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ABSTRACT

We compute rotating 1D stellar evolution models that include a modified temperature gradient in convection zones and criterion for
convective instability inspired by rotating 3D hydrodynamical simulations performed with the MUSIC code. In those 3D simulations
we found that convective properties strongly depend on the Solberg—Hgiland criterion for stability. We therefore incorporated this into
1D stellar evolution models by replacing the usual Schwarzschild criterion for stability and also modifying the temperature gradient
in convection zones. We computed a grid of 1D models between 0.55 and 1.2 stellar masses from the pre-main sequence to the end
of main sequence in order to study the problem of lithium depletion in low-mass main sequence stars. This is an ideal test case
because many of those stars are born as fast rotators and the rate of lithium depletion is very sensitive to the changes in the stellar
structure. Additionally, observations show a correlation between slow rotation and lithium depletion, contrary to expectations from
standard models of rotationally driven mixing. By suppressing convection, and therefore decreasing the temperature at the base of
the convective envelope, lithium burning is strongly quenched in our rapidly rotating models to an extent sufficient to account for the

lithium spread observed in young open clusters.

Key words. convection — stars: rotation — stars: interiors

1. Introduction

Lithium is a valuable tracer for constraining stellar evolution
models. "Li is destroyed at temperatures above about 2.5 mil-
lion K and it therefore provides a strong indication of the depth
of the circulation of the surface material. It has been used to
probe mixing in main sequence stars and deep mixing in red
giants (e.g. Charbonnel & Zahn 2007; Charbonnel & Lagarde
2010; Angelou et al. 2015). Additionally, the lithium depletion
boundary (LDB) technique is used to determine the ages of open
clusters with ages between about 20 and 200 Myr (Basri et al.
1996; Burke et al. 2004).

Over the last few decades, observations have highlighted the
relationship between rotation and the surface lithium abundance
in low-mass main sequence stars. Butler et al. (1987) found that
rapidly rotating Pleiades early-K dwarfs were more lithium rich
than their slowly rotating counterparts. In a larger sample of F, G,
and K dwarfs in the younger « Persei cluster, Balachandran et al.
(1988) then detected the same trend. Rebolo & Beckman (1988)
identified a slight rotation-lithium trend in F and G stars in the
much older Hyades cluster. Soderblom et al. (1993) then again
found the correlation between fast rotation and lithium abun-
dance in a larger sample of Pleiades G and K dwarfs and sug-
gested that fast rotation is a direct cause of reduced lithium
depletion. Jones et al. (1997) next saw the same trend in the
250 Myr old cluster M 34 and Jeflries et al. (1998) similarly
found the trend for the roughly 150 Myr old cluster NGC 2516.
King et al. (2000) did not find a one-to-one relation between
lithium and photometric rotation periods in the Pleiades and
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therefore argued it was unlikely that rotation was responsi-
ble for the lithium spread, instead favouring problems with
radiative transfer calculations, small metallicity variations, or
magnetic fields. Tschipe & Riidiger (2001) detected a lithium-
photometric rotation period trend in solar-type stars in the
Pleiades but not in the young cluster IC 2602, IC 2391, and «
Persei. Xing et al. (2007) and later Xing (2010) reported that
among G and K Weak-line T Tauri pre-main-sequence (PMS)
stars between 0.9 Mg and 1.4 M, in the in Taurus-Auriga Nebula,
higher surface lithium correlates with slower rotation, but this
has been explained as an age effect. The rotation-lithium pattern
in the Pleiades is closely mirrored in the similarly aged cluster
M 35 (Jeflries et al. 2021). Bouvier et al. (2016) found that there
is already a link between rotation and lithium in cool dwarfs in
the 5 Myr star forming region NGC 2264. Messina et al. (2016)
reported a strong correlation between rotation and lithium equiv-
alent width for members of the 24 + 3 Myr 3 Pictoris associa-
tion (Bell et al. 2015). The rotation-lithium trend is a widespread
phenomenon in young clusters and is apparent from very young
ages. In older clusters, the trend may also exist but be obscured
by the convergence of rotation rates.

That rotation appears to suppress mixing is at odds with
expectations from standard models with rotational mixing:
Faster rotating models should experience more mixing and there-
fore more lithium depletion. This can be seen, for example,
in the evolution models from Charbonnel & Talon (2005) that
match the range of lithium observed in clusters at various ages
but where the lithium-rotation correlation is the opposite of that
observed, as well as the models from Amard et al. (2016) that
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included a number of different treatments for determining tur-
bulent diffusion coeflicients from Zahn (1992), Maeder (1997),
Talon & Zahn (1997), and Mathis et al. (2004). The hydrostatic
effects from including the centrifugal force from rotation do
not explain the observed trend, and the discrepancy is worsened
when rotational mixing is included (Mendes et al. 1999).

Several mechanisms have been proposed to explain the
counter-intuitive empirical correlation between lithium and rota-
tion. Without providing a physical justification, Strom (1994)
conjectured that changes in the temperature-density profile in
the lower regions of the envelope may be responsible for the
observed lithium-rotation correlation. Many of the specific phys-
ical mechanisms later suggested are indeed those that cause
radial inflation above standard non-rotating non-magnetic mod-
els because these changes will generally reduce the temperature
at the base of the convection zone and therefore inhibit surface
lithium depletion.

Somers & Pinsonneault (2014) computed models with
different mixing length theory (MLT) parameters to replicate
the radius dispersion seen for Pleiades stars at a given age
and mass. The resulting change in the structure during the
PMS produces a lithium spread comparable to the observa-
tions, and Somers & Pinsonneault (2015a) later found similar
results with models that include rotationally induced mixing.
Possible physical justifications for the increase in radius
include the presence of spots (e.g. Spruit & Weiss 1986;
Jackson & Jeffries 2014) or a strong magnetic field inhibiting
convection (e.g. Chabrier et al. 2007; Macdonald & Mullan
2010; Feiden & Chaboyer 2013; Somers & Pinsonneault
2015a,b), or magnetic pressure (Mullan & MacDonald 2001).
These explanations would be supported by an empirical cor-
relation between radius and lithium. Although a correlation
between rotation and radius inflation has been reported for both
the Pleiades (Somers & Stassun 2017) and M 35 (Jeffries et al.
2021), there is a lot of scatter and it is much weaker than that
between rotation and the lithium abundance, and uncertainties
on empirical radii are generally relatively large (e.g. Rebull et al.
2004; Lanzafame et al. 2017; Jackson et al. 2019). Jefiries et al.
(2021) also found a correlation between radius inflation and Li
below about 4800 K, providing support for the idea that these
structural changes are an important mechanism. Despite these
clusters being quite young, however, it is the stellar radii at even
younger ages, when lithium depletion is fastest, that are far more
important for the scenario where there is a close connection
between radius and lithium depletion.

