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ABSTRACT
Observations of young clusters indicate that a signiÐcant fraction of solar-type stars are rotating very

slowly, with equatorial velocities less than 10 km s~1. So far, models have failed to reproduce a suffi-
ciently large proportion of these stars on the zero-age main sequence. On the basis of the idea that the
mixing length in convection theories could depend on the size of the convective zone (Canuto &
Mazzitelli), we examine the inÑuence of a varying mixing-length parameter a on the rotational evolution
of solar-type stars. A decreasing a (owing to evolution) in the mixing-length theory (MLT) leads to a
slower contraction rate and to a larger stellar moment of inertia. The stellar spin-up is consequently
reduced, and this helps to increase the number of very slow rotators present in young clusters. We also
investigate the possibility that a could depend on the rotation rate, and show the consequences of this
parameterization for the lithium surface abundance.
Subject headings : convection È stars : evolution È stars : interiors È stars : late-type È stars : rotation

1. INTRODUCTION

The rotational evolution of solar-type stars is now rela-
tively well understood. Slowly rotating T Tauri stars (with
an age less than D10 Myr) can be explained by invoking a
star-disk coupling In this scheme, the mag-(Ko� nigl 1991).
netic Ðeld lines arising from the stellar magnetosphere
thread the disk out of the corotation radius and give rise to
a braking torque. An equilibrium conÐguration, in which
the accelerating torque owing to mass accretion balances
the braking torque induced by the magnetic Ðeld, is then
reached. The starÏs rotation rate is then locked at a constant
angular velocity. Several computations (e.g., &Cameron
Campbell & Clarke indicate that for1993 ; Armitage 1996)
accretion rates of the order of 10~9 to 10~11 yr~1, it isM

_possible to balance the spin-up torque provided that the
magnetic Ðeld strengths are of the order of a few hundred
gauss.

Such magnetic Ðelds have been measured by Zeeman
splitting (e.g., Johnstone & Penston or esti-1986, 1987)
mated on the basis of the intense starspot activity often
exhibited by these objects (e.g., et al. AnotherDonati 1992).
alternative to account for these slow rotators was proposed
by & Pringle In their model, the di†erentiallyTout (1992).
rotating fully convective star generates a magnetic dynamo
that deposits a signiÐcant amount of energy at the surface of
the star, which in turn leads to substantial mass loss

yr~1). The magnetically coupled stellar(M0 windB 10~7M
_winds emanating from these stars are responsible for the

loss of angular momentum and subsequent spin-down.
Observations of postÈT Tauri stars (PTTSs) with ages of

10È40 Myr from et al. show that the rota-Bouvier (1997a)
tional velocity distribution of T Tauri stars evolves to
higher velocities as a consequence of structural evolution. It
is worth noting that at this age, 30% of PTTSs are slow
rotators, with rotational velocities of less than 20 km s~1.
At the age of a Per (50 Myr), observations show a consider-
able spread in the rotation rates Roughly(Prosser 1992).
one-half of the solar mass stars are rapid rotators (with
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equatorial velocities sin km s~1), while many50 [ v i[ 200
of the rest rotate rather slowly with rotational velocities
below 20 km s~1. In the Pleiades (80 Myr), the fraction of
rapid rotators has considerably decreased and slow rotators
(v sin km s~1) represent now about 80% of the popu-i [ 20
lation. Within only the 30 Myr separating the ages of these
two clusters, observations by andProsser (1992) Soderblom
et al. show a 50% spin-down of the most rapidly(1993b)
rotating stars. Finally, in the Hyades (600 Myr) all stars
have equatorial velocities typically below 10 km s~1.

