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ABSTRACT

Context. K-type stars of similar effective temperatures in clusters younger than about 250 Myr are characterised by a wide dispersion
in lithium abundance whose origin is not understood.
Aims. The present study addresses this question in light of rotation period measurements recently conducted in the Pleiades and M 34
open clusters.
Methods. The study investigates the dependence of lithium abundance with effective temperature distinguishing stars that belong to
different rotation sequences in diagrams where measured rotation periods are plotted against B − V colour indices.
Results. At any given effective temperature below 5500 K, stars on the fast rotator sequence in the Pleiades and M 34 have significantly
higher lithium abundances that stars with same masses and ages located on the slow rotator sequence.
Conclusions. This correlation suggests that shear-induced turbulence at the base of the convection zone accelerates the depletion of
lithium in rapidly rotating late G- and K-type stars during a brief episode of strong rotational braking by stellar wind in their early
evolution on the main sequence. The epoch at which this strong rotational braking occurs does not depend on stellar mass only but
also on the rotation history of each individual star. I argue that the large dispersion in surface lithium abundance of K stars in the
Pleiades and M 34 could be a consequence of this phenomenon.

Key words. open clusters and associations: general – stars: abundances – stars: rotation – stars: evolution – stars: solar-type –
stars: late-type

1. Introduction

The depletion of lithium and beryllium from the atmospheres of
cool stars provides some information on the physical processes
responsible for the redistribution of materials in their interiors.
Predictions of the surface abundances of elements in stars are
made by standard stellar models that include convection only
as a mixing process. These models account for the decrease
of lithium surface abundance with decreasing mass that have
been observed in many open clusters including the Pleiades (e.g.
Duncan & Jones 1983) and the Hyades (e.g. Soderblom et al.
1995).

However, during the past two decades, observations of un-
evolved stars in open clusters and the field disagree with the
predictions of the standard models (e.g. Randich 2006). In par-
ticular, K-type stars of similar effective temperatures in clusters
younger than about 250 Myr are characterised by a wide dis-
persion in Li abundance whose origin is not understood. As an
example, the Pleiades show a large dispersion in surface Li abun-
dance at a given colour for Teff ≤ 5500 K (e.g., Duncan &
Jones 1983; Soderblom et al. 1993). On the contrary, G dwarfs
in the Hyades cluster, much older than the Pleiades, exhibit lit-
tle or no intrinsic dispersion in lithium abundance at a given
mass. A similar behaviour is found in the Praesaepe star cluster
(Soderblom et al. 1993), which has the same age and metallicity
as the Hyades.

These observational results, not expected from standard
models, suggest that Li depletion is not driven uniquely by

convection, and that extra-mixing processes not included in clas-
sical theory are at work in stars during their early evolution.
Tendencies for stars with high projected equatorial velocities to
be lithium rich have been found in young clusters such as the
Pleiades (Butler et al. 1987; Soderblom et al. 1993) and α Per
(Balachandran et al. 1988) indicating that stellar rotation play an
important role in these extra-mixing mechanisms (e.g. Chaboyer
et al. 1995b; Montalban & Schatzman 2000). Alternatively, King
et al. (2010) suggested that the real abundance component to the
Pleiades Li dispersion is the manifestation of relic differences
in erstwhile pre-main-sequence Li burning caused by effects of
surface activity on stellar structure.

Recently, photometric monitoring programmes have pro-
duced a large number of rotation period measurements in open
clusters, including the Pleiades (Hartman et al. 2010) and M 34
(Irwin et al. 2006; James et al. 2010; Meibom et al. 2011). These
studies provide an opportunity to remove ambiguities associ-
ated with the use of projected equatorial velocity in the study
of open clusters. These measurements have also shown (e.g.,
Barnes 2003; Meibom et al. 2009, 2011) that members of young
stellar clusters tend to group on narrow sequences in diagrams
where the measured rotation periods are plotted against masses
or B − V colour indices.

The present study revisits the connection between Li abun-
dance and rotation in the Pleiades and M 34 open clusters in light
of these new rotation rate measurements. The lithium and rota-
tion datasets and the properties of the sample stars are reported in
Sect. 2. Section 3 presents a classification of the sample stars into
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Fig. 1. Rotation periods of the Pleiades (left) and M 34 (right) sample stars as a function of their (B − V)0 colour indices compared with C
and I isochrones.

rotation sequences and reports on their correlations with lithium
abundances in the Pleiades and M 34 open clusters. The study
results are discussed in Sect. 4.

2. Compilation of the sample

The stellar sample used in the present study consists of main-
sequence stars with known lithium abundances and rotation pe-
riods that belong to the Pleiades and M 34 open clusters.