Ventura et al. (1998) suggested that the lithium-rotation pat-
tern could be produced by a combination of convective over-
shooting balanced by rotationally induced magnetic fields that
inhibit convection. In the ideal gas case with no molecular
weight gradient, the magnetic field alters the stellar structure via
the criterion for convective stability, which becomes

B2

Viad < Vag + —2—,
rad ad Bg+’yP

6]

where V.4 is the radiative temperature gradient, V,q is the
adiabatic temperature gradient, B> is the square of the verti-
cal magnetic field strength (in rationalized Gaussian units with
¢ =1),v = ¢/cy, and P is the gas pressure (Gough & Tayler
1966; Moss 1968). A steeper temperature gradient is therefore
required before the convective instability sets in. The role of
magnetic fields in lithium depletion has, however, been ques-
tioned: Bouvier et al. (2018) note that at young ages the lithium
spread grows as the rotational distribution of stars widens, while
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magnetic field strength declines, which indicates instead that
rotation is the likely culprit. They also point out that low-mass
stars tend to be near the saturated activity level during the PMS,
meaning there is no clear rotation-activity relationship, which
would be needed to explain the later rotation-lithium correla-
tion if magnetic field strength controls the lithium depletion
rate. Discussing their study of M 35, Jeffries et al. (2021) note
that stars currently with moderately slow 10 day periods would
have had Rossby numbers low enough for the magnetic activ-
ity indicators to be saturated during the rapid lithium depletion
phase (e.g. Vilhu 1984; Pizzolato et al. 2003; Reiners et al. 2009;
Marsden et al. 2009; Wright et al. 2011; Jeffries et al. 2011;
Muirhead et al. 2020). This suggests that even if magnetic effects
tightly correlate with rotation, they alone cannot explain the
observed lithium-rotation trend. Jeffries et al. (2021) thus pro-
pose a scenario in which saturated magnetic activity diminishes
the PMS Li depletion fairly uniformly and then the observed
pattern is produced by rotation differentially inhibiting mixing
beneath the convection zone.

Other proposed explanations relate more directly to the rota-
tional properties. In models of young stars with a slowly rotating
surface due to a longer PMS disk-locking phase, mixing could be
induced by more substantial differential rotation, leading to the
observed correlation between slow surface rotation and Li deple-
tion (Bouvier 2008; Eggenberger et al. 2012). Gondoin (2014)
similarly suggested that the rotation-lithium links in the Pleiades
and M 34 may be explained by the slow rotators having experi-
enced an episode of strong rotational braking that induces shear-
driven mixing below the convection zone. This echoes the earlier
hypothesis from Jones et al. (1997) that fast rotation preserves
lithium during the PMS and that a high angular momentum loss
rate speeds up its depletion. Baraffe et al. (2017) showed that a
reasonable agreement between models and observations is possi-
ble with a simple rotationally dependent convective overshooting
parameter. The good news is that models with plausible physical
inputs can reproduce the observed lithium pattern. The challenge
is determining which mechanisms are important.

2. Stability criterion from 3D hydrodynamical
simulations

When rotation is present, the stability against convection is deter-
mined from the Solberg—Hgiland stability criteria (e.g. Tassoul
2000). Firstly,

10/

w 0w

g- (LVP— lVp) >0, 2)
P

P
where @w = rsinf is the distance from the rotation axis. The
second condition is

a2 o
j S) 0,

2
opP (6] ds 3)

where s is the specific entropy, j is the specific angular momen-
tum, and z = rcos@ is the distance from the equatorial plane.
The second criterion with solid body rotation, or more generally
when Z—; = 0, reduces to the usual Schwarzschild criterion except
at the equator, so an instability will exist if % 3—; > 0 (e.g. Sung
1974). The situation is more complicated in real stars where
there can be both a radial and latitude dependence of entropy
and angular velocity, or where pressure and density gradients
are misaligned.
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We have computed a suite of 3D hydrodynamical sim-
ulations of rotating convection in solar-like envelopes using
the Multi-Dimensional Stellar Implicit Code MUSIC (see e.g.
Viallet et al. 2016; Goffrey et al. 2017), which will be analysed
in detail in a forthcoming paper. Solar-like initial models were
generated from a 1 M 1D stellar structure computed with the
MESA stellar evolution code that had metallicity Z = 0.02, lumi-
nosity L = 1.04 L, radius R = 1.018 R, and was approximately
the solar age. The 3D simulation domain includes the majority
of the convective envelope 0.706 < r/R < 0.961; three different
colatitude extents (centred at the equator) /2 rad, 37/4 rad and
7r/8rad were tested; and the extent was 7/2 in the azimuthal
direction. There are a total of 192 grid cells in the radial direc-
tion, 128 in the azimuthal direction and between 256 and 448 in
the latitudinal direction, depending on the extent of the domain.
In the radial direction, cells are spaced so that the sound crossing
time of each cell is uniform. The Coriolis force is included and
the runs were started with 0, 0.5, 1, 2, 3, and 5 times the solar
rotation rate.

