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Abstract We calculated a grid of evolutionary tracks of rotating miedgth masses
between 1.0 and 3./, and resolutiodm M < 0.02 M, which can be used to study
the effects of rotation on stellar evolution and on the cti@réstics of star clusters.
The value of~ 2.05 M, is a critical mass for the effects of rotation on stellar stru
ture and evolution. For stars with/ > 2.05 M, rotation leads to an increase in the
convective core and prolongs their lifetime on the main sege (MS); rotating mod-
els evolve more slowly than non-rotating ones; the effettstation on the evolution
of these stars are similar to those of convective core ovetsiy. However for stars
with 1.1 < M/Mg < 2.05, rotation results in a decrease in the convective core and
shortens the duration of the MS stage; rotating models evalster than non-rotating
ones. When the mass has values in the rande7 — 2.0 M, the mixing caused by
rotationally induced instabilities is not efficient; thedmgstatic effects dominate pro-
cesses associated with the evolution of these stars. Foelmaith masses between
about 1.6 and 2.0/, rotating models always exhibit lower effective temperesu
than non-rotating ones at the same age during the MS stagea §ven age, the
lower the mass, the smaller the change in the effective testyoe. Thus rotations
could lead to a color spread near the MS turnoff in the colagnitude diagram for
intermediate-age star clusters.
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1 INTRODUCTION

Recently, it has been discovered that some intermediaestag clusters have double or extended
main-sequence turnoffs (MSTOS) in their color-magnitugegms (CMDs) (Mackey & Broby
Nielsen 2007; Mackey et al. 2008; Milone 2009; Goudfroogkt2009, 2011). Platais et al. (2012)
also found that the upper main sequence of the open clusterpler 20 with an age of about 1.3 Gyr
appears to show an enlarged color spread which is not ngrsesh in the CMD for open clusters in
this age group. The double or extended MSTOs are interpeststhr clusters that have two or mul-
tiple stellar populations with similar metal abundancewith differences in age 0£200-300 Myr
(Mackey et al. 2008), which is contrary to the traditionabtutedge that a star cluster is comprised of
stars belonging to a single, simple stellar population witimiform age and chemical composition.
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However, Platais et al. (2012) also pointed out that thergathcolor spread of Trumpler 20 may be
due to differential reddening. In order to understand thereded MSTO, many scenarios have been
proposed by investigators (Mackey & Broby Nielsen 2007; B&k Mackey 2009; Goudfrooij et
al. 2009; Bastian & de Mink 2009; Rubele et al. 2010; 2011;granal. 2011b; Girardi et al. 2011).
In these scenarios, Yang et al. (2011b) found that the ictierss in binary systems can reproduce
an extended MSTO of star clusters. However, the fractiontefacting binary systems is too low to
completely explain the observed features in star cluséarsther interpretation proposed by Rubele
etal. (2010;2011) and Girardi et al. (2011) is continuoasfstrmation, lasting-300 Myr or longer.
However, Platais et al. (2012) noted that “this long peribstar formation seems to be at odds with
the fact that none of the younger clusters are known to haske atrait” and that some star clusters
with extended MSTO might not experience self-enrichmeanget al. (2011b) also noted that the
length of time necessary to explain the double MSTO and dedhlctump of a star cluster is not
the same.

