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Abstract Based on the turbulent convection model (TCM) of Li & Yang, have
studied the characteristics of turbulent convection in eéheelopes o2 and 5M,
stars at the red giant branch and asymptotic giant brancéegh@he TCM has been
successfully applied over the entire convective envelojmetuding the convective
unstable zone and the overshooting regions. We find thatdaiheective motions be-
come progressively stronger when the stellar models aegdddarther up along the
Hayashi line. In the convective unstable zone, we find thatdhbulent correlations
are proportional to functions of a common fact® — V.4)T', which explains similar
distributions in those correlations. For the TCM we find tliahe obtained stellar
temperature structure is close to that of the mixing lengéoty (MLT), the convec-
tive motion will have a much larger velocity and thus be moi@ent. However, if
the turbulent velocity is adjusted to be close to that of theTMhe superadiabatic
convection zone would be much more extended inward, whialldvead to a lower
effective temperature of the stellar model. For the ovessihg distance, we find that
the e-folding lengths of the turbulent kinetic enefgiy both the top and bottom over-
shooting regions decrease as the stellar model is progegskicated farther up along
the Hayashi line, but both the extents of the decrease arevaius. The overshoot-
ing distances of the turbulent correlatiohT” are almost the same for the different
stellar models with the same set of TCM parameters. For thaydeodes of the ki-
netic energyk, we find that they are very similar for different stellar mtsdbased
on the same set of TCM parameters, and there is a nearly liekdionship between
lg k andIn P for different stellar models. Whe@s or « increases while the other
parameters are fixed, the obtained linearly decaying distaill become longer.
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1 INTRODUCTION

Red giant branch (RGB) and asymptotic giant branch (AGBijssté@e characterized by the con-
vective motion in their envelopes, which can extend over mormous range in mass (or radius).
Because of the huge scale of convection zones and the ssedisify of the stellar material, turbu-
lent instead of laminar flow always occurs in their outer éopes. Turbulent convection may result
in many important effects in stars: mixing different elenseto be homogeneous in the convection
zone and adding fresh fuel to the nuclear burning regiordging the internal material processed by
H or He burning up to the stellar surface and acting as an itappmeans for heat transfer. These
effects significantly influence the structure and evolutiéstars. Many observational phenomena
appearing in the RGB and AGB stars are ascribed to the cdovect

For the RGB stars as an example, many of them show chemicalai®s (Pilachowski et al.
1993; Charbonnel 1995; Gratton et al. 2000, 2004; Kraft.et@93; Ramirez & Cohen 2002; Busso
et al. 2007; Recio-Blanco & de Laverny 2007). We are stillgbexed by the so-called carbon star
mystery (Iben 1981, 1975, 1977; Sackmann 1980; LattanA819ollowell & Iben 1988; Straniero
et al. 1997; Herwig et al. 1997; Herwig 2005) for AGB starsrtRarmore, the observed mass loss
occurring in the RGB and AGB stars may be due to the turbulesggure (Jiang & Huang 1997). To
solve these problems, we first need to accurately deal witledinvection model and to learn details
of characteristics of the convective motion.

For some RGB and AGB stars the convective motion near thaseiidf the stellar envelope
is superadiabtic because of less efficient convective grtesigsport, and may sometimes become
supersonic based on the mixing-length theory (MLT) (Deng &n¢ 2001). The MLT (Vitense
1953; Bohm-Vitense 1958) is commonly used to deal with thevection. However, due to its sim-
plicity, many shortcomings are found (Renzini 1987; BakeK&hfuss 1987; Spruit et al. 1990;
Pedersen et al. 1990), which thus lead to some confusing ebdtable problems, for example,
convective overshooting (e.g. Saslaw & Schwarzschild 1S&miconvection (e.g. Castellani et al.
1971; Sreenivasan & Wilson 1978) and breathing convectan Castellani et al. 1985). Therefore,
new convection models have been proposed, for examplelarahmixing length theories (Ulrich
1970; Maeder 1975; Bressan et al. 1981) and full-spectrumezdion theory (Canuto & Mazzitelli
1991Canuto & Mazzitelli 1991). However, they are still bédiea the framework of the MLT. A better
theory to overcome the MLT’s drawbacks is the turbulent eation models (TCMs), which are de-
duced directly from the Navier-Stokes equations, and caoriee many of the turbulence properties
(Xiong 1979, 1981, 1985, 1990; Canuto 1992, 1994, 1997; Xetral. 1997; Canuto & Dubovikov
1998; Canuto et al. 1996). However, the dynamic equationgifbulent correlations are expressed
by higher order correlations due to the inherent non-liigaf the Navier-Stokes equations.