Recently, Hartman et al. (2010) conducted an extensive pho-
tometric time-series survey of the Pleiades based on the mem-
bership list of Stauffer et al. (2007). Rotation periods were mea-
sured on 368 stars with 0.4 ≤ M/M� ≤ 1.3. I cross-matched
these data with lithium abundance measurements in the Pleiades
retrieved by King et al. (2000; see Table 1). These authors com-
pile a list of 76 Pleiades members with known Li abundances
from studies of Soderblom et al. (1993) and Jones et al. (1996)
excluding binary systems and all stars with upper limits on the
λ6707 Li I line’s equivalent width. Another star (HII 1653) clas-
sified as a spectroscopic binary by Hartman et al. (2010) was also
excluded from the study. The colour indices of the remaining
64 sample stars are in the range 0.5 < (B−V)0 < 1.33 which cor-
responds to late-F, G, and early-K spectral types and to masses
between 0.7 and 1.3 M�. All these stars have reached the main
sequence since their Kelvin-Helmholtz contraction timescales is
shorter than their age (∼100−150 Myr, Stauffer 2010).

Lithium abundances in M 34 have been derived by Jones
et al. (1997; see their Table 1) from a high resolution spec-
troscopy study of stars with high membership probabilities. I
correlated these data with the list of 83 kinematic and photomet-
ric late-type M 34 cluster members with known rotation periods
established by Meibom et al. (2011). Fourteen correlations were
found. The lithium abundance measurements were also corre-
lated with the results of a time series photometric survey of
M 34 reported by Irwin et al. (2006). These authors measured
the rotation periods of 105 cluster members selected from a V vs.
V − I colour–magnitude diagram covering a range 14 < V < 24.
Twelve correlations were found of which 6 are new. Finally, the
list of M 34 stars with known lithium abundance was correlated
with the list of 55 solar-type stars in M 34, whose rotation pe-
riods were derived from differential photometry by James et al.
(2010). Three new correlations were found. In total, 23 stellar
members of the M 34 open cluster have been found that have

known rotational periods and Li abundances. Their colour in-
dices in the range 0.55 < (B − V)0 < 1.23 and age estimate
between 177 Myr (Meynet et al. 1993) and 251 Myr (Ianna &
Schlemmer 1993) indicate that these stars have reached the main
sequence.

3. Analysis

3.1. Classification into rotation sequences

Observations of main sequence stars with G and K spectral types
in young open clusters (∼100–200 Myr) show clear evidence
for two distinct sequences of fast and slow rotators in period
vs. mass or (B − V) colour index diagrams (e.g. Hartman et al.
2010). These rotation sequences are called hereafter the (con-
vective) C sequence and the (interface) I sequence along the
paradigm advanced by Barnes (2003).

Figure 1 (right) plots the rotational periods P of the M 34
sample stars as a function of their reddening corrected (B −
V)0 indices. It also displays functional forms of the I and C se-
quences that were first introduced by Barnes (2003). For the I se-
quence, I used the form subsequently modified by Barnes (2007)
in line with the gyrochronology analysis of M 34 performed by
Meibom et al. (2011). The equations of these isochrones are as
follows:

PC = 0.2 exp ([(B − V)0 + 0.1 − t/3000]3 × t/100) (1)

PI = [a × ((B − V)0 − b)c] × tn (2)

where a = 0.730, b = 0.481, and c = 0.532 are the coeffi-
cients determined from a least squares fit of PI(t, B − V) to the
M 34 I sequence using n = 0.52 and t = 220 Myr (Meibom
et al. 2011). The value n = 0.52 had been previously determined
by demanding solar rotation at solar age using the I sequence
from multiple young open clusters (Barnes 2007). From the data
point positions relative to these curves, the M 34 sample stars
were classified as lying on the C sequence, on the I sequence, or
in the gap between these two sequences.

Hartman et al. (2010) compared the mass–period diagrams,
which are equivalent to colour–period diagrams, of the Pleiades
and four other open clusters with similar ages. They noted that
the mass–period diagram of the Pleiades is remarkably similar
to that seen by Meibom et al. (2009) for the M 35 open cluster
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Fig. 2. Equivalent width of the Li 6708 Å line as a function of the (B −
V)0 index corrected from reddening for the Pleiades (top) and M 34
(bottom) sample stars.

which gyro-age ranges from 134 Myr to 161 Myr. Figure 1 (left)
shows the colour–period diagram of the Pleiades sample stars
with known Li abundances. It also displays functional forms of
the I and C rotation isochrones derived from the gyrochronol-
ogy analysis of M 35 performed by Meibom et al. (2009). These
forms are given by Eqs. (1) and (2) with a = 0.77, b = 0.40,
c = 0.60, and n = 0.52. I classified the Pleiades sample stars
as members of the C sequence, of the I sequence or of the gap
based on their proximity to the 125 Myr C and I isochrones.