These observations indicate that just after their arrival on
the zero-age main sequence (ZAMS), stars undergo an effi-
cient braking. The braking mechanism that is the origin of
this rapid spin-down is supposed to be the action of a mag-
netically coupled wind & Davis A scenario to(Weber 1967).
explain the global evolution can now be drawn. During the
T Tauri phase stars are efficiently braked by the presence of
the disk and/or signiÐcant mass loss. Once the inÑuence of
the disk recedes, the star spins up as a result of its contrac-
tion. During this short period that brings the star onto the
ZAMS (between 10 and 50 Myr), little angular momentum
is extracted from the star because the spin-down timescale
for angular momentum loss owing to the magnetized stellar
wind, remains large, of the order of or larger than theq

w
,

Kelvin-Helmholtz timescale However, once the starqKH.
reaches the ZAMS, braking by a magnetically coupled wind
efficiently produces a rapid deceleration.

To further increase the braking efficiency, it was sug-
gested & SoÐa that angular momentum is(Endal 1981)
removed preferentially from the surface layers of the star,
i.e., from the convective envelope. This core-envelope
decoupling accelerates the spin-down of fast rotators on the
ZAMS and can account for the 50% spin-down between a
Per and the Pleiades et al.(Soderblom 1993c ; Keppens,
MacGregor, & Charbonneau Note that1995). Bouvier,
Forestini, & Allain hereafter BFA) achieve similar(1997b,
results with a solid-body rotation model by invoking a dis-
tribution of disk lifetimes. Stars with short-lived disks can
spin up to velocities as high as 200 km s~1, while long-lived
disks can account for the large fraction of slow rotators.
However, their models require slightly longer star-disk
coupling, with 20% of the stars still having a disk at an age
of 10 Myr.
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In spite of these general successes in explaining the
observations, all the models suggested so far et(Soderblom
al. et al. still fail to reproduce1993c ; Keppens 1995 ; BFA)
the proportion of very slow rotators (VSRs) with v sin i [
10 km s~1 observed in young clusters. Observations suggest
a progressive increase in the fraction of VSRs : between 10
and 40 Myr, 15% of the PTTSs have equatorial velocities
less than 10 km s~1 ; this fraction is of the order of 25% in
the a Per cluster and it reaches 50% at the age of the
Pleiades et al. The problem is to account(Bouvier 1997a).
for the increasing fraction of VSRs during the given time.
The problem is exacerbated by the fact that between 10 and
50 Myr the star experiences a large contraction and impor-
tant structural changes that act to increase its rotation rate.
One potential solution to the latter problem is to invoke a
long star-disk coupling period. For certain parameters, the
stellar rotation rate does not increase too much, but it
requires rather long disk lifetimes (D10 Myr), which may or
may not be realistic.

The failure of the models to reproduce the VSRs leads us
to the conclusion that other physical processes in addition
to star-disk locking and wind braking operate during the
preÈmain-sequence (PMS) phase. During this evolutionary
phase, the star undergoes signiÐcant changes with the
passage from a fully convective structure to a radiative one.
In the present work, we investigate how a change in the
convective parameter of the mixing-length theory, a, a†ects
the resulting rotation rates. Indeed, stellar quantities gov-
erning the rotational evolution of stars (radius, depth of the
convective envelope, moment of inertia) are strongly depen-
dent on the value of this parameter. A smaller value of a
inÑuences the stellar structure in such a way that the star
arrives on the ZAMS with a larger moment of inertia,
radius, and radiative core. We thus expect that modiÐ-
cations in a will inÑuence the angular momentum evolution
of young stars.

In we describe how the mixing-length parameter could° 2
evolve and present brieÑy the equations describing the
angular momentum evolution of solar-type stars. In we° 3
present and discuss our results, and a summary and conclu-
sions follow.