Therefore, these equations need to be truncated with saserelapproximations in order to be
applicable in calculations of the associated stellar stinecand evolution. Nevertheless, some free
parameters have to be introduced by the closure assumpidferent closure assumptions corre-
spond to different TCMs, and many of them may not be easilgriparated into stellar evolution
code. Recently, a simple TCM proposed by Li & Yang (2007) wascsssfully applied to the solar
models (Yang & Li 2007), in which the introduced parametdrthe TCM are directly related to
the corresponding turbulence physics. Some significamgdsin the structure of the solar con-
vection zone and better results, compared to the solar perabservations, were obtained. Shortly
afterwards, Zhang & Li (2009) successfully applied the newdsl to the overshooting region of the
solar convection zone.

Up to now, the TCMs have seldom been applied to very largeaxiive envelopes of stars, e.g.
in the RGB or AGB stars, which are rather different from thé&asenvironment. Furthermore, in
view of the key roles that convection played in these staes¢ioose three sites of stellar evolution
to test the TCM of Li & Yang (2007). We try to discover convecticharacteristics for two stars of 5
and2 M, atthe RGB and AGB phases, and to find out their dependencedrGhl’s parameter. To
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analyze the properties of the turbulent correlations amwthagity and temperature fluctuations, we
separate the whole convection envelope (derived selfistemsly from the TCM) into the convective

unstable zone and the convective overshooting regiongectisely. We firstly describe the basic
equations of the TCM in Section 2. The information about tha@wionary code and input physics

are described in Section 3. In Section 4, the convectionadaristics in the convective unstable
zone and overshooting regions are presented and discusspectively. The dependence of the
structure of the overshooting regions on the TCM'’s paramasgegiven in Section 5. Finally, some

concluding remarks are summarized in Section 6.

2 EQUATIONS OF TCM

Using the Reynolds decomposition approximation, and vigetid of some closure approximations,
the second-order moment equations of the TCM are (see Li & 2007 for details)

1 0 U, U, Ou,. U, VE[(— 2 2k%/2  283g
——— | Cipr* =Cp— (v, — Sk |+2—+ L Hpu T, (1
pr?&lnp( - \/_8111P) "o (““ 3) 30 T @)
P 3/2
%—a—(Os Lt o > : +59TH ulT, )
pr29ln P Vk OlnP «
2 0 2 ou, T' pepHp—— T ]
A Vr —Vad
pfzamp( & \/_BlnP) [ T =TV = Vad)
ﬁgr — \/E A 2\ —
HpT’ —_— T’ 3
+= +Co +ﬁcpa2Hpk3 AN )
1 9 s, oT"? pe,Hp — ]—
——— | Ca 2| =2/ T Vr—Vad)|u, T
W‘amp( f alnp) { n T = TV = Vad) .
+2C, <@ + %)W (4)
o pey,afHp

The terms on the left-hand side of Equations (1)—(4) desatiffusion process of the turbu-
lence, representing the non-local characteristics ofuterice and mainly describing the properties
of the overshooting regions outside the Schwarzschild Baries of a convection zone. The terms
on the right-hand side of Equations (1)—(4) represent someéygtion and dissipation behavior of
the turbulence. All the symbols appearing in the above égushave their usual meaning (Li &
Yang 2001, 2007). There are seven free parameters in the aymations. They ar€;, C., Cy,
Cy1, Ce1, Cs, anda. The former three ones are dissipation parameters whidaridesespectively

