletions have been reported in other clus-
ters by other groups (see references above), which can also be
explained by episodic accretion. Our results thus reinforce the
word of caution of da Silva et al. (2010) regarding the elimina-
tion of stars as cluster members based only on Li abundances.
The present analysis demonstrates that lithium is not a reliable
age indicator, as its fate strongly depends on the past accretion
history experienced by the star!

The same episodic accretion calculations can explain the un-
expected degree of lithium depletion of stars with mass >0.5 M�
in the young cluster IC 4665 (Jeffries et al. 2009), or the spread
in Li abundance in cool dwarfs of about a solar mass reported in
the Pleiades (King et al. 2010), although other scenarios, based
either on the star rotational history (Bouvier 2008) or stellar ac-
tivity (King et al. 2010), have been suggested.

4.3. Abundances in planet host stars

Another interesting implication of our calculations and the in-
ferred link between episodic accretion, lithium depletion, and the
size of the convective envelope in young stars is the connection
with the presence of close-in giant planets. Zhu et al. (2010b)
suggest that the presence of mass clumps in some specific re-
gions of circumstellar disks, which may lead eventually to non
steady accretion when the disk becomes unstable (Vorobyov &
Basu 2005), could play an important role in the process of planet
formation. Following up along these lines, we can speculate that
the presence of giant planets, which require massive protoplane-
tary disks, more prone to gravitational instability, could be linked
to the intensity of episodic accretion outburts. If this suggestion
happens to be true, the present calculations provide an explana-
tion for the claimed higher lithium depletion in planet host stars
(Israelian et al. 2009; Sousa et al. 2010): since these planet host
stars will have undergone more intense accretion bursts, they
will experience more intense Li depletion than similar planet-
less stars whose presumably less massive disks are less prone to
violent accretion-burst episodes.
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Fig. 5. Comparison of accreting models with observations of Sacco et al. (2007). Upper panel: HR diagram. The two long-dashed (black) curves
are the 1 Myr and 10 Myr isochrones of Baraffe et al. (1998) for non accreting models. The black points are the objects of Sacco et al. (2007).
Middle panel: radiative core mass versus time for models producing a 0.7 M� star. Lower panel: surface Li abundance versus time. The solid red
curve is indistinguishable from the X-axis (i.e. [Li] = 0): accreting sequence producing an object with final mass Mf = 0.7 M� with Minit = 20 MJup,
Nburst = 14; dash-dotted blue: accreting sequence producing an object with final mass Mf = 0.3 M� with Minit = 10 MJup, Nburst = 6. In both cases,
Ṁburst = 5 × 10−4 M� yr−1, Δtburst = 100 yr and Δtquiet = 1000 yr; dashed red: non accreting 0.7 M� model; dotted blue: non accreting 0.3 M�
model.

Furthermore, as shown in this paper, episodic accretion
can produce objects whith smaller convective envelopes than
the ones obtained with standard non accreting models at ages
<∼10 Myr (see Figs. 4 and 5), the characteristic maximum life-
time of protoplanetary disks. Consequently, we can expect the
signature of (both terrestrial and gaseous) planet formation to
leave a greater imprint on stars that have undergone phases of in-
tense accretion bursts. Although speculative, this suggestion pro-
vides a consistent explanation for the recently claimed peculiar

chemical abundance of the Sun, with about 20% depletion of
refractory elements relative to volatile elements, compared with
solar-type analogs harboring close-in giant planets (Melendez
et al. 2009; Ramirez et al. 2009). According to these authors,
this chemical peculiarity seems to be common among Sun-like
stars with no detected giant planets and is said to reflect the sig-
nature of the formation of terrestrial planets, which trap the re-
fractories, whereas the dust-depleted gas is accreted by the cen-
tral star (Ramirez et al. 2009; Melendez et al. 2009). For such
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a suggestion to be viable, and the signature of terrestrial planet
formation to be imprinted in the Sun photospheric composition,
the Sun’s convective envelope, of mass Menv, must have been
much smaller during the lifetime of the accretion disk, i.e. dur-
ing the first ∼10 Myr, than predicted by standard pre-main se-
quence models. Indeed, let X′i and Xi be the mass fractions of el-
ement i in the accreting material and in the originally unpolluted
star convective envelope, respectively. The new abundance X′′i
of such element in the convective envelope becomes

X′′i =
Xi

1 + α

(
1 + α

X′i
Xi

)
, (5)

where α = Macc/Menv is the ratio of the accreted mass to the
star convective envelope mass. The ratio of two elements, say
i ≡ refractories and j ≡ volatiles, in the convective envelope after
accretion of disk material becomes

X′′i
X′′j
=

Xi

X j

1 + α
X′i
Xi

1 + α
X′j
X j

· (6)

In the presence of terrestrial planets, we expect X′i < Xi and
X′j > X j, since most refractories remain trapped in the planet,
and thus

X′′i
X′′j
<

Xi

X j
· (7)

The larger α, hence the smaller the convective envelope, the
larger the inequality Eq. (7), hence the larger the indirect sig-
nature of planet formation in the star’s convective envelope.