Rotation is a property that virtually all stars possess.adkations show that main-sequence
(MS) stars with1.3 < M/M; < 3.0 have a typical value of 160 k! for vsini (Royer et
al. 2007) which corresponds to a period~08.5—-0.8 d. In the classical theory of stellar evolution,
the effects of rotation are always neglected. Howevertimids one of the key factors that can
change the evolution and resulting outputs of stellar mo{dbeder & Meynet 2000). Bastian &
de Mink (2009) calculated the evolutions of rotating modéts an initial mass of 1.3/, but with
different rotation rates using the stellar evolution coésatibed by Yoon et al. (2006) in which
the effects of rotation on the structure and mixing inducgddbation are taken into account. They
found that rotating models are cooler and fainter than rodating ones for rotation rates that are not
extreme. They incorporated these effects of rotation dtastvolution into the synthesis of CMDs
for star clusters. They found that stellar rotations can imithe effect of multiple populations in
star clusters, whereas in actuality only a single poputagixists. However, using the Geneva stellar
evolution code, Eggenberger et al. (2010) and Girardi ef2111) calculated the evolutions of
rotating models with an initial velocity on the zero-age msequence (ZAMS) of 150 kst ! and
found that rotating models can be slightly hotter and begttian non-rotating ones. The isochrone
of rotating stars has a slightly hotter and brighter turnath respect to that of non-rotating stars
(Girardi et al. 2011), which is contrary to the calculati@sult of Bastian & de Mink (2009). The
origin of the extended MSTO in intermediate-age star chgstestill an open question. In order to
understand the effects of stellar rotation on the evolutibstars and on the CMD of star clusters,
the evolution of rotating stars needs to be studied in motailde

In this paper, we mainly focus on the effects of rotation oa éwolution of stars, especially
on the evolution of intermediate-mass MS stars which cpord to MSTO stars of intermediate-
age star clusters. The paper is organized as follows: weeagplgysical description of the effects of
rotation in Section 2, present the calculation results ictiSe 3 and discuss and summarize themin
Section 4.

2 PHYSICAL DESCRIPTION OF ROTATION
2.1 Effectsof Rotation on Stellar Structure and Evolution

The equations of stellar structure of a rotating star weop@sed by Kippenhahn & Thomas (1970)
and modified by Endal & Sofia (1976) and Meynet & Maeder (198 ®diculate shellular rotation.
Rotation mainly affects stellar structure and evolutiofoar ways:

(1) The first is the effect of centrifugal force on the effeetgravity. This effect can be considered
directly in the equation of hydrostatic equilibrium.

(2) The second is that, for a rotating star, the equipotkeattissobar surfaces are no longer spheres,
because the centrifugal force is always perpendiculagtaxis of rotation and is not, in general,
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parallel to the force of gravity. Thus the assumption of siglaésymmetry for non-rotating stars
is no longer valid for rotating cases. A rotating star may Bplzeroid. This leads to the fact that
almost all structure equations are affected and the indbgreivariables in equations describing
stellar structure need to be redefined.

(3) Thethird is that the radiative flux is not constant on aésic surface because the radiative flux
varies with the local effective gravity, i.e. the Von Zeipéflect (Von Zeipel 1924), which affects
the radiative equilibrium equation and the instability @hgection by changing the radiative
temperature gradient.

(4) The final results from the transport of angular momentuah the mixing of elements caused
by rotationally induced instabilities. The mixing happggin the stellar interiors can affect the
density distribution by changing the mean molecular weighius it can affect the radius of
stars, the instability of convection, and so on.

The first three effects are directly incorporated into theatipns of stellar structure (Endal &
Sofia 1976). In a nonrotating model the independent varjalle is the mass contained within a
spherical surface. However, in a rotating one the indepaindsiable,M,,, is the mass contained
within an isobar surface. The algorithmic methods desegzn isobaric surface and the physical
guantities associated with it can be found in Endal & Sofiar@)9Meynet & Maeder (1997), and
Yang & Bi (2006).