the dissipation of the turbulent correlatioah7”, the dissipation of the temperature fluctuatibit
and the anisotropic degree of the turbulence. The largérvhkies are, the smaller the convective
heat fluxes will be (Li & Yang 2007). The next three parametaesasure the extent of diffusion

related respectively to the three turbulent correlatiofis’, 7> andw ... Larger values of them
will result in lowered and expanded profiles of these coti@ta (Li & Yang 2007). The last param-
eterq, the ratio of a typical lengthto the local pressure scaleheight, is introduced by theuotos
assumption similar to the mixing length parameter in the MLfie effects of these parameters on
the properties of turbulence and on the structure of the solavection zone are investigated by Li
& Yang (2007) and Zhang & Li (2009). Here we choose several gEthese parameters’ values to
study the properties of the turbulent convection in the RG& AGB stars.

3 INPUT PHYSICS

We calculate the evolution of two stars ®fand5M, respectively. The initial compositiorfZ( =
0.02, X = 0.7) is fixed for both stellar models.
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Table 1 Information of the TCM’s Parameters

Model Name C; Ce Ch C1 Ce1 Cs «a

MLT 1.70
LM 3.0 125 25 0.90
NLMa 3.0 125 25 0.03 0.03 0.03  0.90
NLMb1 7.0 020 25 1.0x10"7 1.0x10"7 0.10 0.76
NLMb2 70 020 25 1.0x10°7 1.0x10"7 0.10 0.74
NLMb3 70 020 25 1.0x10°7 1.0x10-7 0.10 0.15
NLMc1 3.0 125 25 0.05 0.05 0.05 0.68
NLMc2 3.0 125 25 0.05 0.05 0.04 0.68
NLMc3 3.0 125 25 0.05 0.05 0.03  0.68
NLMc4 3.0 125 25 0.05 0.05 0.02 0.68
NLMc5 3.0 125 25 0.05 0.05 0.01 0.68
NLMd 02 0.10 25 0.15 0.25 0.10 0.05

The free parameters adopted in the TCM can be determinecelfjuil dynamics experiments
in the terrestrial environment (e.g. Hossain & Rodi 1982ue@ a set of appropriate values of
dissipation and diffusion parameters, the value oiin be determined by calibrating the solar model
(Li & Yang 2007; Zhang & Li 2009). The value af obtained in this way can be used for RGB or
AGB calculations, but this approach sacrifices the unaestaif its value (Herwig 2005). In this
paper, we adopt several sets of the parameter values, wtectieaived directly from or mainly
based on the works of Li & Yang (2007) and Zhang & Li (2009) foe solar model and are shown
in Table 1. These values @f;, C. andC}, are mainly derived from the terrestrial experiments and
their typical values are 3.0, 1.25 and 2.5, respectivelyeitbeless(; = 7.0 is taken from the work
of Canuto (1993) and’; = 0.20,C. = 0.10 from the suggestion that smaller values of them will
lead to a better result compared to the solar p-mode obsamv@tang & Li 2007). Furthermore,
Cyy = C.; = 1077 are adopted, meaning there is a negligible diffusion eftéat! 77, T'? and
a local convection model, to assure that almost the sameetetype structure in the stellar model
can be obtained for both the MLT and TCM and then a meaningfgarison between them can
be made, which will be discussed in the following Section 4@ simplicity, we call the TCM
with the diffusion terms in Equations (1)—(4) non local misd@LMs) and the TCM without the
diffusion terms local models (LMs). The MLT with = 1.70 is also adopted to calculate the stellar
convection at the RGB and AGB phases for comparisons. IreTalboth of the parameter sets of
NLMa and NLMd correspond to the standard solar model cdiitima

The stellar evolution code used in the present paper wamallg described by B. Paczynski
and M. Kozlowski and was updated by R. Sienliewicz. Nuclesaction rates are adopted from
BP95 (Bahcall et al. 1995). The equation of state is the OPBISErom Rogers (1994) and Rogers
et al. (1996). The OPAL opacities GN93hz series (Rogers &dligls 1995; Iglesias & Rogers 1996)
are used in the high-temperature region. In the stellar spimere, low-temperature opacities from
Alexander & Ferguson (1994) are used.