A reduction in convective velocity in the presence of rota-
tion has been reported for 3D simulations before (e.g. Brun et al.
2017). Rather than depending solely on the usual measure of
convective stability, the Brunt—Viisild frequency N, where

w2188
p|\dr),, dr

we found that the convective velocity additionally depends on
the rotation. Specifically, there is a clear correlation between
radial velocity magnitude |v,| and one of the Solberg—Hgiland
stability criteria (Tassoul 1978; Endal & Sofia 1978):

“

g|(de do| 1d ,
=] —-—=|+=— >0 5
o [( dr)ad dr| dr(r W) = )
or, alternatively,
1d
N+ ——(FPw)’ >0, (6)
r3dr

which was suggested as early as Randers (1942) and Walén
(1946). When N? + L 4(2w)? increases in our simulations,
the temporally and spatially averaged radial velocity magnitude
(lv,|) decreases, whereas there is no such correlation between N2
and (|v,|). While criterion (5) is true only in the equatorial plane,
we did not notice a significant dependence of velocity on lati-
tude. In any case, applying a factor of siné to account for only
the radial component perpendicular to the rotation axis, and tak-
ing the average over the sphere, the second term on the left-
hand side is only reduced by a factor of n/4. Maeder (2009)
suggested this stability criterion for 1D models but with the
very similar factor of v2/3. This formulation ignores instabil-
ities that may arise parallel to the rotation axis, depending on
‘% in inequality (3). Cowling (1951) argued that when displace-
ments in all directions are considered, an instability exists when-
ever the temperature gradient exceeds the adiabatic gradient, but
also suggested that rotation may still inhibit the energy trans-
port by convection. This approach is also supported by rotating
3D simulations of Rayleigh-Bénard convection which show the
efficiency of convection is also reduced in the direction of the
rotation axis (Julien et al. 1996).

It is not feasible to compute the 3D simulations for long
enough for the thermal structure to adjust to the rotation. There-
fore, in order to gauge how well inequality (6) explains the
rotation dependence of convection in our simulations, we first

calculate the entropy gradient required to cancel out the contri-
bution from rotation and ensure neutral stability at the equator:

Cpld

ds_c_pé )

(FPw), (7

dr g ; 3 dr
where we define 6N? = r'—; %(rzw)z, which is the second term in
inequality (6). We can then integrate this to find

1 cp d 2 \2
ASpor = —f - - (rFw)dr ®)
n Pgdr

and compare it to the entropy perturbation near the surface Asper,
which we define as a multiple of the standard deviation of the
entropy probability density function at a depth near the surface at
r = ry (and we chose a factor of 1.45 for a good fit). The bounds
of the integration, rp = 5.25 X 10" cm and r; = 6.75 x 10" cm,
contain 90% of the convection zone for the non-rotating model
(5.16 x 10" cm < r < 6.8 x 10'° cm) and exclude the very bot-
tom of the convection zone and the near-surface boundary layer.
The lower part of the convection zone was excluded because the
boundary location is simulation-dependent and the upper simu-
lation boundary region was excluded so that the integration ends
at a depth where plumes are properly formed, but the results hold
independently of the exact choices. The two quantities As,, and
Asper, should correspond to each another if the entropy perturba-
tions are primarily generated by cooling at the surface and then
plumes descend nearly adiabatically until they become more
buoyant than their surroundings. This assumption is justified by
the dominant length scale of the velocity field being relatively
large compared with the overall depth of the convection zone in
our simulations, that is to say, coherent structures travel signif-
icant distances before they are dispersed. The outermost layers
of the star, near the photosphere, where we might expect to find
smaller-scale structures, are also excluded from the simulation.
Radiation losses are not significant either: the radiative diffusion
time across grid cells in the horizontal direction is greater than
100 yr, which is much greater than the convective turnover (and
simulation) time.

Figure 1 demonstrates there is a tight correlation between the
entropy integral As;, and Aspe for all the models with a range
of latitudinal extents and rotation rates. This result is exactly as
expected if inequality (6) correctly describes the stability. For the
sake of clarity we subtract Aspe for a non-rotating model from
each measurement in Fig. 1.

The MUSIC simulations were limited to a few convective
turnover times. The data for Fig. 1 was computed over 2 to 12
convective turnovers where the global turnover time is given by

"odr

"), W ®
and (|v,|) is the spatially and temporally averaged radial velocity
magnitude and ry = 5.25 x 10" cm and r; = 6.75 x 10'%cm,
which spans almost the entire convection zone. The relatively
short duration of the 3D simulations means that in order to
explore whether the above trends would affect predictions for
the evolution of stars, 1D stellar evolution models must be used.
We selected the problem of lithium depletion in young low-mass
stars because (i) there is a clear empirical rotation dependence,
(ii) lithium is a sensitive diagnostic of the internal structure,
specifically the depth of the convection zone, (iii) many of these
stars are fast rotators, which will enhance any effect, and (iv)
the envelopes of these stars are very similar to those in the 3D
simulations.
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Fig. 1. Comparison between the entropy integral As,, from Eq. (8)
denoted by lines and the near-surface entropy perturbation Aspe (cir-
cles) from 3D rotating MUSIC models. Asye is defined as 1.45 times
the standard deviation of the entropy probability density function at
r=r; = 6.75 % 10'° cm, which is at a depth equivalent to three percent
of the convection zone. The simulations have colatitude extents (centred
at the equator) of x/2rad (black), 37/4rad (blue), and 77/8rad (red),
respectively. In each case, Aspe is shown after subtracting the entropy
perturbation from a non-rotating model for the sake of clarity.

3. Stellar models

The 1D stellar evolution models for this paper were com-
puted with MONSTAR (see e.g. Campbell & Lattanzio 2008;
Constantino et al. 2014). We constructed a grid of models with
mass between 0.55 and 1.2 M, which covers a broad range of
stars in which the rotation-lithium connection is observed, from
the PMS to the end of the main sequence. In these models, the
chemical mixing near the base of the convection zone, which is
responsible for the depletion of lithium, has little effect on the
structure, so the surface lithium abundance evolution for differ-
ent overshooting schemes is calculated with a post-processing
code.

All of the models initially have the solar metal abun-
dance according to Asplund et al. (2009) with metallicity Z =
0.013, and we chose a moderate Galactic helium enrichment
Y = 0.278. The initial lithium abundance was A(Li) = 12 +
log[N(Li)/N(H)] = 3.3 to match the most lithium-rich stars
in young open clusters. The MLT mixing length is the solar-
calibrated value of 1.60 H, in each model. No microscopic dif-
fusion is applied. Metallicity is an important factor for the evo-
lution of lithium (Piau & Turck-Chieze 2002), which we do not
investigate in this paper, so we do not attempt to precisely match
the models to the open clusters we include. Nuclear reaction
rates are taken from the NACRE II compilation Xu et al. (2013).