2. A NEW PHYSICAL PROCESS IN THE ROTATIONAL

EVOLUTION

2.1. T he Mixing-L ength Parameter a
Modeling turbulent stellar convection has attracted con-

siderable attention during the last decade. The standard
mixing-length theory (MLT; hasBo� hm-Vitense 1958)
proved to be a very valuable tool, simple in its formulation
and successful in its application. However, this theory
su†ers from two well-known problems. First, it is assumed
that a convective element, after traveling a distance (mixing
length) ", dissolves and releases its excess heat. Unfor-
tunately, MLT cannot determine the value of the mixing
length, and it is forced to make the assumption that " is
proportional to the local pressure scale height writingH

p
,

"\ aH
p

, (1)

where the constant of proportionality a is the mixing-length
parameter. Second, MLT assumes that each convective
element has the same size ". In an attempt to resolve these
two main limitations, & Mazzitelli hereafterCanuto (1991,
CM) developed a new model of convection that (1) accounts

for the full spectrum of turbulent eddies rather than for only
one eddy size, as done in MLT, and (2) uses a new expres-
sion for the mixing length, free of adjustable parameters,

"\ z , (2)

where z is the distance to the top of the convection zone.
This expression accounts for the fact that thermally driven
turbulence is a nonlocal phenomenon. With this new
theory, were able to Ðt the SunÏs data (surface tem-CM
perature, luminosity, thickness of the convective envelope),
without adjustable parameters, to within D0.2% accuracy.

shows that the mixing length is correlatedEquation (2)
with the size of the convective envelope. A formal compari-
son between this expression and leads to theequation (1)
idea that, if we still want to work in the framework of MLT,
the value of a must vary as the depth of the convective zone
during stellar evolution. A larger value of this parameter
may be expected in the early evolution because the star is
fully convective and/or the gravitational energy production
is uniformly distributed inside the structure. The shrinking
of the convective envelope with the development of the radi-
ative core would subsequently decrease the value of this
parameter and eventually, when the star reaches the ZAMS,
a would remain constant.

Several authors have discussed the appropriateness of
using a single value of a to model a wide variety of stars or
stars in di†erent evolutionary phases (e.g., et al.Edmonds

Fox, & SoÐa but so far no real con-1992 ; Lydon, 1993),
sensus has emerged. Ordinary stellar structure calculations
typically use a global value of a throughout the entire con-
vective region, with values ranging from 0.5 to 3. However,
Canuto has pointed out that, if one attempts to(1989, 1990)
account for anisotropic e†ects in MLT, a must be made a
function of the thermodynamic quantities. Using this new
formalism, & Civelek showed that veryKiziloglu (1992)
high values of a, up to 200 (see their Fig. 3), can be reached
in solar-type envelopes. This dependence of a on the depth
of the convective envelope is also observed when modeling
convection at the surface of white dwarfs. Comparisons of
hydrodynamic simulations of convection in the surface
layer of these stars with MLT (e.g., Jordan, &Ludwig,
Ste†en indicate that a can reach values as high as 4 or1994)
5 at the base of the thin convective envelope. Adding to the
uncertainties surrounding the determination of this param-
eter, & Boothroyd noted that a is verySackmann (1991)
sensitive to the input physics. While modeling AGB stars
and changing their opacity tables, they had to increase their
mixing-length parameter ““ dramatically,ÏÏ namely, from 2.5
to 4.1, in order to obtain consistency with previous models.

To summarize the present situation, the determination
and evolution of the mixing-length parameter are highly
uncertain. In practice, this parameter is actually adjusted so
as to obtain the solar radius at the age of the Sun, and
stellar modeling indicates that reasonable values of a range
from 1 to 4. Inspired by the work of we adopt theCM,
following parameterizations.

We deÐne a function a(t) as equal to

a(t) \ aX(t) ] b , (3)

where a and b are normalization constants. The function
X(t) is deÐned by

case A: X(t)\ Rconv(t)/R_
,

case B: X(t) \ Rconv(t)/R ,
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where R and are the radii of the star and of the con-Rconvvective zone, respectively. The second expression (case B)
corresponds to a constant value of a as long as the star is
fully convective and for a rapid drop as the radiative core
develops. Note that these relations imply that a is constant
in the convective regions.