To study the convection properties based on the TCM, we tséiieze evolved models during
the RGB and AGB phases derived from the MLT, which are inéiddity solid stars in Figure 1.

4 CHARACTERISTICS OF TURBULENCE
4.1 Profiles of the Turbulent Correlations

The profiles of the turbulent correlationée, u,. 7" andT"? are displayed in Figure 2 for tHg\/,,
model at the AGB phase. It can be seen that convection widehgldps in the stellar envelope
(3.5 <1gT < 6.4) and the turbulent kinetic enerdystays at a high level in most of the convection
zone. In particular, there are several peaks for all theetbogrelations appearing at almost the same
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Fig.1 HR diagram for the stellar models @fand5M, based on the MLT. The three solid stars
indicate the certain locations of the stellar models dutigRGB(2My: 1gL/Le = 1.58, Tog =
4750 K;5Me: lg L/Le = 3.09,T.s = 4190K) and AGB 6My: lgL/Le = 3.81, T =

3570 K) phases.

Fig.2 Distributions of the turbulent correlations
for theb M, star at the AGB phase. The solid lines
are for NLMa, dashed lines for LM.
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Fig. 3 Same as Fig. 2, but for tHe\/;, star at the
RGB phase.



1148 X.J. Lai &Y. Li

4 i
“—
=

x 27 ]
2
=

O - m

15 1

Ea 1+ 4
o
-l
X

= 05 ]
=)

0 - u

1 - u
o
o
X

-~ 05} .
=
~

0 - m

3 4 5 6 7

Fig.4 Same as Fig. 2, but for tiaV/;, star at the RGB phase.

locations. The appearance of the maximum turbulent kirestergy is mainly due to ionization of
hydrogen and helium which effectively blocks the transfidn@at and results in strong buoyancy to
drive the convective motion. The profiles of the correlasiafil” and7”? vary in a similar way as
that of vk, except that the largest peaks are much higher than thékof

Diffusion terms in the turbulence equations are taken istmant in NLMa but not in LM. As
a result, the non-local effect behaves remarkably for NLivtauad the boundaries of the convec-
tive unstable zone, especially around the upper boundaeyanie NLMa's solution significantly
deviates from the LM’s. However, the non-local effect cafielyebe ignored in the interior of the con-
vective unstable zone because the turbulent correlatiengistributed quite homogeneously there.
These conclusions agree well with those of Yang & Li (2001 Breng & Xiong (2008).

However, for the other two stellar models®®and2M/, at the RGB phase, the profiles of the
three correlations, which are respectively shown in Figdrand 4, have some differences for both
NLMa and LM. These two models have smaller values for theetloarelations. It means that the
turbulent motion is less violent and thus transfers less. ieathermore, except for the maximum
peak of those correlations, the other peaks become lessmeninespecially for the model afV/,
at the RGB phase. In addition, near the bottom of the corme@nvelope, the turbulent kinetic
energyk has a weak peak, and its value seems to decrease monotpwithithe stellar luminosity.
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In other words, the convective motion becomes progressatebnger when the stellar models are
located farther up along the Hayashi line.

4.2 Turbulence Properties in the Convective Unstable Zone

In order to understand the properties of turbulence in thevective unstable zone, some assump-

tions are invoked to obtain the explicit relationships begw the correlations/k, v, 7" and T2
According to the result stated in the former section, théudibn terms on the left hand sides of
Equations (1)—(4) can be approximately ignored in the cotive unstable zone. With the aid of
Equations (1)—(4) we get

=2 =2
__ D(V=Va)T k= D(V = V)T k\/l T i
T"? = :
2HPgrﬁ ( )
whereD = % + % In view of the mixing-length theory,
_ 9o . 2 _ ol
k=——(V —=Vaa)l® ~ c,Vaa(V = Vaa)T. (6)
8Hp
Equation (5) can be further reduced to be
N D 2 .
7% ~ Ta(v — V)T 7)

By utilizing Equation (6) and Equation (2), the velocity¥tperature correlation can be approximated

as
UT ~ S Vad(V — VaaP2T. 8)

It can be seen that all the three correlations depenWor V.4)T, which explains why the three
correlations peak at almost the same places in the coneagatsstable zone.