Four stars in the Pleiades and one star in M 34 with (B−V)0 <
0.7 could not be classified and are marked by crosses in Fig. 1.
These blue and bright objects are most likely close binaries
in which the active component is locked into high rotation by
synchronisation with the orbital period due to tidal effects.

3.2. Lithium abundance and rotation

The Li i λ 6707.8 Å equivalent widths of the Pleiades and
M 34 sample stars are plotted vs. their reddening corrected
(B − V)0 indices in the upper and lower diagrams of Fig. 2.

The Li spectral feature encompasses a blending complex
that lies some 0.4 Å blueward of the Li doublet. Its contri-
bution of about 10 mÅ is significantly smaller than the typ-
ical Li line strength that ranges between 50 to 300 mÅ. It
was subtracted in the Pleiades sample stars by King et al.
(2000) following the approach of Soderblom et al. (1993), who

parameterised the contaminating line strength as a function of
the B − V colour index. King et al. (2000) estimated that the
uncertainties on the Li i λ 6707.8 Å line equivalent width mea-
surements are in the range 5 to 30 mÅ based on measurement
errors of Soderblom et al. (1993) and Jones et al. (1996) that are
dependent on projected rotational velocities. Jones et al. (1997)
found a comparable 10% uncertainty in M 34 from several inde-
pendent measurements of the Li equivalent width in each star.

Figure 2 shows that, for (B − V)0 > 0.7, the dispersion in
equivalent width of the Li i λ 6707.8 Å line is significantly higher
than the measurement errors. It also reveals that, in this colour
index range, the Li line equivalent widths of C sequence and gap
stars are systematically larger than those of I sequence stars.

Soderblom et al. (1993) calculated lithium abundances in the
Pleiades from the Li i λ 6707.8 Å line equivalent widths values
using conventional LTE curves of growth. The derived abun-
dances were tabulated as a function of the line equivalent widths
and the star effective temperature. King et al. (2000) updated
previous Li abundances derivation by applying this tabulation to
corrected Li line strengths and effective temperatures values de-
rived from B − V and V − I colour indices. They derived the
uncertainties on the final abundances by summing in quadrature
uncertainties in the Li line measurements and on the effective
temperatures. These errors on the Li abundance of the Pleiades
sample stars typically range from 0.1 to 0.26 dex with the ex-
ception of the HII 1110 and HII 3019 stars which have very low
Li abundances. Jones et al. (1997) estimated that a 10% error
in equivalent width lead to an abundance error of about 0.05
to 0.15 dex. Further errors in temperatures due to errors in the
colours give errors in abundances of 0.1 to 0.2 dex.

The lithium abundances of the Pleiades and M 34 sample
stars are plotted as a function of their effective temperatures in
the upper and lower diagrams of Fig. 3. The lithium abundance
decreases with effective temperature by nearly three orders of
magnitude between 6000 K and 4000 K.

This well-known decay is expected from standard models of
stellar evolution that predict the attrition of Li as a function of
stellar mass, and age. According to these models, pre-main se-
quence stars with low masses evolving down the Hayashi track
develop high enough temperatures at the base of their convection
zone for energetic protons to destroy Li there, thereby depleting
their surface Li abundance. Reversely, little Li depletion is ex-
pected for stars reaching the zero-age main sequence (ZAMS)
as A, F, or G dwarfs (e.g., Pinsonneault 1997). Since Li deple-
tion ceases as the surface convection zone recedes towards the
surface and its base cools, standard models of stellar evolution
also predicts that no further Li depletion occurs on the main-
sequence for A, F, and G dwarfs (e.g., Proffitt & Michaud 1989;
Deliyannis et al. 1990; Swenson et al. 1994), whereas K and
M dwarfs should continue to deplete Li as they evolve beyond
the ZAMS. This prediction is consistent with Fig. 3. Indeed,
G-type stars have similar Li abundance in the Pleiades and M 34
while K-type stars have in average lower Li abundance in the
older M 34 cluster. This comparison is justified since the two
clusters have similar metallicities (Schuler et al. 2003; Taylor
2008).