2.2 Angular Momentum L oss, Angular Momentum Transport and the Mixing of Elements

In this context, we assume that angular momentum loss idausmagnetic stellar winds and the
loss only happens when the stellar envelope is convective.perameterized Kawaler’s relations
(Kawaler 1988; Chaboyer et al. 1995)

_ _ . 1-28/3
dJ R\ P/ MmN\N"*( m
— = fiKy (—> <—) To-T QI (Q < Quai), (1)

dt Ro e 011
o o . 1-23/3
dJ R\N* P\ m 4673
2 = Jefw (R@> <M®> 1011 Q" (2= Qerit) (2)

are used to calculate the rate of angular momentum loss,ewher3, and(..;; are adjustable
parametersis,, = 2.035 x 1033 x (1.442 x 10°)? is in cgs units, and the mass-loss rafeis set to
2.0 x 10~ Mg, yr~!. The value off;, calibrated to the Sun is 2.5, however, this may overestimate
the rate of angular momentum loss for stars with mass lahger the Sun because these stars have
a shallower convective envelope than the Sun. Thus we adl@ptalue of 1.0 for stars with mass
larger than the Sun.

In addition, we assumed that the rotation is uniform on th&/&2and in all convective regions
of a star. The angular momentum loss, expansion and/oragiittn of stars lead to the occurrence of
differential rotation in radiative regions. The rotatibmestabilities induced by rotation can not only
transport angular momentum but also mix chemical elem&etsause the horizontal turbulence is
stronger than the vertical turbulence, the angular vejauiid chemical compositions are constant
on an isobar (Zahn 1992). Thus we only consider the vertiaakports of angular momentum and
chemical elements which obey two coupled nonlinear difm&quations
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for the change in the the mass fractidn of species, where the fractiod /M is the moment of
inertia per unit mass, and) is the diffusion coefficient due to the rotational instak@k includ-
ing meridional circulation, the Goldreich-Schubert-kednstability (Goldreich & Schubert 1967;
Fricke 1968), and the secular shear instability. The ¢dteand the estimate of the coefficiebt

of these instabilities are summarized by Endal & Sofia (1@#8) Pinsonneault et al. (1989). The
second term on the right side of Equation (3) describes thag of angular velocity induced by
contraction and/or expansion of stars. The first and secemaston the right side of Equation (4)
are due to the nuclear reaction and gravity settling diffmsrespectively. The velocity;, of the
gravity settling diffusion is given by Thoul et al. (1994hd& adjustable parametés is introduced

to represent some inherent uncertainties in the diffusipragon, and the,., which is less than one,
is used to account for the fact that the transports of angutementum and a chemical species occur
on differenttimescales. The parametgssand f. may depend on stellar mass. However, for simplic-
ity, they are assumed to be constant. The values of the atjesparameters in Equations (1)—(4)
are summarized in Table 1. The effects of magnetic fields énstiellar interiors are not consid-
ered in our models. The magnetic fields are introduced toa@xphe flat rotational profile in the
Sun (Brown et al. 1989; Kosovichev et al. 1997; Eggenbergal. 005; Yang & Bi 2006, 2008).
However, gravity waves can also provide a satisfactoryamnation for the solar rotation (Zahn et al.
1997; Talon & Charbonnel 2005). Especially for intermeeliatass stars which do not experience
magnetic braking, our calculations show that rotationstahilities are efficient enough to transport
angular momentum in these stars.

Table 1 The values of the parameters for angular momentum loss, the
transport of angular momentum, and element mixing.

Parameter fr Jé] Qerit fa fe
Value 1.0%(2.5%) 15 91 1.0 0.2

Notes:* for models withA/ > 1.0 Mg; ® for 1.0 M model.

3 RESULTS

We used the Yale Rotation Evolution Code (YREC7) to comphestvolutions of rotating and non-
rotating models with masses between 1.0 and\3:0 The code has been updated with latest input
physics over the last three decades (Endal & Sofia 1976, Pa@Sonneault et al. 1989; Chaboyer et
al. 1995; Yang & Bi 2007). The new OPAL EOS tables (Rogers & fdagv 2002), OPAL opacity
tables (lglesias & Rogers 1996), and the opacity tablesoi@rtémperature provided by Alexander
& Ferguson (1994) were used. Energy transfer by convectidreated according to the standard
mixing length theory. The value of 1.72 for the mixing-lemgarameterd) was calibrated against
the Sun. The initial chemical compositions in our modelsenixed atZ, = 0.02 and X, =
0.707. The initial rotation period? (or initial rotation velocityl;)) was a free parameter. We mainly
computed the evolutions of the models with = 0.74 and 0.50 d. All models shared the same initial
parameters except for mass and rotation period.

