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ABSTRACT

Context. Israelian et al. (2004) reported that exoplanet host staritaium depleted compared to solar-type stars withoteated
massive planets, a result recently confirmed by Gonzale23)20

Aims. We investigate whether enhanced lithium depletion in exogl host stars may result from their rotational history.

Methods. We develop rotational evolution models for slow and fasastype rotators from the pre-main sequence (PMS) to the age
of the Sun and compare them to the distribution of rotatipeaiods observed for solar-type stars between 1 Myr and 5 Gyr

Results. We show that slow rotators develop a large degree émintial rotation between the radiative core and the cdiweec
envelope, while fast rotators evolve with little core-dope decoupling. We suggest that stronffetiential rotation at the base of the
convective envelope is responsible for enhanced lithiuptedi®n in slow rotators.

Conclusions. We conclude that Li-depleted exoplanet host stars were isitators on the zero-age main sequence (ZAMS) and argue
that slow rotation results from a long-lasting star-diseraction during the PMS. Altogether, this suggests thag-ived disks &

5 Myr) may be a necessary condition for massive planet faomaigration.

Key words. Stars: planetary systems : formation - Stars : rotation rsStabundances - Stars : pre-main sequence - Accretion,
accretion disks - Hydrodynamics

1. Introduction stars in star forming regions and young open clusters. We dis
) o cuss the properties of 2 extreme models : one reproduces the
As the discovery rate of exoplanets steadily increased #er eyolution of fast rotators over time, and the other the etimiu
years, now reaching nearly 300 detections, interest hasrgroof sjow rotators. We find that slow rotators develop a large de
for the properties of their host stars (Santos et al. 2008hap gree of diferential rotation between the inner radiative zone and
et al. 2008). Israelian et al. (2004) reported that solpetstars the outer convective envelope, while fast rotators evolitd w
with massive planets are more lithium depleted than thék sijttle core-envelope decoupling. From these results, westi-
lings without detected massive planets. This result wasMBt gate in Section 3 the evolution of lithium abundances in slow
confirmed by Gonzalez (2008). Lithium over-depletion in magnd fast rotators. We suggest that the large velocity shehea
sive exoplanet hosts appears to be a generic feature over actgenvelope interface in slow rotators leads to mofficient
stricted Trr range from 5800 to 5950 K, independent of thgj-depletion. In Section 4, we relate the Li-depletion pattof
planet orbital properties. Metallicityfiects anfbr the early ac- massive exoplanet host stars to their rotational history.an
cretion of planetesimals have been ruled out as the origin Qe that both are dictated by their initial angular momenamah
lithium over-depletion in exoplanet hosts (Castro et aD&0 the lifetime of their protoplanetary disk. We conclude toeig-
Instead, it has been suggested that extra-Li burning cesldlr |ived disk may be a necessary condition for massive planet fo
from the tidal éfect of the giant planet on the host star, as it ir}‘nation/migration around young So]ar-type stars.
duces rotationally-driven mixing in the stellar interidsr@elian
et al. 2004). However, the mass of giant exoplanets is much
smaller than the mass of the convective envelope of sofs-ty2. The rotational history of solar-type stars
stars £0.02M,,). In addition, enhanced lithium depletion is see
for stars with giant planets that span a large range of seajim

axes, up to about 2 AU. Whether the tidal interaction betweenrhe rotational evolution of solar-mass stars depends oman
distant massive planet and the host star can be strong et@ugbf physical processes acting over the star’s lifetime. Thoel-m
induce rotationally-driven mixing remains to be investesh  ¢|s dicussed here were originally developped by Bouviet.et a
Rotationally-driven mixing may instead be related to the r¢1997) and Allain (1998), and we apply them to the most recent
tational history of the star (Takeda et al. 2007; Gonzaldé¥820 observational constraints available today. The readefesned
We revisit here the link between lithium depletion and thero to the original papers for a complete description of the nmde
tional history of solar-type stars, and discuss its retediop with and we here only briefly recall the main assumptions and physi
massive planet formation. In Section 2, we present models fmal ingredients. The rotational evolution of low-mass sgwes
the rotational evolution of solar-type stars from the edS through 3 main stages : PMS evolution, ZAMS approach, and
to the age of the Sun. We use these models to fit the most kS relaxation. During the early PMS evolution, the young sa
cent measurements of rotational periods obtained for-¢pter magnetically coupled to its accretion disk. As long as thier-

