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Abstract. A model for global circulation in outer stellar con-As the period P, decreases, the absolute value of the surface
vection zones is applied to simulate the angular velocity deHferential rotation drops initially but changes to a very smooth
pendence of differential rotation for two spectral classes, @&rease for the shortest,;. In the scaling relation,

and K5, of main-sequence dwarfs. Only the solar-type rotation

laws with an increasing angular velocity from pole to equatdﬂ — feq — Opote ~ Q" (1)

and a relatively small rotation inhomogeneity in radius were? Qo 7

found. Differential rotation for G2 is larger compared to K5

. P L .
their angular velocities being equal. As the rotation period dfg—e power index.” defines the decay of the relative differential

. ) : o )
creases from its solar value, the absolute value of the surfé%%atlon with the basic rotatiom’ = 0.3 according to Donahue

differential rotation decreases initially but changes to a slig al. (1996), but with the rapidly rotating AB Dor involved it
increase for periods of several days. The meridional flow iﬁhomd reach the value af 2.1' . . .
Another type of convective stars to which the differential

side the convection zones is confined to thin boundary layers at

e tp and bt with a el veloy ampiue of s 21 0% 1 200 1 e g sty e
10 ms™!. Also a sequence of rotation laws for evolving 2[5 greg 9

star is produced. The predicted differential rotation is solar-lilzgtat'on. and magnetic activity O.f the eyolved stars. The rota-
in structure and super-solar in amplitude. A comparison Wi{onal discontinuity known for mid-F main-sequence dwarfs is
: also observed for early-G giants (Gray_1989a). Later on, the

observations is made and implications for dynamo theory of . ) . . -
stellar activity are briefly discussed. rotation rate is umquely .d_eﬁr.]ed by.the spectral type. .S|m|lar
to the Sun, magnetic activity is confined to the equatorial belts
(Gray[1989b| 1991).
The observational findings may be interpreted in terms of
convective dynamos and magnetic braking. No dynamo models
for giants have been developed so far, however. As a first step

1. Motivation and scope in this direction we generate a sequence of differential rotation

This paper extends our former simulations (Kitchatinov &'Cdels covering the evolution o225/, star from about G2 to
Ridiger 1995) of the stellar differential rotation to model it&1 which are roughly the spectral types where a drastic change
rotation rate and spectral type dependence. in rotation rates and the disappearance o_f the |nd|ca_tors for hot
Suchwork is highly motivated by recent observations of stéioronas are observed. The hydromagnetic dynamo is supposed
lar rotation and magnetic activity (Baliunas efal. 1995; Donah{WOrK in this range between the rotational and coronal bound-
et al[1996) including in particular such stars as AB Doradus raes (Gray 1991).
tating much faster than the Sun (Donati & Cameron 1997, Do-
nati et all 1999). As the differential rotation is a key parametﬁr
for stellar dynamos, it is most tempting to know it for this latter”
case of rapidly rotating stars showing high magnetic activitfhe model relies on the mean—field approach to the hydrody-
Consequently, our simulations cover rotation periods from th@amics of rotating turbulent fluids (Rliger[1989). It defines
solar value down td,..t=1 day. the global axisymmetric flow and heat transport in a spherical
Also a knowledge of the meridional flow would be importantonvective shell.
in constructing the stellar dynamos (Choudhury étal. 1995). The
paper, therefore, concerns the model-predicted flow struct
and its dependence on the rotation rate.
We present a series of differential rotation models for thEhe equation for the steady mean velocity fiald,
main-sequence dwarfs of spectral types G2 (the Sun) and K5.
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includes the effects of turbulence through the one-point corretation were absent. In accord with the definition, the mixing-

lation tensor(), of the fluctuating velocitiegy’, length relation for nonrotating fluids can be used to define the
intensity,
Qij = < u(r,t)u(r,t) >,
_ _ _ _ _ ,2 2908
wherep is mean pressure,is density, ang is gravity. <y >= _EE’ )

The tensor[{B) splits into a non-diffusive pa@?, repre-
senting the mean momentum fluxes by rotating turbulence (thlere S is specific entropy/ is the mixing length, and,, is

A-effect), and the eddy viscosity termiftiger 1989): heat capacity at constant pressure. The entropy gradidnt in (9)
is not prescribed but governed by the heat transport equation as
Qi = i\g _ Mjkl%- (4) discussed below.
Oy On using the usual spherical coordinatesf and, the