3.1 For Starswith MassLessthan 1.5 M,

Figure 1 shows the evolutionary tracks of the 148 models with and without rotation. No matter
what the initial rotation period is, the efficient magnetiaking results in almost the same rotational
velocity (see panel al in Fig. 2) within a few hundred Myr, gfhleads to the fact that the evolu-
tionary tracks of the two rotating models almost overlaphi@ Hertzsprung-Russell (HR) diagram.
When the age of stars is younger than about 0.25 Gyr, thetieiéemperature and luminosity of the
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Fig.1 Evolutionary tracks in the HR diagram forM; models. The solidréd) line corresponds
to the track of the non-rotating model, the dashgadn) and dotted Iflue) lines show that of the
rotating models with an initial period of 0.74 and 0.50 d pexdtively. The positions of models at the
ages of 0.25, 2.0, and 8.0 Gyr are marked on the tracks.

rotating models are slightly lower than those of the nomtiog ones. However, when age0.25
Gyr, the effective temperature of the rotating models isardout luminosity is lower than those of
the non-rotating ones at the same age.

The rotational mixing takes effect only after compositioagjents have been produced. When
age< 0.25 Gyr, the variation of chemical compositions with redfe radius is very small for a
1.0Ms model, thus the effects of rotational mixing can be negtkeied the hydrostatic effects of
rotation play a dominant role in this stage. The hydrosteatffiects of rotation result in a decrease
in the effective gravity of stars, which can slightly decedhe central temperature and enlarge
the radius of rotating models compared to non-rotating onlesrefore, the rotating models have a
slightly lower luminosity and effective temperature thamsrotating ones.

When age> 0.25 Gyr (the central hydrogen abundanke < 0.69), due to angular momentum
loss, on the one hand, the rotation rate becomes low enougbdiect the influences of the hy-
drostatic effects on the radius; on the other hand, the &serén the gradients of angular velocity
and chemical compositions with respect to radius meanghkabtational mixing begins to play a
dominant role by feeding more fresh hydrogen fuel into thérbgen-burning region and by trans-
porting helium outwards, which can lead to an increase imiban density, i.e. decrease in radius,
and deceleration of evolution. Thus the rotating modelst@ixa higher central hydrogen abundance
(see panel a in Fig. 3) and effective temperature but slidtiver luminosity than non-rotating ones
at the same age. When the models evolved to the same evaelytistate (the same central hydrogen
abundance), the luminosity of rotating models is only dlighigher than that of non-rotating ones
by consuming more hydrogen, however the radius of rotatingets is still smaller than that of
non-rotating ones (see panel a2 in Fig. 2) due to the effddtsearotational mixing, therefore the
effective temperature of rotating models is higher than ¢fi@mon-rotating ones (see panels al and
a2 in Fig. 4). If the rotational mixing is not considered, tig 5 shows that rotation has almost no
effect on the evolution of a 1.0/, model after the age of 0.25 Gyr.

In Figure 6, we show the evolutionary tracks of rotating and-notating models with\/ =
1.2 and 1.4Vl The effects of rotation on the evolution of these stars andlex to those on the
evolution of the 1.04/; model. Compared with the tracks of non-rotating models,ttheks of
rotating models move to the left of the HR diagram. For stats W/ < 1.4 M, due to the efficient
magnetic braking, the hydrostatic effects of rotation @ajominant role after only about 100 Myr.
Then, just as in the case of 1M, models, the rotational mixing begins to play a dominant.role
The rotating models exhibit a higher effective temperatured an approximately equal luminosity
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Fig.2 The surface (equatorial) velocity and radius as a functibthe mass fraction of central
hydrogen. The solidréd) line corresponds to the non-rotating model, and the dagiredn) and
dotted plue) lines indicate the rotating models with an initial periddor4 and 0.50 d, respectively.