3.1. Rotation model

In this study we adopt a very simple treatment of rotation. Rota-
tion is assumed to be solid-body and angular momentum is lost
by magnetic braking according to Kawaler’s law (Kawaler 1988;
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see details in Bouvier et al. 1997; Viallet & Baraffe 2012), con-
sistent with the models from Baraffe et al. (2017). The evolution
of the angular momentum is thus

M2

W[k (@) ()", ire<a,

dt |-k o (3)1/2 (MMQ)_I/Z , otherwise,

sat™“ \ R,

(10)

where Qg = 14Q, and K = 2.7 x 10*” gcm™ s, based on the
calibrations for the solar rotation from Bouvier et al. (1997) and
Viallet & Baraffe (2012). This rotation law was applied from the
PMS when the stellar radius was 11 Ry. Instead of modelling
a disk-locking phase, we set the initial rotation rates so that at
20 Myr the fast rotators have 1.85 < logQ/Qs < 2.0 and the
slow rotators have 0.58 < log Q/Q < 1.0. The fast rotators are
comparable to the 90th percentile of the rotational distribution
observed in stellar clusters while the latter is between the 25th
and 50th percentile (Gallet & Bouvier 2015). This approach is
analogous to that of Somers & Pinsonneault (2016), who initial-
ized their rotation at 13 Myr rather than including a disk-locking
phase. The only way in which our stellar structure models are
affected by the rotation is by altering the adiabatic temperature
gradient and the criterion for stability against convection. We
neglect the reduction of effective gravity from the centrifugal
force as well as additional sources of mixing such as meridional
circulation or turbulence induced by rotational shear. The aim
is primarily to qualitatively understand how our modifications
specifically affect lithium depletion. Integrating the stability cri-
terion into models that better account for rotation is reserved
for future work. In subsequent models it would also be use-
ful to compare the beryllium evolution because it is destroyed
at higher temperatures and therefore probes mixing at a lower
depth (e.g. Barnes et al. 1999). For the sake of clarity, in this
paper we present two sets of models, which are representative of
fast and slow rotators, respectively.

3.2. Implementing the stability criterion

The velocity of flows in the radial direction of the rotating 3D
hydrodynamical models does not show a strong dependence on
latitude, so we use the condition in inequality (6), which is
strictly valid at the equator, without modification. When solid-
body rotation at rate Q is assumed, inequality (6) can be used to
derive a new stability condition:

Vmd < Vad -

2
4PQ ([ﬂnT) , (a1
P

pg*> \dlnp

which is the Schwarzschild criterion with the addition of the
so-called Rayleigh discriminant on the right-hand side. This is
equivalent to the formulation arrived at (although not actually
used) by Maeder et al. (2008) for 2D models of a 20 M, star,
except for the additional sin @ factor. The factor of Q? suggests
that any effects will be much stronger when rotation is fast and
it obviously reduces back to the ordinary Schwarzschild crite-
rion when there is no rotation. Where it is used elsewhere in the
stellar evolution code, the adiabatic temperature gradient V4 is
similarly adjusted by addition of the Rayleigh discriminant.

3.3. Overshooting schemes

Evidence from solar twins (main sequence stars with nearly
the same mass and metallicity as the Sun) and open clus-
ters is consistent with there being a gradual depletion of
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Table 1. Properties of 125 Myr old 1 M, models with different rotation rates.

Q(rads™')  Period (day) Q/Q«  R/Ro  Tenr (K)  Toce (K)  Mpce/Mo  gerr/g
0.0 - 0.000 0.9086 5792 2.0019 0.9838 1.00
0.721 x 107 1.009 0.100 0.9098 5787 1.9854 0.9841  0.995
1.436 x 107 0.506 0.200 009134 5775 1.9355 0.9852  0.982
1.789 x 10~ 0.406 0.250 09160 5766 1.9010 0.9860 0971
2.388 x 107 0.304 0.337 0.9217 5747 1.8209 09875  0.946
2.820 x 107 0.258 0.401 09268 5730 1.7474 0.9889  0.921
3.479 x 107 0.209 0.502  0.9361 5699 1.6145 09911  0.869

M
R3

Notes. Ty and My are the temperature and the mass coordinate at the convective-radiative boundary, respectively. Qg = ,/ is the Keplerian

2,3 . . . . . . .
break-up rate and geg/g = 1 — ‘}n—é is the equatorial effective gravity expressed as a fraction of the actual gravity at the base of the convection zone.

lithium during main sequence (e.g. Sestito & Randich 2005;
Pasquini et al. 2008; Meléndez et al. 2010; Carlos et al. 2016).
Similarly, lithium measurements for stars with mass, radii, and
rotation periods derived from photometry from the Kepler satel-
lite show that stars that are more slowly rotating, and therefore
generally older, are more lithium depleted (Beck et al. 2017).
This implies that some kind of deep mixing is required through-
out the main sequence evolution.

We computed models with a number of schemes for mix-
ing in formally stable regions, and where possible calibrated free
parameters so that a solar model with the solar rotation rate has
the solar lithium abundance at the age of the Sun:

1. Exponential decay of the diffusion coefficient proposed by

Herwig et al. (1997) based on the 2D hydrodynamical simu-

lations from Freytag et al. (1996):

Dos(2) = Doe_ZZ/(ﬁ’SH"), (12)

where Dy = vl/3 is the diffusion coefficient near the con-
vective boundary from MLT, z is the distance from the con-
vective boundary, Hp is the pressure scale height, and the
calibrated value for the free parameter is f,s = 0.035. This is
hereafter referred to as the ‘Herwig’ scheme.

2. A uniform diffusion coefficient in radiative regions in the
outer half of the model (by mass): Dy, = 4.4 X 103 cm?s7L.
This is used without a specific physical motivation in mind.
It is merely representative of the kind of slow mixing that
may occur and that appears to be needed during the main
sequence. We refer to this scheme as ‘deep diffusion’. This
is hereafter referred to as the ‘Pratt’ scheme.