2.2. T he Rotational Evolution of the Star
To follow the rotational evolution of young stars, we

adopt the model presented by in which we include inBFA
addition the core-envelope decoupling &(MacGregor
Brenner hereafter MB). BrieÑy, our model is as1991,
follows :

1. For the star is coupled to the disk, and itst \ tdisk,surface rotation rate ) is maintained constant )\)init.2. When the disk coupling vanishes magnetic(t [ tdisk),braking owing to a stellar wind takes place. We use the
parametric formulation of (1988),Kawaler

dJ
dt

D )1`4an@3R2~nM0 1~2n@3M~n@3 , (4)

where J is the angular momentum, is the wind mass-lossM0
rate, and n describes the topology of the magnetic Ðeld
(BP r~n) and is arbitrarily taken to be constant, Thisn \ 32.corresponds to a magnetic conÐguration that is interme-
diate between a radial and a bipolar Ðeld. We note that in a
recent work Motamen, & Keppens it has(Solanki, 1997)
been suggested that the latitudinal concentration of mag-
netic Ñux may be inÑuenced by the starÏs rotation ; this
would e†ectively be equivalent to a time dependence of n.
The parameter a describes the dependence of the magnetic
Ðeld on the rotational velocity ) (BP )a). Here we consider
two cases : if the rotation rate is lower than a critical value

which is a free parameter, the dynamo-generated mag-usat,netic Ðeld is proportional to ) (a \ 1) and

AdJ
dt
B
w

\ [K)3
A R
R

_

B1@2A M
M

_

B~1@2
, (5)

while if the magnetic Ðeld saturates (a \ 0) anduºusat,

AdJ
dt
B
w

\ [K)usat2
A R
R

_

B1@2A M
M

_

B
, (6)

where K is a calibration constant taken to be 2.7 ] 1047 g s
cm2 Note that is equivalent to the(BFA). equation (5)

relationship, )(t)P t~1@2, observed forSkumanich (1972)
the slow rotators on the main sequence.

3. We include a core-envelope decoupling that assumes
that the radiative core and the convective envelope have
di†erent rotation rates. model assumes that anMBÏs
amount of angular momentum *J is transferred from the
core to the envelope on a timescale (see for theq

c
MB

expression of *J). The evolution of the core and envelope
angular momenta and respectively) can then be(Jcore Jconv,derived, and they lead to the following equations
(MacGregor 1991) :

dJcore
dt

\ [*J
q
c

] 2
3

)convRcore2 dMcore
dt

, (7)

dJconv
dt

\ *J
q
c

[ 2
3

)convRcore2 dMcore
dt

[ Jconv
q
j

, (8)

where is the e-folding time for the wind-q
j
\Jconv/(dJ/dt)

winduced angular momentum loss from the convective zone
and is the mass exchange rate at the boundarydMcore/dt

between the core and the convective envelope.Rcore
3. RESULTS AND DISCUSSION

3.1. Stellar Evolution with Varying a
The stellar evolution code used in these computations is

presented in Forestini, & Dougados We haveSiess, (1997).
incorporated in the code the new prescriptions for the
mixing-length parameter (cases A and B) and computed the
new stellar structure with varying a. The code then allows
for the determination of the moments of inertia of the core
and envelope, and as well as the changingIcore(t) Iconv(t),core radius and the mass exchange rate AsRcore dMcore/dt.
an illustration, we depict in the e†ects of usingFigure 1
di†erent (constant) values for the mixing-length parameter a
on some relevant stellar quantities.