compared to the non-rotating ones when they have evolvedtlie same evolutionary state [for
instance the beginning of the MS hook (Yang et al. 2011a)arHR diagram]. Moreover, for the star
with M =1.4 M, Figure 6 demonstrates that the rotating models have heffemtive temperatures
and luminosities at the age of 1.0 Gyr but have lower effedtamperatures at the age of 1.75 Gyr
than non-rotating ones, and that the rotating models evakter than the non-rotating ones. This is
different from the evolutions of the models witlf =1.0 M.

The radiative temperature gradient can be changed by theZz¥grel (1924) effect, and the
adiabatic temperature gradient can be influenced by thengiad elements caused by hydrostatic
instabilities. Thus the instability of convection can béluenced by the effects of rotation. Our
calculations show that the effects of rotation can resul oecrease in the radius or mass of the
convective core for stars with 1., <M < 2.05 M, butan increase for stars wiflf > 2.05 Mg,
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0 0.5 1 0 0.5 1
age (Gyr) age (Gyr)

Fig.3 The mass fraction of central hydrogen as a function of age.stid ¢ed) line corresponds
to the non-rotating model, the dashepleen) and dotted §lue) lines show the rotating models with
an initial period of 0.74 and 0.50 d, respectively.

(see Fig. 7). The decrease in the convective core leads fadhthat the hydrogen abundance in the
convective core of rotating models decreases faster thanothnon-rotating ones. Although the
rotational mixing can bring hydrogen fuel into the core fromter layers, it cannot compensate for
the decrease of the central hydrogen caused by the decnghsebnvective core. As a consequence,
the rotating models evolve faster than non-rotating onesmduhe MS stage for stars with 104,
<M £2.0 Mg (see Fig. 3). Furthermore, Figure 7 shows that the fasteothéon, the smaller the
convective core, thus the faster the evolution of the MSestagstars with 1.1, < M <2.0 Mg,

We named this phenomenon “rotation acceleration.” Theiootacceleration leads to the fact that
the rotating models witld/ = 1.4 M exhibit higher luminosities at the age of 1.0 Gyr and lower
effective temperatures at the age of 1.75 Gyr than the ntating ones (see Fig. 6).

3.2 For Starswith Masses between 1.5and 1.7 M,

Figure 8 shows the evolutionary tracks of the rotating anutrodating models withi/ = 1.5, 1.6,
and 1.7M,. For stars with\/ > 1.5 M, their envelopes are radiative at the beginning of MS. Befor
the appearance of the convective envelope (i.e. before atiagmraking), the stars maintain a fast
rotation (see panel bl in Fig. 2), the hydrostatic effecteotdtion dominate the corrections to the
models and result in the rotating models having a largeusagiiee panel b2 in Fig. 2) and slightly
lower central temperature than the non-rotating ones, ttreisotating models have a slightly lower
luminosity and effective temperature than the non-rogadines at the same evolutionary stage in the
early stage of the MS (see panels bl and b2 in Fig. 4). Howexetalthe effects of acceleration in
rotation, as the evolution proceeds, the rotating modeisgaibit a slightly higher luminosity than
non-rotating ones at the same age.
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Fig.4 The luminosity and effective temperature as a function efrttass fraction of central hydro-
gen. The solidred) line corresponds to the non-rotating model, and the da&jredn) and dotted
(blue) lines indicate the rotating models with an initial peridddor4 and 0.50 d, respectively.