2/3 —5 1/2 —
,(T77)  and(V — V,q)T for NLMa of the5M,

star at the AGB phase. It can be seen that the profiIe(sTﬂ“’)Q/g, (T’Q)l/2 and (V — V.a)T
behave in a very similar way in most of the convective ungtatnine. However, the profile df
deviates significantly from the others, but its overall témalmost consistent with them. It should
be noted that the above results are suitable for otherstatidels.

Figure 5 shows the profiles &f (u,.7")

4.3 Comparisons with the MLT

Results of two TCMs (NLMb1 and NLMb3) are compared with thatlee MLT. Firstly, for the
comparison between NLMb1 and the MLT in the left panel of g6, we can find that the tem-
perature gradient¥ are almost the same, which means that NLMbZ1 will result imailar stellar
structure as that for the MLT in the convective unstable zét@vever, the value of the turbulence
velocity (~ /&) of NLMb1 is much larger than that of the MLT. In other words;, &fixed heat flux
transferred by the convective motion, a larger value of egtive velocity is requested for the TCM.
This is partly because the dissipation effects of the twiutonvection, measured by the parameters
Cy, C. andC}, are fully taken into account.

When decreasing the value of parametgior examplex = 0.15, however, we obtain an almost
equivalent profile of the convective velocity as the restithe MLT, which is shown in the right
panel of Figure 6 (namely NLMb3). It can be found that the terafure gradien? of NLMb3 is
much larger than that of the MLT near the top of the conveaiorelope and extendingteT' ~ 4.7
where it approaches the adiabatic temperature gra¥ignta place much deeper than the case of
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Fig.6 Temperature gradient (including the real and adiabatis)aerd the square root of the tur-
bulent energy/k as functions of the temperature for thé/;, star at the AGB phase (the same as
in Fig. 2). The dashed line is for MLT, the solid lines in thé lganels are for NLMb1 and the solid
lines in the right panels are for NLMb3.

the MLT being approximately dg 7" ~ 4.1. It means that the superadiabatic convection region is
much more extended inward for the TCM than the case of the Midithe stellar models based on
the TCM will have lower effective temperature than that af MLT.

The results obtained above are mainly based on the stak/of at the AGB phase. Likewise,
these conclusions are still valid for tRé/, star at the RGB phase and th&/., star at the RGB
phase. Figure 7, as an example, shows the case dfithestar at the RGB phase. It should be noted
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Fig. 7 Same as Fig. 6, but for thaV/;, star at the RGB phase.

from the right panel of Figure 7 that the superadiabatic ectign region does not extend so much
inward as in the case of thgl/, star at the AGB phase.

4.4 Turbulence Properties in the Overshooting Region

The turbulent correlations in the top and bottom oversimgptegions are shown in Figures 8-10
for the considered stellar models. It can be found that thHautant kinetic energy monotonically
decreases outwards and tends to zero from the boundaries obhvective unstable zone into the
overshooting regions. For the correlatibtt, there is a peak in both the top and bottom overshooting
regions, with its value being positive and much larger thaat bf Zhang & Li (2009). There is
an exception in the top overshooting region for the, star at the RGB phase seen in the left

panel of Figure 10, with the peak @2 disappearing completely. Nevertheless, the value of the
correlationu,. 7" is always negative in both the top and bottom overshootigiprs. As a result, the
temperature gradiet is greater than the radiative temperature gradiéntbut smaller than the
adiabatic oné&/ 4.