B.l. Rotational evolution models
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action lasts, the star is prevented from spinning up as iraots,

and evolves at constant angular velocity. This "disk-logkias- T —— T —— T ——

sumption is supported by both observational evidence (Rebu r i

et al. 2006; Cieza & Baliber 2007) and MHD models of the I

star-disk interaction (e.g. Matt & Pudritz 2005; Romanotale

2007). The disk lifetime is a free parameter of the model aod d

tates the early rotational evolution of the star. Then, asdibsk &

dissipates after a few Myr, the star spins up as it contratda- Q 0

comes more centrally-condensed (due to the development of &

inner radiative zone) on its approach to the ZAMBepending

on the initial velocity and the disk lifetime, a wide rangerofa-

tion rates can be obtained on the ZAMS (cf. Bouvier etal. 3997 4

The lowest initial velocities and longest disk lifetimesué in

the slowest rotation rates on the ZAMS. On the opposite, high

initial velocities angor short disk lifetimes lead to fast rotation 1 10 100 1000

on the ZAMS. Finally, as the stellar internal structure Bizds

at an age of about 40 Myr for a solar-mass star, the brakingbya 4T T T T T

magnetized wind becomes the dominant process fiadteely 5 |

spins the star down on the early MS. As the braking rate scale§ 2

with surface velocity (see Kawaler 1988; Bouvier et al. 1997 <

fast rotators are spun down morgeently than slow ones. As N T T

a result, in spite of a large dispersion of rotation ratesten t 1 10 100 1000

ZAMS, solar-type stars converge towards uniformly slovarot

tion by the age of the Sun. Indeed, after a few Gyr, the surfageg,g T —

rotational velocity of solar-type stars has lost memonhefpast " ° 1

rotational history. 94
Internal diferential rotation is an important additional pa 35

rameter of the model. The response of the stellar interiangu- &' : RESNN

lar momentum loss at the stellar surface impacts on theonlu 30 1' ' 1' A

of the surface rotation rate. We follow here Allain (1998¢an- 0 100 1000

sidering a radiative core and a convective envelope thaark Age (Myr)

in rigid rotation, but whose rotation rate mayfer. We therefore

introduce a coupling timescale between the inner radiatve  Fig. 1. Rotational models for slow and fast rotatobsta : The
and the outer convective envelopg,which measures the rate of10th and 75th percentiles of the observed rotational pefistd-
angular momentum transfer between the core and the envelgpgons were converted to angular velocity and are plotsedi-a
(MacGregor & Brenner 1991). A short coupling timescale cofect and inverted triangles as a function of time. Individuaa-
responds to anfiicient core-envelope angular momentum trangurements of rotational periods converted to angular Vtésc
port and, as a consequence, little internaledential rotation. are also shown in order to illustrate the statistical sigaifice of
On the opposite, a long coupling timescale will lead to theette  the various samples (see Table Mpdels: The modeled evolu-
opement of a large rotational velocity gradient betweerctte tion of surface rotation for slow and fast rotators is showiHe
and the envelope. This model parameter is thus expectecttb bgolid lines. For both models, the rotation of the radiatioeec
prime importance to evaluate the amount of rotationaltjeited js shown by the dashed lines. With a core-envelope coupling
mixing and associated lithium depletion during the evoluf timescale of only 10 Myr, little dferential rotation develops in
solar-type stars. fast rotators. In contrast, the 100 Myr core-envelope dagpl
timescale in slow rotators leads to the development of zlaeg
locity gradient at the base of the convective zone. A digkilifie
of 5 Myr is assumed for both modelsower panels: The veloc-
The models are constrained by the rotation rates of sofse-tyity shear at the base of the convective zangd — weonv)/ Weonv
stars at various ages. In the last years, rotational petiadle and the angular momentum transport rafgr. (gcm?s 2) from
been measured for hundreds of low-mass stars in molecufag core to the envelope are shown for slow (solid line) ast fa
clouds (1-5 Myr) and young open clusters (40-600 Myr), thuslotted-dashed line) rotators.
providing a tight observational sampling of the rotatioenablu-
tion of low-mass stars. Table 1 lists the 10th and 75th peilesn
of the derived rotational period distributions for stargvé mass evolution of slow and fast rotators and relate it to lithiue-d
between 0.8 and 1.1 {and belonging to various stellar clusterdletion. A model for fast rotators is compared to observetio
with an age between 1 Myr and 625 Myr. These values WelF@ ﬂ Starting from an initial period of 1.2 d, the star rénsa
converted to angular velocity(= 27/P) and normalized to the coupled to its disk for 5 Myr, then spins up to a velocity oferd
Sun’s angular velocity, and are plotted as a function of ime of 160 km s* on the ZAMS, and is eventually spun down by a
Figure[]. magnetized wind on the MS to the Sun’s velocity. This mods! it
We aim here at reproducing the lower and upper envelog€asonably well the PMS spin up and the rapid MS spin down
of the observed rotational distributions, in order to castithe observed for fast rotators between 5 and 500 Myr. In order to
reach such an agreement, the core-envelope coupling teesc
1 We use the 1 M model from Baréfe et al. (1998) to follow the has to be short;c ~ 10 Myr. A longer coupling timescale would
evolution of the star’s internal structure lead to envelope spin down before the star reaches the ZAMS,