After the convective envelope has developed, due to thelanguomentum loss, on the one
hand, the rotation of the stars begins to slow, which resulésreduction in the hydrostatic effects
of rotation (for example stellar radius is almost no long#eaed by the hydrostatic effects of
rotation); on the other hand, the gradient of angular véagith respect to radius increases, which
enhances the effects of rotational mixing. As the evolugiozteeds, the rotational mixing begins to
play a dominant role, thus the radius of rotating models gbkarirom larger to smaller than that of
non-rotating ones (see panel b2 in Fig. 2). In addition, wihenmodels with and without rotation
are evolved to the same evolutionary state of the MS stag, ltiminosities are approximately
equal, therefore the effective temperatures of rotatindeteoxchange from lower to higher compared
to that of non-rotating ones (see panel b2 in Fig. 4). Howdweiore the MS hook of stars with
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Fig.6 Same as Fig.1 but for stars witll = 1.2 and 1.4M, respectively.

M = 1.6 Mg, due to the facts that magnetic braking occurs in the latgestdthe MS and rotation
accelerates the evolutions of rotating models, the effe¢imperature of rotating models is always
lower than that of non-rotating ones at the same age. Forgheaat the age of 1.5 Gyr, the effective
temperature of the star with/ = 1.6 M, is about 6620 K for the non-rotating model but is 6540 K
for the rotating model witi, = 0.74 d. The difference in the effective temperatures is 80 K.

Moreover, Figure 8 shows that the luminosities of rotatirapels are slightly higher than those
of the non-rotating ones at the end of the MS hook. This is mezaotation hardly affects the
convective core whetX. < 0.1 for these stars and the rotational mixing makes rotatiogels
consume slightly more hydrogen than non-rotating onesidutie MS hook.

3.3 For Starswith Masses between 1.8 and 2.0 M,

The evolutionary tracks of the rotating and non-rotatingdels with M/ = 1.8 and2.0 M, are
shown in Figure 9. For these stars, the rotating models édlightly lower luminosities and ef-
fective temperatures than non-rotating ones when theyheshthe same evolutionary state during
the entire MS stage (see panels c1 and c2 in Fig. 4). Beforglghaook, even at the same age the
effective temperatures of the rotating models are alsofdkan those of the non-rotating ones, but
their luminosities are approximately equal. For exampetlie star with\/ = 1.8 M, at the age
of 1.1 Gyr the effective temperature and luminosity are @&hd 13.03., for the non-rotating
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Fig.7 The radius of the convective core as a function of the masgidraof central hydrogen
abundance. The solided) line corresponds to the non-rotating model, and the dagiredn) and
dotted blue) lines indicate the rotating models with an initial peridddo’4 and 0.50 d, respectively.

model but 6670 K and 13.08; for the rotating model witliy = 0.5d, respectively. The difference
in the effective temperatures is about 300 K. This is becdlusse stars do not experience mag-
netic braking during the MS stage. The fast rotation leadhadact that the hydrostatic effects of
rotation dominate the corrections to radius. In addititwe, ¢ffects of the mixing caused by rota-
tionally induced instabilities are partly counteractedtthy effect of the decrease in the convective
core in these models. Thus the rotating models have a laagius than non-rotating ones at the
same evolutionary state (see panel c2 in Fig. 2). Moreokerhydrostatic effects of fast rotation
also lead to a decrease in the central temperature. For éxawipen the star withi/ = 2.0 M
evolved toX,. = 0.2607, the central temperature is 2.2978)7 K for the non-rotating model but is
2.2966+<107 K for the rotating model withP, = 0.5d. The lower the central temperature, the lower
the energy produced by H-burning. Thus the rotating modal® Islightly lower luminosities than
non-rotating ones at the same evolutionary state. As a qoesee, the effective temperatures of
rotating models are lower than those of non-rotating ones.