On the other hand, the overshooting extents are differetiéodifferent correlations in a certain
overshooting region. The profile afk approximately demonstrates the distance that a convective
cell can reach beyond the boundaries of the convective biestane. Its overshooting distance and
decaying mode will be very important to the chemical mixinghie overshooting region, if it is used
to construct the diffusion process of chemical mixing (Ei@gytag et al. 1996; Herwig et al. 1997;
Salasnich et al. 1999; Ventura & D’Antona 2005). For thehstllar models, our numerical results
show that the e-folding length af in the top overshooting region decreases when the stelldemo
is located progressively higher along the Hayashi liney(tire 0.37, 0.34 and 0.34, respectively, in
the units of the local pressure scale height), and the case in the bottom overshooting region
behaves in the same way (they are 0.24, 0.23 andi@;2Tespectively), but the difference among
them is not obvious in both the top and bottom overshootig@re. However, for the case of T’
that can be inferred by the length of the region satisfyihg > V > Vg, all the overshooting
distances in the bottom overshooting regions for the thredeais are about.15 Hp. It means that
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Fig. 8 Distributions ofv/k, T'? and the tempera-  Fig.9 Same as Fig. 8, but for thg\/,, star at the
ture gradients in the top overshooting region and RGB phase.

the bottom overshooting region of thé/, star at

the AGB phase according to NLMa.

the bottom convective overshooting has a similar effectnenstellar structure for all of the stellar
models. In the top overshooting regions, however, it candlea shatv andV i nearly completely
overlap each other, except for a tiny difference in ¥, star at the RGB phase. This may be
due to very low density in the top overshooting regions, ltespin the convective heat flux being
comparatively rather low.

5 DEPENDENCE OF THE STRUCTURE OF THE OVERSHOOTING REGIONS ON
TCM PARAMETERS

The dependence of convection characteristics of the sum@T€CM’s parameters has been ex-
tensively investigated (Li & Yang 2007; Zhang & Li 2009). Thebulent correlations are mainly
affected by the corresponding dissipation and diffusicapeeters. The ratio of the radial kinetic en-

ergy to the horizontal one/.,./u; u) is shown in Figure 11 for the AGB model 6\, focusing
on the effect of the value daf; on the convective structure in the overshooting regionsabseC;
is the most sensitive parameter to determine the oversigdistance (Zhang & Li 2009). It can be
seen that with the convective cells penetrating progrelsivore into the top overshooting region,
the convection becomes progressively more horizontaltgidated. In particular, the turbulence is

isotropic whenu,u, /u;,u, = 0.5. It can be seen that the larger the valugbfis, the longer the
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Fig. 12 Decay mode of the turbulent energyin the top overshooting zone and the bottom
overshooting zone of theM star at the AGB phase according to some non-local models.
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Fig. 14 Same as Fig. 12, but for tld\/;, star at the RGB phase.
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isotropic turbulence will develop in the top overshootiegion. With respect to the bottom over-

shooting region, the ratio u, /u;,u; shows a much more complicated behavior for smaller values
of Cs. WhenCy is large enough, this complication disappears and the abiovebecomes pro-
gressively more horizontally dominated as the convectiemeprates inward into the overshooting
region.

The decaying law of the turbulent kinetic energis a crucial factor determining the efficiency
of convective mixing in the overshooting regions. The davayles of the turbulent kinetic energy
in the overshooting regions are given in Figures 12—-14 fetlinee stellar models based on different
choices of the TCM parameters. There is a nearly lineariogldietweenig & andIn P before a
turning point on the curve dg &, beyond whichk begins to drop promptly to zero. For example, for
NLMa the relation can be approximatedlgsg: = 2.721n P 4 C in the top overshooting regions,
whereC = —16.8, —12.4 and—10.2, respectively, for the three stellar models up along theadhy
line. On the other hand, in the bottom overshooting regioescan obtain similar relations; for
instance, for NLMc3 the result ig k& = —4.98In P + C, whereC' = 161, 133.8 and 140 for the
three stellar models. It should be noted that the slope ad¢lecaying law seems to be only a function
of the TCM’s parameters, and the stellar parameters ongctitfs constant value.