2.2. Model fitting : slow and fast rotators
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Table 1. Observational datasets : 10th and 75th percentiles of thevelope coupling timescale and are independent of theresbu

rotational period distribution for 0.8-1.1 jstars. disk lifetimes. Obviously, the lierent amount of internal dif-
ferential rotation between slow and fast rotators is e>gubtd
Name Age Pove Pmsw Ngor Ref. impact their lithium depletion pattern.
(My) (d) (d)

ONC 1 1.4 8.9 35 1 L . .
NGC 2264 2 10 45 16 2.3 3. Lithium depletion in slow and fast rotators
NGC 2362 5 15 98 40 4 Hydrodynamical instabilities acting on various timesealee re-
NGC 2547 40 0.35 6.8 15 5 . ; . S .
Pleiades 120 044 61 11 6 sponsible for the so-called rotationally-driven mixingthn-

M50 130 059 87 74 7 creases the ficiency of lithium burning in stellar interiors

M34 200 0.89 7.2 22 ) (Talon 2008). The main sources for rotational mixing areashe

M37 550 36 73 145 9 induced turbulence and large-scale meridional circutatimth

Hyades 625 54 91 15 10 of which are linked to internal élierential rotation (Zahn 2007).
These processes transport angular momentum and chemical

(1) Herbst et al. (2002), (2) Lamm et al. (2005), species, though not necessarily at the same rate. Due toe ¢

(3) Makidon et al. (2004), (4) Irwin et al. (2008b) plex physics involved, it is not staightforward to predioorh

(5) Irwin et al. (2008a) first principles which instability dominates in solar-typers
(6) Compilation (see references in Irwin et al. 2008a) b P y P