3. A combination of the previous two schemes where the dif-
fusion coefficient applied is the larger from the two: D =
max (Dos, Dypi). In this case fos = 0.02 was arbitrarily cho-
sen for the exponential decay scheme and then a solar model
Li calibration yielded Dyy; = 2.4 x 10° cm? s

4. The scheme proposed by Prattetal. (2017) based on 2D
MUSIC convection simulations (see also Pratt et al. 2016) and
later supported by 3D simulations (Pratt et al. 2020):

(rp=r) _ u
Dos(2) =D0{1 — exp [—exp[—RT] }, (13)
where u = 0.005 from Baraffe et al. (2017) and 4 = 0.0026
is from a solar calibration, r is the radial coordinate, R is
the stellar radius, and rg is the position of the convective
boundary.

5. Rotationally dependent overshooting used by Baraffe et al.
(2017), which reduces above a threshold rotation rate €, =

5Q; and where the overshooting distance (using the same

diffusion coefficient as Pratt et al. 2017) is limited to 1 Hp if

Q < Q and 0.1 H,, otherwise. This is the only scheme with

parameters that directly depend on the rotation rate.

Finally, we also included a sixth set of models without any non-
convective mixing, which could not be calibrated to match the
solar lithium abundance.

The slow, uniform diffusion scheme is included as a crude
emulation of the slow but deep mixing that is generally needed
to match the lithium depletion inferred from observations of
solar-twins at different ages. Proposed mechanisms include
theoretically predicted mixing induced by gravity waves (e.g.
Montalban & Schatzman 1996; Montalban & Schatzman 2000;
Talon & Charbonnel 2004), mixing from various rotationally
induced instabilities (e.g. Brunetal. 1999; Decressin et al.
2009), and convective overshooting (e.g. Zhang 2012;
Andrédssy & Spruit  2015; Baraffe etal. 2017; Zhang et al.
2019). Best-fit models for asteroseismology also provide
some support for slow mixing in regions formally stable to
convection (e.g. Moravveji et al. 2015, 2016; Wu et al. 2020).
Other authors have adopted diffusion coefficients of the same
order of magnitude as ours for lithium fitting. Denissenkov
(2010) showed that a diffusion coefficient of 2—4 x 103 cm? s~!
is required to be consistent with observations of solar-like stars,
which is much less than the required rate of angular momentum
diffusion to match the spin-down of solar analogues, suggesting
another angular momentum transport mechanism is required.
Jgrgensen & Weiss (2018) boosted the diffusion coefficient from
Christensen-Dalsgaard et al. (2018) for a helioseismic fit to the
Sun by a factor of 100 to 1.5 x 10* cm?s~! to achieve the solar
lithium abundance. Calibrating our deep diffusion scheme gives
a diffusion coefficient similar enough to these earlier mixing
models for it to be a reasonable example of their kind for this
study.

4. Structural effects from rotation

In order to examine how the rotation alters the stellar struc-
ture, we computed several 1 My models evolved to the age of
the Pleiades (125 Myr) with a range of rotation rates. These
were not evolved using the rotation law used for the lithium
evolution calculations that follow in Sect. 5. The rotation rates
were instead manually adjusted to produce a spread. The results
are summarized in Table 1. As the rotation rate increases,
the required temperature gradient for convection to carry the
luminosity increases. Consequently, the models become slightly
more inflated and cooler. This is analogous to the structural effect

A146, page 5 of 11



A&A 654, A146 (2021)

of additional opacity. The effects on global properties are fairly
small for modest rotation rates: The model rotating at one quarter
the break-up value has a radius a little under one percent above
that of a non-rotating model and the effective temperature is 26 K
cooler. The modest effect on the global properties is consistent
with the 2D model of a fast-rotating 20 M OB star with two
envelope convective shells computed by Maeder et al. (2008). In
that model, the Solberg—Hgiland criterion increased V by less
than 0.01 and gave very small changes to the structure, despite
the fast rotation rate: Q/Q.; = 0.94.

The conditions in the convection zone, however, are much
more sensitive to the rotation. By changing the location of
the convective boundary, the same rotation as above reduces
the mass inside the convection zone by more than 10% and
consequently also reduces the temperature at the base of the
convective envelope Ty from 2.0 MK to 1.9 MK. These trends
continue for faster rotation rates, and moreover, these properties
become increasingly sensitive to the rotation rate: Just as with
the changes to the temperature gradient, the reduction in Ty is
proportional to Q2. Table 1 also gives an indication of the impor-
tance of neglecting the reduction of effective gravity from the
centrifugal acceleration on the structure. The Ty cools substan-
tially while g is only reduced by a few percent. Stellar mod-
els that do account for the reduction in g.g¢ from Mendes et al.
(1999), and rotate at about 4 X 10™*rads™! at the ZAMS show
small increase in Ty Oover non-rotating models, Alog T = 0.02,
and only a negligible increase during the PMS when Ty, is high-
est and lithium depletion is fastest. This is also consistent with
the rotating models from Amard et al. (2016) where the addi-
tional chemical transport from rotation is the dominant factor
for the lithium evolution.

Figure 2 shows the temperature-density profiles as well as
the temperature gradient of the models in Table 1. Convectively
unstable regions are shown in red and stable ones in blue. The
differences between the models are most obvious near the bot-
tom of the convection zone where radiation dominates the heat
transport. This contrasts with the ordinary adjustments to con-
vective efficiency via changes to the mixing length parameter,
which have a negligible direct effect on the deeper layers. It is
clear that as the rotation rate increases, the radiative zone extends
to cooler temperatures. The steepening of the temperature gra-
dient near the bottom of the convection zone is also apparent.
Despite the large variation in V, the maximum MLT convec-
tive velocity in each of the model is nearly identical. We do not
expect these effects to be important for helioseismology: At the
solar rotation rate, the structural changes to, for example, the
depth of the convection zone are small compared with those from
uncertainties such as opacity, equation of state, and the treatment
of mixing near the convective boundary.