The extension of these linearly decaying regions and thpesdé the decaying law are sensitive
to the TCM’s parameters. It can be found that wiigrincreases while the other parameters are fixed
(e.g. NLMc1, NLMc3, NLMc5), the turbulent kinetic energy a/s progressively more slowly,
and the obtained linearly decaying distance will becomgéonFor example, for the model of a
5M, star at the AGB phase in Figure 12, the length of the lineaglyaging distance in the bottom
overshooting region for NLMc1, NLMc3 and NLMc5 are respeely about 1.2, 1.4 and 1Hp.

On the other hand, when the value of parametarcreases, the slope of the decaying law becomes
less and the linearly decaying distance is significantlygmmged as seen by comparing the result of
NLMd with that of NLMa. From Figures 12-14, it can be foundtttize decaying modes @f are
very similar for stars of different masses and evolutiorsiages with the same values of the TCM
parameters.

6 CONCLUDING REMARKS

Based on the TCM of Li & Yang (2007) we have obtained the charastics of the turbulent convec-
tion in the RGB and AGB stars with huge convection zones iir trevelopes. Some sets of suitable
values of the TCM's parameters that have been used in the cmt@ection zone are adopted to
make an exploratory application in two starafnd5M , at the RGB and AGB phases. In practical
calculations the TCM has been applied to the whole conweetiwelope including the overshoot-
ing regions. When analyzing the characteristics of theuierit correlations, we separate the whole
convective envelope into the convective unstable zonetanddnvective overshooting region. In the
convective unstable zone, we find an approximation appré@aetplicitly associate the turbulent
correlations, which can be used to explain the turbulenp@rties. Later, we make a comparison
between the results of the TCM and those of the MLT about thecitg profile of turbulence and in-
fluence on stellar structure and evolution. These obtaieatlifes of convective motion by the TCM
are highly sensitive to the TCM’s parameters. The main amichs are summarized as follows:

(1) The non-local effect of the turbulent convection is asifynificantly exhibited around the bound-
aries of the convective unstable zone, especially aroumdpiper boundary, which is in agree-
ment with the results of Li & Yang (2007). The three corralaty/k, v T and7’? are nearly
peaked at the same place in the convective unstable zorteefeaime set of TCM’s parameters.
This is because all of them are directly correlated to a fonaif (V — V,.q)7T.

(2) For afixed heat flux (closely related by7") transferred by the convective motion, compared
to the results of the MLT, the TCM will result in a larger tutent velocity and thus more
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violent convective motion. Furthermore, for nearly the sgmofile of the convection velocity
obtained by adjusting the value of the mixing length paramefor both the TCM and MLT, the

superadiabatic convection zone will be extended muchédaitiward for the TCM than for the
case of the MLT and the stellar models based on the TCM wilehawer effective temperature.

(3) For the stellar models located up along the Hayashi liveefind that the convective motions
become progressively stronger. However, the e-foldingtlesiof\/% in both the top and bottom
overshooting regions decrease as the stellar model ildtégher along the Hayashi line. The
overshooting length of.. 7" is found to be shorter than other turbulent quantities fershme
set of TCM’s parameters in both overshooting regions, wigotonsistent with the results of
Deng & Xiong (2008) and Zhang & Li (2009). The overshootingtdihces of.. 7" in the bottom
overshooting region are almost the same for differentastetiodels with the same set of TCM’s
parameters. Therefore, the bottom convective overshpdi@s a similar effect on the stellar
structure for all of the considered stellar models.

(4) The diffusive parametef; plays an important role in the development of the isotropie t
bulence in the top overshooting region, and a longer isatrapbulence will be obtained for
larger values of’;. In the bottom overshooting region, the convection becopnegressively
more horizontally dominated for larger values@f, and the convection shows a much more
complicated behavior whe, is sufficiently small.

(5) The decaying modes of the turbulent kinetic endrgye very similar for different stellar models
based on the same set of TCM’s parameters. We find that theresiarly linear relation between
lg k andIn P in most of the overshooting regions. The slope of the decplgw seems to be
only a function of the TCM’s parameters. The valueghfanda have a similar effect on the
decaying distance of the turbulent kinetic energy, andahgelr their values become, the smaller
the slope of the decaying law becomes and therefore therlyndacaying distance becomes
longer.
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