. . ; over the course of their evolution. Some guidance is pralide
(7) Irwin (priv. comm.), (8) Irwin et a_ll. (2006) by ob i Ak tin thi tis the obsersted
(9) Hartman et al. (2008), (10) Radick et al. (1987, 1995) )y 0bservalions. A Key resuft in this respect IS the obs
tionship between lithium abundances and rotation in yotenrgs
Soderblom et al. (1993) report that fast solar-type starthén
Pleiades exhibit higher lithium abundances than slow oosat
and a slower spin down rate on the early MS, both of whictaken at face value, this result indicates that lithium dgéph
would conflict with observations. The tight coupling betweealready takes place during the PMS, and is more pronounced in
the core and the envelope implies that littiéfeliential rotation slow than in fast rotators. Hence, rotationally-induceding
develops in fast rotators, with the rotation of the core lyegg-  appears moreficient in slow rotators.
ceeding that of the envelope on the early MS (see[Fig. 1). Going back to the models described above, this result sug-
Fig. [} also shows a model for slow rotators. The initial pagests that rotational mixing is primarily driven by the tagaal
riod is 10 d and the star-disk interaction lasts for 5 Myr ie thshear at the base of the convective envelope : slow rotaters a
early PMS. As the star approaches the ZAMS, both the outsitserved to be more Li depleted on the ZAMS than fast rota-
convective envelope and the inner radiative core spin ugeOnors and the models presented here indicate that they exyeri
on the ZAMS, the outer envelope is quickly braked, while thiarger core-envelope decoupling. In contrast, fast rosalose
core remains in rapid rotation. This behaviour results fam more angular momentum at the stellar surface and also trans-
assumed weak coupling between the core and the envelope, igt angular momentum moréfiently from the core to the en-
7¢ ~ 100 Myr. On the early MS, the rapidly-rotating core transvelope. Yet, they seem to preserve most of their initiafith
fers angular momentum back to the envelope, which explams during the PMS. Hicient angular momentum transport is ap-
nearly constant surface velocity over several 100 Myr itespi  parently not associated with a significant mixing of cherhica
magnetic braking. A long coupling timescale between the cospecies in these stars. Mixing-free processes for angwlaren-
and the envelope is thus required to account for the obseovedtum transport have to be called for. Candidates include @tagn
tational evolution of slow rotators. A shorter coupling éistale field (Eggenberger et al. 2005) and internal gravity wavesofT
would lead to larger ZAMS velocities and a sharper spin dovet al. 2002). Whether magnetic fields, either of fossil arigr
on the early MS, which both would conflict with observationgyenerated by a dynamo at the tachocline, cfiitiently cou-
Along . in slow rotators implies infiicient transport of internal ple the core to the envelope is still under debate (Brun & Zahn
angular momentum and results in a large velocity gradiettieat 2006). And while gravity waves seem capable of removing an-
core-envelope boundary (see FE|g 1). gular momentum from the core, thffieiency of this process and
The main dfference between fast and slow rotator modethe amount of associated chemical mixing still remain toublgy f
is thus twofold : the initial angular momentum and the leviel @xplored (Charbonnel & Talon 2005).
core-envelope decoupling. The initial angular momentufasif Comparison between rotational models and lithium mea-
rotators is 10 times higher than that of slow ones. Fastatat surements on the ZAMS thus suggests that shear-induced tur-
lose more angular momentum over the course of their evalutibulence associated to core-envelope decoupling is the-domi
than slow rotators, as they both converge towards the SeA’s mant source of rotationally-driven lithium depletion inlame
locity at 4.65 Gyr. The lower panels in Fif]. 1 show the magniype stars. Our finding that core-envelope decoupling geliain
tude of the rotational shear at the base of the convectivelepe slower rotators is at odds with most previous theoreticaliss.
for slow and fast rotators, and the amount of angular monmentun Pinsonneault et al’s (1989) models, for instance, thatimnal
transported from the core to the envelope. Stroffigtintial ro- shear at the base of the convective envelope scales withcsurf
tation develops in slow rotators at the ZAMS and remainsdargelocity. Hence, fast rotators are predicted to be more ileav
during early MS evolution until the core and the envelopenevelithium depleted than slow ones. We show here instead that, i
tually recouple after a few Gyr. Clearly, slow rotators déha order to be able to account for the observed rotational éeolu
much larger rotational shear at the base of their conveetive- of solar-type stars from the PMS to the age of the Sun, one has
lope than fast rotators during most of their evolution. Gasely, to assume that the velocity gradient at the base of the cenvec
angular momentum transport from the core to the envelopetige envelope is larger in slow rotators than in fast ones @so
much more #icient in fast rotators than in slow ones, which reBouvier 1997). As a result, slow rotators on the ZAMS are ex-
sults in little diferential rotation indeed. Rotational shear and apected to be moreficiently Li-depleted than fast rotators, as
gular momentum transport are both directly related to thre-co observed.
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4. Lithium depletion and planet formation Admittedly, the scenario outlined here is based on rotation

) ] ) o . models that do not incorporate a detailed physical de$onoff

We discussed above howfidirent rotational histories may im-the processes at work. The conclusion therefore remairs qua
pact on the lithium depletion pattern of solar-type stab #is tative and has to be ascertained by the development of mere so
lead to adispersion of lithium abundances in these stars at ghisticated angular momentum evolution models. Most impor
given age and mass. The scenario outlined above suggests gy, the transport processes that lead to a strong corelape
enhanced lithium depletion is associated to low surfacimt  coypling in fast rotators and a weak one in slow rotators have
on the ZAMS. Then, the fact that mature solar-type stars wisljj| to be identified. While this goal is well beyond the seayf
massive exoplanets are Li-depleted compared to similas stgye present study, we hope that the simplified models predent
with no planet detection seems to indicate that massivelarep pere may provide useful guidelines for further refinements.
hosts had slow rotation rates on the ZAMS.
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