However, standard models also predict that 7Li depletion in a
star is a unique function of age, mass, and metallicity. Figure 3,
in contrast, shows that stars with the same Teff in the Pleiades
or in M 34 have significantly different Li abundances. The scat-
ter in the star-to-star Li abundance is particularly large in the
5500−4000 K temperature range as noted by Jones et al. (1997)
in M 34 and by Soderblom et al. (1993), Jones et al. (1996),
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Fig. 3. Lithium abundance vs. effective temperature for the Pleiades
(top) and M 34 (bottom) sample stars.

and King et al. (2000) in the Pleiades. A comparison of the ob-
served scatter in Li abundances with the estimated uncertainties
indicates that this spread is statistically significant. Furthermore,
Fig. 3 shows that, at any given temperature below 5500 K, C se-
quence and gap stars in the Pleiades have significantly higher
lithium abundances than I sequence stars with the same effec-
tive temperature. This confirms the correlation between rotation
sequences and Li abundance suggested in Fig. 2.

4. Discussion

Independently from any specific model of stellar rotation evolu-
tion, the clustering of young main-sequence stars into fast and
slow rotation sequences in period vs. colour index diagrams,
their later evolution through the gap towards a single sequence,
and the low density of stars in the gap indicate that stars spend
less time in this part of the diagram than on the C and I se-
quences. The narrow C sequence in the Pleiades and M 34 also
suggests that the rapidly rotating C stars loose little angular mo-
mentum until they quickly evolve through the gap onto the I se-
quence. The transition from the C to the I sequence thus con-
stitutes an evidence for a brief phase of strong surface rotation
deceleration among rapidly rotating late-G and K type stars in
their early phase of evolution on the main sequence.

This interpretation is supported by models of stellar rota-
tion evolution that predict a large deceleration of rotation among
rapidly rotating solar-type stars during their first few 100 Myr
on the main sequence (Gallet & Bouvier 2013). The epoch at

which this strong rotational braking occurs does not depend on
mass only, since main sequence stars in young open cluster with
a same mass and age can be either on the C sequence, on the
I sequence or in the gap. This epoch also depends on other stel-
lar parameters such as the initial rotation period on the ZAMS
(Barnes 2010) which itself depends on the rotation history of
each star during its pre-main sequence contraction (see Bouvier
et al. 2013, and reference therein).

While the empirical model of Barnes (2010) explains the
positions and shapes of the rotation sequences across the ob-
served colour–period diagrams, simplified models of angular
momentum redistribution based on a double-zone model appear
to grasp the main trends of the rotation evolution of solar-type
stars (Gallet & Bouvier 2013). This includes the spin-up dur-
ing pre-main sequence contraction, the rapid spin-down near the
ZAMS, and the convergence of surface rotation rates during fur-
ther evolution on the main sequence. However, these models
do not describe the differential rotation in stellar interiors. The
double-zone model originally proposed by MacGregor (1991) is
a crude approximation of actual internal rotational profiles. The
evolution of internal rotation as the star ages is also sensitive to
the assumed braking law. Quantitative inferences on the effect
of a rapid rotation deceleration on lithium depletion require a
physical modelling of the angular momentum loss due to stellar
winds and of the redistribution of angular momentum in stellar
interiors.

The fact that the transition from the C to the I rotation se-
quence in the Pleiades and M 34 is correlated with a drop in
Li abundance suggests that the associated decay of the rotation
rate is accelerating the depletion of lithium in young late-G and
K-type stars. Rotational braking by stellar winds is the com-
monly accepted explanation for the decay of stellar rotation
on the main sequence. Since the magnetic field lines that sling
charged particles from the wind into space are rooted in the pho-
tosphere, the wind torque is expected to decelerate the envelope
rotation while the conservation of angular momentum should
keep the radiative core in rapid rotation. Gap stars in young open
clusters should thus develop a large shear at the base of their
convection zone that triggers various instabilities. Studies indi-
cate that these instabilities drive mass motions or gravity waves
that redistribute angular momentum and mix the stellar material
enhancing light-element depletion (e.g. Chaboyer et al. 1995b;
Charbonnel & Talon 2005; Talon 2008).

The dispersion in surface Li abundance observed among
K stars in young open clusters could thus result from an acceler-
ation of the Li depletion in rapidly rotating K stars due to shear
instabilities at the bottom of the convection zone during a brief
episode of strong rotational braking by stellar wind in their early
evolution on the main sequence. This scenario explains that no
lithium dispersion is observed in the Hyades and Praesaepe star
clusters (Soderblom et al. 1993) since, by the age of these clus-
ters (∼700 Myr), observations show a clear convergence in the
angular momentum evolution of all F, G, and K dwarfs towards a
single sequence of slow rotators. All the stars have by then expe-
rienced a strong rotational braking that accelerated Li depletion
and the coolest stars (Teff < 5000 K) have fully depleted their
lithium.
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