To obtain such a result, the aforementioned authors refer to
the results of Wuchterl & Klessen (2001), who explored the for-
mation and early evolution of a 1 M� star, and found that the
early Sun was never fully convective. These calculations, how-
ever, are incorrect. First of all, as discussed in Baraffe et al.
(2003), the calculations of Wuchterl & Klessen (2001) yield
an evolutionary track for a 1 M� star that is much too hot, by
∼700−800 K in Teff at a given L, compared to observed young
binary systems with (dynamically determined) masses around a
solar mass. Second of all, the unrealistic assumption of spher-
ical accretion in the Wuchterl & Klessen calculations leads to
significantly hotter inner structures, which will favor the growth
of a radiative core, compared with more realistic 3D rotational
collapse calculations (Chabrier et al. 2007, Fig. 3). This assump-
tion is thus certainly responsible for the above-mentioned large
overestimate of the effective temperature at young ages. On the
other hand, the effect of episodic accretion on the mass of the
convective envelope illustrated in Fig. 4 provides a more plausi-
ble explanation for this problem, and suggests that the early Sun
could have undergone a phase of strong accreting bursts.

Although interesting, however, this interpretation of the pe-
culiar refractory to volatile abundance ratio in the Sun and other
solar twins without detected close-in giant planets as a conse-
quence of terrestrial planet formation is challenged by the recent
analysis of Chavero et al. (2010), based on four CoRoT planet
host stars. This work suggests that alteration of abundances of
refractories with respect to volatiles in stellar atmospheres may
simply result from condensation processes in the accretion disk
and from accretion of such altered gas onto the star. Independent
of the source of this peculiar abundance pattern, the signature of
such condensation/accretion processes will still leave a greater
imprint if the star convective envelope is considerably smaller
than usually expected for solar type stars at ages <10 Myr. Also,

the analysis of Chavero et al. (2010) reveals no obvious correla-
tion between abundances and condensation temperatures in the
CoRoT stars, indicating no sign of overabundance of volatiles
relative to refractories in stars harboring close-in giant planets
compared to the Sun, contradicting the observations of Melendez
et al. (2009) and Ramirez et al. (2009). The peculiar abundance
ratio determinations in the Sun and solar analogs without de-
tected giant planets must thus be confirmed by further studies.

In conclusion, anomalous abundance ratios of refractories to
volatiles in stars may not necessarily reflect the signature of ter-
restrial planet formation but may also result from condensation
processes in the disk. A detectable signature of these abundance
anomalies, however, requires a smaller convective envelope dur-
ing typical disk lifetimes than predicted by standard models.
Strong accretion outburts do produce these favorable conditions.

5. Conclusion

We have shown here that non steady accretion can strongly af-
fect the internal mechanical (radius) and thermal (temperature)
structures, hence the observational signatures (L, Teff) of low-
mass stars (and brown dwarfs), possibly up to ages of a few tens
of Myr. The magnitude of the effects strongly depends on the
forming object’s initial core mass, the number of bursts, and the
intensity of the burst accretion episodes. As already highlighted
in BCG09, episodic accretion can produce models of a given fi-
nal mass that to various extents depart from standard non accret-
ing models in terms of position in the HRD, Li abundance, and
convective envelope mass. Since the mechanisms responsible for
the accreting disk formation and possible outbursts depend on
many environmental parameters (e.g. mass, temperature, angu-
lar momentum, magnetic field of the parent collapsing cloud,
and thermal properties of the disk), it is certainly possible to
produce various populations of stars at a similar age in young
clusters and associations that depart at various levels from pre-
dictions of standard pre-main sequence models. Therefore, our
scenario does not systematically predict a broad spread among
these stellar properties/signatures, because the level of departure
entirely depends on the star or cluster properties and accretion
histories. Further observational effort is needed to explore these
issues in more detail and to try to have better constraints on the
processes of non steady accretion during the early stages of evo-
lution. Among the multiple consequences of early episodic ac-
cretion, we emphasize the limited (to say the least) reliability of
Li depletion as an age or cluster membership indicator. We urge
observers to re-analyze young cluster populations on the basis of
the present results, since several genuine cluster members may
have been eliminated because of their unexpectedly low Li abun-
dance. Any information about the fraction of such Li depleted
objects, with membership unambiguously assessed by radial ve-
locity, could provide crucial insight into the occurrence and the
intensity of non steady accretion.

We also suggest that intense bursts of episodic accretion may
have some link to planet formation, if planet formation prefer-
entially occurs in massive disks, which are more prone to in-
stability. We speculate that stars harboring planets, including
our Sun, may have experienced burst accretion episodes during
their youth, which then led to a hotter thermal structure, thus to
faster lithium depletion and a smaller outer convective zone than
conventionally admitted. This provides a natural explanation for
the higher lithium depletion observed in stars harboring at least
giant planets. This also provides a plausible, although admit-
tedly speculative, explanation for the claimed underabundance
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of refractory elements in the atmosphere of stars with no de-
tected close-in giant planets, as a result of the formation of ter-
restrial planets, which trap large amounts of refractory elements.
In any event, the multiple consequences of episodic accretion
that we characterize in the present work should stimulate deeper
theoretical and observational investigations, in order to better
understand the twilight zone characteristic of (proto)star early
evolution.
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