As a increases, energy can be carried out by the convec-
tive elements over a longer path. The convective Ñux is
consequently enhanced and, in order to equilibrate the
energy losses at the surface, the star contracts more effi-
ciently. As a result, the moments of inertia of both the con-
vective envelope and the radiative core decrease. However,
it is worth noting that a larger value of a (1) hastens the
development of the radiative core (a star with a larger a has
a higher central temperature and thus a lower central
opacity and radiative gradient), (2) increases the evolution-
ary timescale as a result of a smaller radius and lumi-qKHnosity, and (3) leads to a relatively thicker convective
envelope on the ZAMS, which corresponds to a larger Iconv.As we will see, these e†ects conspire to ensure a stronger
braking of the star. Indeed, under the assumption of core-
envelope decoupling and assuming a is a decreasing func-
tion of time, (1) an earlier braking of the convective
envelope is favored as it appears sooner (this is, however, a
small e†ect) ; (2) the wind braking timescale becomesq

wshorter earlier in the evolution, and thus the braking laws
act more efficiently earlier ; and (3) the convective envelope
is braked more rapidly as its moment of inertia becomes
smaller.

3.2. Parameters
et al. and have examined the e†ectsKeppens (1995) BFA

of using di†erent values for the parameters in the treatment
of core-envelope decoupling and solid rotation. Here we
adopt values of the parameters that were found to be rea-
sonable by the previous authors ; we assume an initial rota-
tion period of 8 days for T Tauri stars, which corresponds
to as suggested by observations et al.)init\ 3 )

_
, (Bouvier

et al. We assume1993 ; Edwards 1993). usat \ 10 )
_

,
several values for the disk lifetime 4] 106,tdisk\ 7 ] 105,
and 107 yr and a core-envelope coupling timescale q

c
\ 10

Myr. As noticed by et al. the choice of theseKeppens (1995),
parameters is severely constrained. On one hand, must beq

cshort enough so that the angular momentum transferred
from the core to the envelope will allow the PMS star to
become a fast rotator. On the other hand, must be suffi-q

cciently long to reproduce the signiÐcant spin-down of the
envelope on the ZAMS. The dynamo saturation is required
to account for the large spread in the rotation rates, and the
level of saturation is determined so as to reproduce theusatspin-down to slow rotators by the Hyades age. The value of
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FIG. 1.ÈInÑuence of a on the evolution of stellar quantities. Upper-left panel : Evolution of the boundary radius between the radiative core andRcoreconvective envelope. Upper-right panel : Evolution of the stellar radius. L ower panels : Time evolution of the moments of inertia of the core, (left), andIcoreenvelope, (right). These characteristics are for a 1 star, and the values of a are assumed constant throughout the evolution.Iconv M
_

depends on the adopted braking law and is in the rangeusat10È20 Finally, in cases A and B we allow a to cover the)
_

.
range 1È4. The constants a and b are determined by the
requirement to Ðt the solar radius at the age of the Sun.

3.3. Rotational Evolution
depicts the e†ect of a on the rotational evolutionFigure 2

of solar-type stars in the case of core-envelope decoupling
and solid rotation. For comparison, we have also plotted
the evolution of the angular velocity of a standard track,
where a is constant throughout the computations (a \ 1.5,
case C). Our calculations reveal that, when the mixing
length decreases during the evolution, the star rotates more
slowly than in a standard case (a constant). Indeed, with a
larger initial value of a, the moment of inertia of the star is
lower and, given an initial rotation rate one obtains a()init),lower angular momentum. So, when the stars decouple
from the disk, those with a higher angular momentum will
spin up faster and reach larger angular velocities. When the
star Ðnally arrives on the ZAMS, the evolutionary timescale
becomes larger than the wind-braking timescale and the
braking law can be applied efficiently. At the age of the
Hyades, the stars have spun down considerably and present
very similar angular velocities. Finally all the models con-
verge to the SunÏs rotation rate at the age of the Sun.

also shows that the rotational evolution of solar-Figure 2
type stars crucially depends on the adopted law for a(t). If
this parameter maintains a large value (around 4) for a long
period of time, as in case B, then the contraction rate is
globally less signiÐcant and the rotation rate reaches lower
values. Namely, the star is forced to rotate more slowly by
imposing a smaller radius and a smaller moment of inertia.
Conversely, when a(t) varies continuously, as in case A, the
stellar structure evolves into a more distended conÐgu-
ration. The star experiences a stronger contraction and thus
spins up more efficiently. We also see that because the value
of a is always smaller in case A than in case B, the rotation
rate in the latter case is always lower.