3.4 For the Starswith MassLarger than 2.1 M

In Figure 10, we show the evolutionary tracks of the 2.1 a8, models with and without
rotation. For stars with\/ > 2.1M, in the early stage of the MSX(. > 0.5 for M = 2.1 M
and X. > 0.6 for M = 3.0 M) the hydrostatic effects of rotation dominate the cormedito
stellar models; thus the rotating models exhibit lower lnosities and effective temperatures than
the non-rotating ones at the same age.
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Fig.9 Same as Figure 1 but for the models with= 1.8 and2.0 M, respectively.

As the evolution proceeds, the effects of rotation lead tinarease in the convective core for
these stars, and the more massive the star or the higherttt®norate, the larger the change in
the convective core (see Fig. 7). Both the increase in theemtive core and rotational mixing can
enhance the hydrogen abundance and decrease the heliudaabarin the core, which leads to an
increase in the mean density (i.e. a decrease in radius)eurdake in the central temperature of the
rotating models compared to non-rotating ones at the sameaagl prolongs the lifetime of core
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Fig.10 Same as Fig. 1 but for the models withh = 2.1 and3.0 Mg, respectively.

H burning. In addition, the hydrostatic effects of rotatican also lead to a decrease in the central
temperature. Thus rotating models evolve more slowly thamnotating ones and exhibit lower
luminosities than non-rotating ones at the same age. Thetsfof rotation result in an increase in
the convective core for stars witlf > 2.1 M, but a decrease in the convective core for stars with
M <2.0 Mg. Chemical elements are completely mixed in the convectives The increase of the
convective core causes the location of the chemical elegranient to move outwards, which leads
to the process where the product of H-burning can be trategphoutwards much more efficiently by
rotational mixing. Thus the rotationally induced elemerting in stars withA > 2.1 M, is more
efficient than that in stars with mass between about 1.7 add/2. For example, when the stars
with M = 2.0 and 2.1M, evolved toX. = 0.261, the surface hydrogen abundance is 0.707 for both
non-rotating models, however it is 0.705 for the rotatingdelovith M = 2.0 M and Py = 0.5d
and is 0.700 for the rotating model with = 2.1 M., and P, = 0.5d. The efficient mixing leads
to the fact that the radius of the rotating models is smali@ntthat of non-rotating ones at the
same age and the change of the radius is larger than that afdsity. Thus the rotating models
exhibit higher effective temperatures than non-rotatingsat the same age during the middle stage
of MS. However, when the models evolved into the same ewwiatly state in the late stage of
MS, because the rotating models consumed more hydrogethfughon-rotating ones, which can
enhance the temperatures of the core and the He-core midsstieid, the rotating models produce
more energy from H burning than non-rotating ones. The maoezgy is produced, the more the
stars expand. Thus the rotating models exhibit larger radii lower effective temperatures than
non-rotating ones at the same evolutionary state. Thetsftdaotation on the evolution of these
stars withM = 2.1 M, are similar to the effects of convective core overshooting.

4 DISCUSSION AND CONCLUSIONS

Besides the influences of rotation on the internal evoluticstars, effects of rotation on the observ-
able parameters of stars depend on the prodeicti, wherev is the equatorial rotational velocity
ands refers to the angle between the rotational axis of a startamditection towards the observer.
In this work, we only focus on the effects due to internallatetvolution.

The effects of rotation on stellar structure and evolutimraainly derived from hydrostatic ef-
fects, the mixing of elements caused by rotationally induostabilities, and the Von Zeipel effect
which influences the instability of convection by changihg tadiative temperature gradient. The
hydrostatic effects mainly lead to an increase in radiusaddcrease in the effective temperature.
The mixing of elements, however, chiefly results in an insesia the mean density, i.e. a decrease
in radius and an increase in the effective temperature. M@ rotation leads to a decrease in the
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convective core for stars with/ < 2.05 M,, which can counteract the effects of the rotational mix-
ing and accelerate the evolution of stars. However, rata@sults in an increase in the convective
core for stars with\/ > 2.05 M, which dominates that of rotation on the evolutions of thetaes.
For the models with masses between about 1.7 andf2,0because the effect of the rotational mix-
ing is counteracted by the effects of the decrease in theemtime core and they do not experience
magnetic braking during the MS stage, the hydrostatic effdominate the effects on the effective
temperatures and luminosities of these models; thus, feetigke temperatures and luminosities of
rotating models are lower than those of non-rotating oneimdihe MS stage.