The fastest modelled rotation rate in Table 1 and Fig. 2,
P = 0.2day, corresponds approximately to the lower end of
the period distribution for solar mass stars among similarly
aged clusters: Pleiades (Hartman et al. 2010), M 50 (Irwin et al.
2009), and M 35 (Meibom et al. 2009). It is evident from the
global properties in Table 1 and the structures in Fig. 2 that the
effects are small for periods greater than about half a day. By
the age of the Pleiades this is the majority of stars: Only 20 of the
148 stars with Li and rotation determinations in the sample from
Bouvier et al. (2018) have periods of less than 0.5 day and seven
have periods of less than 0.25 day. The effects are more criti-
cal, however, at early stages, during the PMS, when the angular
momentum is higher and the lithium depletion in standard mod-
els is much more rapid.
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Fig. 2. Internal structures from the suite of 1 M, main-sequence models
with different rotation rates (0 < Q < 0.5Q) shown in Table 1. Upper
panel: temperature and density profiles near the bottom of the convec-
tive envelope. The models towards the left-hand side are the fastest
rotators. Middle panel: temperature gradient V = 3& i for the same
models. The curves that reach the highest V are the fastest rotators and
the fastest is denoted by a thick line. Lower panel: ratio of the tem-
perature gradients as a function of enclosed mass and radial coordi-
nate. The denominator in the ratio of the temperature gradients V,q4.o
is the right-hand side of inequality (11) instead of the true adiabatic
temperature gradient V,4. The requirement for convective instability in
the models with rotation is V,.q/Vas+q > 1. The curves furthest to the
right are the fastest rotators and the fastest is denoted by a thick line.
Convectively unstable regions are shown in red and stable regions in
blue.
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Fig. 3. Upper panel: rotation evolution for representative 0.75 M,, fast
(dashed) and slow (solid line) rotators. Lower panel: surface lithium
evolution for the same fast (dashed) and slow (solid line) rotators with
six different treatments of mixing near convective boundaries and the
modified stability criterion.

5. Lithium evolution effects

Figure 3 shows the evolution of the rotation and surface lithium
abundance for a set of 0.75 My slow and fast rotating models
with the modified stability criterion and six different treatments
of mixing near convective boundaries outlined in Sect. 3.3. The
fast rotation is enough to very strongly suppress PMS lithium
depletion in these models. Models with different mixing schemes
are broadly similarly affected by the rotation. Much of the dis-
parity can be attributed to whether the scheme (and the specific
tuning of parameters) favours faster early lithium depletion or
slow depletion over the duration of the main sequence. Those
with deep diffusion and to a lesser extent those with Pratt over-
shooting, which have more main sequence lithium depletion,
are the least affected. The magnitude of the effect from rota-
tion is always significant, however, even for the model without
any overshooting rotation causes AA(Li) ~ 3. The slowly rotat-
ing sequences are slow enough that the model with rotation-
dependent overshooting is already lithium depleted before the
rotation rate exceeds the chosen threshold value (P = 5 day) and
the overshooting distance is severely curtailed.

The surface Li evolution is most sensitive to the rotation rate
at younger ages when rotation and Li depletion is fastest. The
fast-rotating 0.75 M, sequence in Fig. 3 rotates perhaps a little
faster than the fastest rotators in Cepheus OB3b (Littlefair et al.
2010) but is consistent with those in NGC 2363 (Irwin et al.
2008), both of which are 4—-5Myr old. The model is also con-
sistent with the rapid rotators in the roughly 13 Myr old h Per-
sei cluster (Moraux et al. 2013). By the age of the Pleiades, the
fast-rotating models do not rotate as rapidly as their observed
counterparts in clusters: Pleiades (Hartman et al. 2010), M 50
(Irwin et al. 2009), NGC2516 (Irwinetal. 2007), and M 35
(Meibom et al. 2009). Although by this age most stars of this
mass have periods of several days and therefore the structure
would be unaffected by the rotation.
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Fig. 4. Comparison between observations and theoretical predictions of
lithium and rotation in the Pleiades. Observational data are denoted by
grey markers and are taken from Bouvier et al. (2016), where the rota-
tional periods are from Rebull et al. (2016) and lithium abundances are
from Barrado et al. (2016). Marker size is proportional to the logarithm
of the rotation frequency. Theoretical models are fast (dashed lines) and
slow (solid lines) rotators with the modified stability criterion and six
different treatments of mixing near convective boundaries, which are
denoted by the same line colours as in Fig. 3.

Lithium predictions from the grid of models at the age of
the Pleiades are shown in Fig. 4 along with the observed and
theoretical rotation rates. Irrespective of the mixing scheme, the
spread in A(Li) due to rotation is at least as large as in the data.
It is not surprising that the slowly rotating models with conven-
tional (or similar) overshooting schemes are too lithium poor at
young ages. It is a well-known issue that ordinary stellar models
experience most of the lithium depletion too early if they match
the present Sun (and we have calibrated the overshooting to do
just that). Fast rotation for the Herwig and Pratt models is able to
suppress lithium depletion enough for them to match the lithium
abundances of the observed slow rotators but it should be noted
that even a one third increase to the initial rotation rate is enough
to shift the curves to higher A(Li) so that they fit the upper range
of the observations. At such young ages (<125 Myr), more rapid
rotation makes A(Li) less dependent on the overshooting pre-
scription because very fast rotation will always severely suppress
Li depletion.

The marker sizes denote the rotation rates in Fig. 4, and
from this it appears that, if anything, the fast-rotating stars
among this group are faster rotators than the models. Faster rota-
tion would increase A(Li), but most of the Li depletion occurs
before about 25 Myr, whereas most of the angular momentum
is lost afterwards (Fig. 3) and the early rotation rates are con-
sistent with the observations. This suggests that any rotation
rate discrepancy could be a consequence of the rotation model,
rather than an indication that the early rotation is too slow. The
predicted rotation rates at older ages will be especially sen-
sitive to the braking law adopted. We used a single value of
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Fig. 5. Comparison between the observed lithium abundance in dwarf stars in clusters of various ages and predictions from models with fast
(dashed) and slow (solid line) rotation with six different treatments of mixing near convective boundaries and the modified stability criterion. Data
for IC2391 and IC 2602 (50 Myr) are from Randich et al. (2001); Pleiades data (125 Myr) are from Randich et al. (2001); data for the Hyades
(600 Myr) are from Pace et al. (2012) and Cummings et al. (2017) and for Praesepe (600 Myr) are from Cummings et al. (2017); data for NGC 752
(1.5 Gyr) are from Castro et al. (2016); and M 67 (4 Gyr) are from Pace et al. (2012). Data shown from Cummings et al. (2017) is limited to stars

for which a T, uncertainty was given.