Quantitatively, for yr, at the age of a Per,tdisk \ 4 ] 106
a star evolving with constant a rotates approximately 10%
and 25% faster than in cases A and B, respectively (Fig. 2a).
If we take a higher value of say we Ðndusat, usat \ 15 )

_
,

that the di†erences between case C and cases A and B are
now on the order of 5% and 15%, respectively. Thus, we
observe that the additional braking induced by changes of
a(t) decreases with increasing Indeed, if isusat. usatincreased, we allow an important angular momentum loss
for slow rotators (dJ/dt P )3) that minimizes the e†ect
owing to a(t). We also notice that within the core-envelope
decoupling model, we obtain a more efficient braking than
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FIG. 2.ÈL eft panel : Rotational evolution of solar-type stars in the case of a core-envelope decoupling. Right panel : Rotational evolution of a solid-body
rotation in the case of a core-envelope decoupling. The solid line corresponds to the solar model with a \ 1.5 (case C), the dotted and dashed curves to cases
A and B, respectively. The behavior of a is presented in the small top panel. Disk lifetimes are equal to 7] 105, 4] 106 and 107 yr. Data : T Tauri starstdisk(age 1È10 Myr ; Ðlled circles, classical T Tauri stars [CTTSs] ; open circles, weak-line T Tauri stars [WTTSs]) come from et al. stars in a PerBouvier (1993),
cluster Pleiades et al. and Hyades et al.(Prosser 1992), (Soderblom 1993b), (Radick 1987).

in the solid-body scheme. From we infer that inFigure 2b,
cases A and B, the starÏs rotation rate is slower than in the
standard model by approximately 5% and 20%, respec-
tively (compared to the 10% and 25% found previously).

also indicates that the di†erence in angular veloc-Figure 2
ity between the di†erent models decreases with time. By the
age of the Pleiades, the rotation rates are very similar
between cases A and C, while in case B the star still rotates
15% slower than in the standard model.

Finally, if we change the law for a and allow this param-
eter to reach lower values (below unity), we observe an even
stronger spin-down of the star. At the age of a Per (for

yr and a star with atdisk \ 4 ] 106 usat\ 10 )
_
),

approaching unity can rotate 35% less rapidly than in the
standard scheme.

4. DISCUSSION AND CONCLUSION

An examination of the rotational evolution of young
stars has allowed us to suggest that, in the context of MLT,
the parameter describing the mixing length a may change
during the evolution. Our calculations have shown that
taking into account an evolution of a can produce a more

efficient spin-down of solar-type stars by the ages of a Per
and the Pleiades. This result may help in solving the
problem of very slow rotators and in relaxing the hypothe-
sis of excessively long disk lifetimes Myr). Indeed,(tdisk Z 10
this new e†ect accounts for an additional braking of the
order of 10%È30%, depending on the parameters. We also
found that larger values of or reduce the di†erencesusat tdiskbetween models with di†erent prescriptions for a. Note,
however, that rapid rotators can still be reproduced if the
coupling timescale between the star and the disk is very
short. For example, if we adopt a disk lifetime of 2] 105 yr,
we obtain rotational velocities in cases A and B on the
order of 190 and 170 km s~1, respectively.

In addition, we Ðnd that the rotational evolution of solar-
type stars depends signiÐcantly on the form of the time
dependence of a. SpeciÐcally, if this parameter is maintained
at a high value for a long time and then decreased rapidly
with the development of the radiative core (case B), a more
signiÐcant spin-down is produced than if it is decreased
continuously.