The evolutions of our rotating models with/ > 2.1 M, are consistent with the calculation
results of Eggenberger et al. (2010) and Girardi et al. (23 dwever the rotating models with mass
between~1.7 and 2.0/, manifest lower effective temperatures than non-rotatingso which is
not consistent with the results of Girardi et al. (2011) usimilar to the calculation result of
Bastian & de Mink (2009). Moreover, in our models, the MS baidth of rotating models with
M > 2.0 Mg is wider than that of non-rotating ones. However, the MS badth of rotating
models withM < 2.0 M, is narrower than that of non-rotating ones, which is coesistvith the
distributions of the large sample of rotating stars coéddty Royer et al. (2007) in the HR diagram
(see fig. 4 of Zorec & Royer 2012). In the next work, we will gavenore detailed comparison.

For MS stars with a given rotation rate, the change in thegffetemperature caused by rotation
increases with increasing mass. For example, whea-dgeGyr andP, = 0.5d, the difference in
the effective temperature between the non-rotating aradingt model is about 300K for stars with
mass between 1.7 and 18, around 200K for stars with/ = 1.6 M, and about 40K for stars
with M = 1.5 M, but the difference is only several Kelvin for stars with< 1.4 M. The change
in the effective temperature caused by rotation decreagdsdecreasing mass. Thus, for some
intermediate-age star clusters, rotation might lead td@ epread near the MSTO in their CMD. In
the next work, we will discuss the isochrone of rotating mesde

In this work, we calculated a grid of evolutionary tracksaifating models with masses between
1.0and 3.0V, and resolutiom M < 0.02M . We find that the effects of rotation on stellar structure
and evolution are dependent not only on the rotation ratalsoton the mass of stars. For stars with
M > 2.05 Mg, rotation leads to an increase in the convective core anidmgs the lifetime of
core H burning; the evolution of rotating models for thesgsis slower than that of non-rotating
ones; in the early stage of MS, the changes in luminositids#fective temperatures are mainly due
to the hydrostatic effects of rotation, thus rotating medethibit lower luminosities and effective
temperatures than non-rotating ones at the same age; howrevtke late stage of MS, rotating
models can manifest higher effective temperatures tharrom@ting ones at the same age and larger
luminosities at the same evolutionary stage because thgaoal mixing dominates the effects on
the models. For stars with 11, <M < 2.05 M, rotation results in a decrease in the convective
core and shortens the lifetime of core H burning; the rotatimodels of these stars evolve faster
than non-rotating ones. When W, <M < 2.05 M, the rotating models exhibit lower effective
temperatures but approximately equal luminosities coegbty non-rotating ones at the same age;
the evolutionary tracks of the rotating models are locateithé lower right of non-rotating ones in
the HR diagram, and are mainly due to the hydrostatic efféfatstation and “rotation acceleration.”
However, for stars with 1.0/, <M < 1.4 M, due to the fact that these stars experienced magnetic
braking from the beginning of evolution, the rotational mxand “rotation acceleration” dominate
the effects of rotation on the evolution of these stars; tludutionary tracks of rotating models for
these stars are mainly located to the left of non-rotatiresan the HR diagram; the rotating models
can exhibit lower or higher effective temperatures than-raiating ones at the same age, which
depends on the mass and age of stars. Our calculations shothéhmass of 2.05/ is a critical
value for the effect of rotation on the stellar structure amdlution. This value is very close to the
critical mass (2.011) for oscillations in horizontal branch stars (Yang et al12 Rotation could
lead to a color spread for some intermediate-age star ctuséar the MSTO in their CMD.
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