K and Qg in Eq. (10) across the stellar mass range studied.
When the Kawaler (1988) braking law is calibrated using the
Sun, the spin-down time is much faster in the saturated regime
for stellar masses lower than that of the Sun compared with
other braking laws (Barnes 2010; Reiners & Mohanty 2012;
van Saders & Pinsonneault 2013; Matt et al. 2015). By increas-
ing the spin-down time in the saturated regime, more recent brak-
ing laws would help reconcile the rotation discrepancy between
the lower-mass fast-rotating models and most rapidly rotating
stars which is already evident by the age of the Pleiades. We
also did not model a disk-locking phase. In our solid-body rota-
tion models we do not expect this to have a significant impact on
our results because (i) we calibrated the initial rotation to match
observed stars, (ii) the phase would be relatively short for the
fast rotators, and (iii) it would only affect the rotation rate before
lithium depletion is strongest. In models that allow differential
rotation, however, the disk-locking treatment could be important.

Figure 5 shows a comparison of Li from the evolution mod-
els and various open clusters spanning ages between 50 Myr
and 4 Gyr. The fast and slow rotating sequences have 0.18 <
Q/Qk < 0.48 and 0.015 < Q/Qk < 0.045 at 50 Myr, respec-
tively, where Qg is the Keplerian break-up rate. Among the
former fast-rotating models, those with M > 0.75 M have
0.34 < Q/Qg < 0.48 while the others have Q/Qg < 0.37.
The sensitivity of the structure to changes in the rotation rate
when Q is high, which we demonstrated in Fig. 2, means that the

A146, page 8 of 11

abundances for the fast-rotating models shown by the dashed
lines should be considered indicative of the magnitude of the
effect of rotation, that is small changes to the rotation will move
the curves up or down, particularly for the cooler (lower-mass)
models where lithium depletion is fastest. The non-monotonicity
of the A(Li) curves for the fast-rotating 50 Myr models in Fig. 5
is due to this sensitivity: Increasing by one third the initial
rotation rate of the 0.75 My fast-rotating model with Herwig
overshooting increases the surface lithium by AA(Li) = 1.7
at 50 Myr. That being said, it is quite clear that the observa-
tional A(Li) data generally sits between the averages of the the-
oretical curves from the respective rapidly and slowly rotating
sequences. An exception to this is the 4 Gyr old models where
the slow rotators (except for those without overshooting) pro-
vide a good match to the data (which has considerable scatter).
This was achieved by construction, however, because the mixing
parameters were calibrated to produce the solar lithium value
with solar rotation at the solar age and Teg.

The theoretical curves of A(Li)—T.g at the lowest T appear
steeper than the relationship implied by the Pleiades (125 Myr)
and the Hyades+Praesepe (600Myr) datasets. A number of
the Li determinations are upper limits, which tends to exac-
erbate the appearance of a disagreement. The slope of the
theoretical curves is also sensitive to the metallicity of the mod-
els (see e.g. Pinsonneault 1997). Higher metallicity sequences
tend to experience more lithium depletion, especially at cooler
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temperatures, producing a steeper A(Li)—T.x isochrone. Our
models all have solar metallicity so they are consistent with the
Pleiades (Soderblom et al. 2009) but the Hyades and Praesepe
are both more metal rich (Cummings et al. 2017), so metallicity
is an unlikely culprit. In addition to the uniform metallicity, the
MLT mixing length parameter and the overshooting parameters
were each calibrated to the match the (hotter) Sun, so perfect
agreement for cooler stars is not expected.

In general, a spread in A(Li) between fast and slowly rotating
models develops early and then after both models are effectively
slow rotators (see e.g. Fig. 3) the Li spread is preserved for the
rest of the evolution. This may not be the case, however, with
a more sophisticated treatment of rotation (see e.g. the models
from Dumont et al. 2021 where the impact of various treatments
for rotational mixing as well as transport processes for chemicals
and angular momentum are explored). We deliberately chose
extremes in rotation rates to highlight the contrast so it is not
surprising that the A(Li) spread from our sets at 600 Myr (and
perhaps 50 Myr and 1.5 Gyr) is greater than in the data. This is
especially evident for 600 Myr old stars between about 5400 K
and 5900 K. Unfortunately, cooler stars (T.g < 6000K) of
that age, in the Hyades for example, are all slow rotators
(Takeda et al. 2013), so it would be difficult to infer anything
about their rotational history and any effect on lithium.

The modified stability criterion and temperature gradient
have the least effect on models that experience the most mix-
ing at older ages when rotation is slower, particularly the mod-
els with deep diffusion and to a lesser extent the Pratt scheme,
which, when calibrated to the Sun, gives more mixing dur-
ing the main sequence than the Herwig scheme. The effect is
pronounced enough, however, for the rapidly rotating models
to usually be more lithium rich as the observed stars (with
the exception of the Herwig and Pratt schemes at young ages;
<125 Myr). The young (less than 600 Myr) fast-rotating models
with rotationally dependent overshooting experience the most
suppression of lithium depletion: This is because the overshoot-
ing scheme already provides a mechanism to reduce the depth
of chemical mixing when rotation is fast, and this works in
concert with the structural changes we are testing. The slowly
rotating models with rotation-dependent overshooting have more
lithium depletion than those from Baraffe et al. (2017). This is
because we chose more slowly rotating representative models
than Baraffe et al. (2017), which consequently spend less time
rotating faster than the threshold rotation rate above which over-
shooting is suppressed: The earlier results from Baraffe et al.
(2017) could be recovered by choosing a faster initial rotation
rate or a lower {); parameter.