We can now attempt to deduce the proper param-
eterization required for the observations. We found that a
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FIG. 3.ÈInÑuence of di†erent parameterizations of a on the rotational evolution of solar-type stars. The disk lifetime is yr and the level oftdisk \ 4 ] 106
saturation The solid line corresponds to the solar model with a \ 1.5, the dotted and short- and long-dashed curves to di†erent laws for a asusat \ 10 )

_
.

indicated in the inset. We notice the strong braking of the star when a P )~1 (see text).

decrease in the value of a tends to produce more slow rota-
tors. A potential scenario is one in which the param-
eterization of a depends on the rotation rate itself. Indeed,
high rotational velocities can twist the convective cells,
which results in a shortening of the mixing length. In a
scheme of this type, a is a decreasing function of ). Thus,
the star could maintain a large value of a during the T Tauri
phase when the star is locked to the disk. The rapid spin-up
following the star-disk decoupling would reduce the value
of a and, thus, induce a more efficient braking of the surface
layers. Thereafter, during the spin-down toward the main
sequence, a increases again in order to Ðt the solar structure
at the age of the Sun.

demonstrates the e†ects of such a scheme when aFigure 3
scales as )~1. We assume an ad hoc law of the form

a \ c
A )
)

_

B~1] d , (9)

where the parameters c and d are deÐned in such a way that
a is equal to 2 for and at the maximum rotation)\)init,rate ()^ 45 a cannot decrease below 0.8. Furthermore,)

_
)

we restrict a not to exceed 2 on the main sequence. As we
can see from this new parameterization induces aFigure 3,
more efficient spin-down of the star, and thus a closer agree-
ment to observations.

Finally, we would like to point out that this prescription
for a may explain observations of lithium abundances in
solar-type stars. As we show in faster rotators, i.e.,Figure 4,

FIG. 4.ÈInÑuence of di†erent parameterizations of a on the 7Li surface
abundance. The solid line corresponds to the solar model with a \ 1.5 ; the
dotted and long- and short-dashed lines follow the same law for a given by

but di†erent disk lifetimes equal to 2] 106, 3 ] 106 and 4 ] 106 yr,eq. (9)
respectively. The proÐles of a are shown in the upper panel. We notice that
the fastest rotators, i.e., those with the shortest have the highest 7Liqdisk ,surface abundance.
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those that decouple from the disk earlier, deplete their
lithium less efficiently. Indeed, when a decreases, the con-
vective envelope shrinks. Lithium is then transported less
deeply into the stellar interior and consequently less lithium
is destroyed. This result is consistent with numerous observ-
ations (e.g., et al. Medeiros, DoSoderblom 1993a ; De
Nascimento, & Mayor that indicate a strong corre-1997)
lation between the rotational velocity of single stars and
their Li abundance.

Concerning later evolutionary stages, observations of the
rotational velocities of evolved stars (e.g., & NadarGray

Medeiros & Mayor show a1985 ; Gray 1989 ; De 1991)
sudden transition from rapid to slow rotation occurring at
spectral types G0 III and F8 IV in class III and IV giants,
respectively. As noticed already by Charbonneau (1992),
this cuto† occurs at essentially the same spectral types as
the one observed in main-sequence stars, indicating that
similar braking mechanisms (magnetic) may also apply to
postÈmain-sequence stars. During this evolutionary phase,
the moment of inertia of the star increases owing to the
expansion of the outer layers and a deep convective
envelope develops. As a result of these structural changes,

the rotation rate decreases. However, if we keep the pre-
scription that the mixing length is proportional to the depth
of the convective envelope (cases A and B), we can expect an
even more efficient braking during this period. Indeed, the
increase in a (resulting from the deepening of the convection
layer) will lengthen the stellar evolutionary timescale and
increase the moment of inertia of the convective envelope

These e†ects will result in an efficient braking,(Fig. 1).
which is consistent with observations.

Finally, it becomes more and more clear that an ultimate
treatment of rotation and its e†ects on convection will
require multidimensional calculations of the stellar struc-
ture and evolution.
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