The overall best fitting set of models is probably the one with
a combination of an exponential decay in the diffusion coeffi-
cient and a minimum diffusion coefficient in the radiative zone
(‘Herwig + deep diffusion’ in Fig. 5), which unsurprisingly pre-
dict A(Li) somewhere between models with each of those two
treatments separately. These models were computed in order to
mimic, at least superficially, those in the literature that are most
consistent with the empirical lithium depletion rate over the main
sequence. We note that the Herwig + deep diffusion scheme was
only calibrated for the Sun using a single parameter so it could
easily be further refined, but we should emphasize that we are
not suggesting that this is the correct physical description, nor
do we propose a specific physical mechanism that would pro-
duce it. We further add that the choice of combining the deep
diffusion scheme with the Herwig scheme was arbitrary: The
same effect could be achieved with for example a Pratt + deep
diffusion scheme because the crucial aspect is addition of the

slow mixing at great depth from the imposition of a minimum
diffusion coefficient.

6. Summary and conclusions

Inspired by 3D hydrodynamical simulations of rotating convec-
tion, we tested how a relatively straightforward change to the
stability criterion for convection affects theoretical predictions
from 1D models for the surface lithium abundance in low-mass
stars. While integrating this into a stellar evolution code with a
more sophisticated treatment of rotation is reserved for future
work, we briefly summarize the effects we found.

We computed a grid of evolution models between 0.55 M
and 1.2 My with representative slow and fast rotation rates,
which during the epoch of fast lithium depletion span the range
of rotation periods observed in young stellar clusters. By sup-
pressing lithium depletion in rapid rotators mostly at young ages,
these new models reproduce the observed lithium-rotation corre-
lation and help to resolve the problem that conventional stellar
models with convective overshooting predict too much Li deple-
tion during the PMS and too little during the main sequence. The
changes to the evolution only become important when rotation
is fast (P < 0.5day). The models become very slightly inflated
and cooler, but more significantly, the convection zone becomes
shallower and the temperature at its base is reduced as a result.
This moderates the rate of lithium destruction to such an extent
that the potential spread in A(Li) due to rotation for models of
a given effective temperature is at least as large as the observa-
tional spread for all of the clusters examined. The presence of
these effects, and to some extent their magnitude, is independent
of the choice of prescription for chemical mixing beneath the
convection zone.

The changes to the structure—radial expansion and cooling
at the base of the convective envelope—are similar to those that
result from other factors, such as magnetic inhibition of convec-
tion and spot coverage, which have been proposed to explain
the empirical lithium-rotation correlation. We expect that the
modification adopted in this study would generally work in con-
cert with those processes and make it easier to reproduce the
observed trend. In the mass range we examined, the changes to
the stellar structure are only significant at very young ages, when
rotation is fast, so the structure is essentially unchanged for most
of the stellar lifetime and they therefore would probably not be
detectable from colour-magnitude diagrams.

The modification of the stability criterion we implemented
can only reduce the rate of lithium depletion and therefore it
does not eliminate the need for a process that mixes material
beneath the convective envelope, such as convective overshoot-
ing. It is possible that the changes to the conditions at the base
of the convection zone would affect different overshooting mod-
els in substantially different ways; we found this to some extent
for even the simple models we tested, but the general trends were
similar. Baraffe et al. (2017) were able to reproduce the observed
lithium-rotation trend by severely restricting the extent of over-
shooting when the rotation rate was above a defined threshold
level. Our models, including those without mixing schemes that
explicitly depend on rotation exhibited the same trend. The sharp
dependence on rotation rate occurs because the changes to the
temperature gradient and temperature at the base of the convec-
tive envelope are both proportional to Q> while the "Li(p, a)*He
reaction rate is roughly proportional to 72°. The modified stabil-
ity criterion and temperature gradient may thus provide a mech-
anism for the depth of mixing near the bottom of the convective
boundary to be strongly curtailed when rotation is fast.
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This work is the first study of its kind and a number of
improvements are possible. We implemented a simplified form
of the stability criterion, whereas the stability is actually latitude-
dependent. Its form in a 1D stellar evolution code could be
refined by further detailed 2D or 3D calculations. We did not
construct the suite of models to specifically match the obser-
vations of each cluster. All of the models have the same initial
composition, and MLT mixing length parameter and the mix-
ing schemes (where applicable) were calibrated for the Sun. We
adopted a very simple treatment of rotation where it is solid-
body and there is no reduction to the effective gravity. The initial
rotation rates for the sequence of fast-rotating models were not
adjusted to better match the upper bounds of A(Li), although this
would be possible because of the strong dependence of A(Li) on
the rotation rate. The models neglected any effects of magnetism
and spots on convection. Finally, we also assumed cluster ages
from the literature rather than seeking a best fit. We consciously
tested a wide variety of treatments for mixing near the convec-
tive boundary and the differences between their outcomes were
significant enough to show that careful attention must be paid to
this in follow-up studies.

An obvious next step is to integrate this work into stellar
evolution codes with standard treatments for angular momentum
transport. When solid-body rotation is assumed, the change to
the temperature gradient is proportional to Q2 so the findings will
be sensitive to the treatment of rotation, and especially so when
the rotation is fast. When solid-body rotation is not assumed
it will additionally depend on the angular momentum gradient
(inequality (6)). The evolution will also similarly depend on the
angular momentum loss law adopted, particularly if it affects the
rotation rate during the PMS when lithium depletion is fastest.
It would be interesting to see how the modified temperature gra-
dient affects the predictions from models with rotational mixing
schemes such as the recent ones from Dumont et al. (2021). The
mass range could be expanded to study whether there are any
implications for models of F-stars, which exhibit the so-called
lithium dip in (seen very clearly around 6500 K in the third panel
of Fig. 5) where the thickness of the convection zone is impor-
tant (Talon & Charbonnel 1998). Many of these types of stars
are also fast rotators (e.g. Queloz et al. 1998; Deliyannis et al.
2019).

This work is an example of the capacity for multi-
dimensional hydrodynamical simulations to inform the ingredi-
ents of stellar evolution models and help reconcile theory and
observations. It demonstrates the potential of this approach for
improving the predictive power of 1D stellar evolution models.
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