The present model adopts the results of our previous derivi€ady axisymmetric mean velocity field may be written as
tions of the convective angular momentum fluxes (Kitchatinov 1 i

and Rudiger 1993) and the eddy transport coefficients for rotat- = i,rsinf Q + —rot < 4 > , (20)
ing fluids (Kitchatinov et al, 1994). The main assumption of that P rsing

derivations on the turbulence nature was that the original tyinerew is the stream function for the meridional flow aingis

bulence is quasi-isotropic, i.e., the sole source of its anisotrqpy 4imuthal unit vector. The zonal component of Eg. (2) gives
is the fluid inhomogeneity. The influence of the basic rotatiqpe equation

on the original turbulence was described within the SOCA-
approximation of the mean-field theory to account for the tursiné 0 3 1 in2 0
bulence distortion by the Coriolis forces. No limitations on the 2 - (Pr*Qre) + sin 6 90 (psin®0 Qo)

rotation rate were imposed to derive fully nonlinear dependen-gin 9 ¥ 9(r2Q) 1 0¥ d(sin® 69)
cies on the angular velocity. In particular, the eddy viscosity 2 00 or  sinf or 20 =0, (11)
tensor,
describing the angular momentum transport by turbulence
Nijiie = v1 (0ikdji + 0jx0a1) and by the meridional flow. Our previous derivations@t
T o (5“@@ + 8,00, (Kit_chatinov & RUdiger 1998) and Eqﬂ(ﬂ)}(Q) yield the fol-
A A A lowing expressions for the correlation tensor components of
+ 6iijQl + (Sijin + 5lein) Eq. m)
+ 1/351-]-5“ — V45iijQl + V5Q¢QijQl, (5) o 782983{(;3 (Q*)TaQ
allows for the rotationally-induced anisotropy and quenching.w B 15¢, Or ! or

In Eq.(3),Q2 = /9 is the unit vector parallel to the rotation . a0 a0
axis, 2 is the angular velocity, and the viscosity coefficients, T $2(§27) cos ¢ <C059 "or Smeae)
vy, depend on the rotation rate,

Un = vpdn(2), (6)

through the functions,, () of the local Coriolis number,  Qg, = sinf

- Q <aMLT>2 (Zo(2%) + cos® 0 7, (%)) }’

Y
T0%g 08 of)

15¢, (97’{¢1(Q*)8¢9

N .00 o0
+ ¢$2(Q%)sind (sm@ae — cos#f r(?r)

0 = 210, )

where 7 is the convective turn-over time. The viscosity;, 9
for the nonrotating fluid is defined in terms of the intensity, + 0 <aMLT) sin@cosQIl(Q*)}, (12)
< u}” >, of the original turbulence: Y

4 ,2 whereayt IS the proportionality constant between the mixing
v = g T <U > (8) length and pressure scale height— anrH,, and~ is the

15
. adiabaticity index. In Eq4.(12) we keep the same notations for

We keep here the same notations for the quenching functiofs, functions of* as in the papers (Kitchatinov & iRliger

¢n(€2"), @s in Kitchatinov et al[(1994) where the explicit €X1gg3: Kitchatinov et al. 1994) where these functions are given.

pressions for the functions may be found. For a nonrotating The meridional forces balance is governed by the vorticity

fluid, 2% = 0, the functionsp,, ¢4 and¢s fall to zero, and g ation which results from the zonal component of the curled
Eg. (8) reduces to the isotropic eddy viscosity. Eq.[2):

The quantity< u{)Q > in Eq. (8) stands for the intensity of
the so-called original turbulence which would take place under ) oN?
actual sources of turbulence (actual superadiabaticity), buif¥) = sind " T 02 (Vo x Vp),, (13)
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whered/0z = cos 00/9r —r~1 sin 09/06 is the spatial deriva- 2.2. The model design and the stellar parameters
tive along the rotation axis. The left side of Hq.l(13) represe

the viscous damping of the meridional flow: nItﬁe model defines the differential rotation, meridional circula-

tion and entropy distributions in a spherical convective shell by
DY) = —c; 0 (10 O, (14) solving numerically the system of Eqs.{11).1(17), dnd (18).
Ry PRkmn g " ) - The computation domain does not extend up to the sur-

; ory
i . . . . . face of the star but has an external boundary placed a few
The explicit expression fab (V) in spherical coordinates is too ercent of the stellar radius below photosphere. This is partly

Ezr;pégzt%)tg)p rgggiﬁehgg?i.nzgﬁﬂcf :) obtain the expressg?cqated by numerical difficulties arising due to a very sharp

X . near—surface stratification and partly by an internal contradic-
2
From the ideal gas entropy expressiSn: c.In(p/p"), we tion of the mixing—length formalism: the mixing—length models

find supply the effective diffusivities for which the upper layers of

Vo _ vs + @ (15) a star are still unstable to thermal convection (Tuominen et al.
P Cp P 1994). The models for giants suffer from the instability excep-

The barocline term on the right of EG_{13) can, then, be trarfanally much. To exclude the instability, the heat transport by

formed as the meridional flow was neglected when simulating the global
1 1 g 05 circulation in giants. Possible consequences of the neglect were

P (Vpx Vp), = — (VS x Vp), = R (16) estimated by recomputing several (stable) models of the main—

p p

sequence dwarfs with the heat transport by meridional flow also
where the final expression neglects a small rotational asphericigyylected. The results changed rather little.

inthe distribution of pressure. The meridional flow equafioh (13) The thermal boundary condition at = ., assumes the

now reads surface layer beyong, to be an efficient heat exchanger such
. 902 g 88 that the total heat fluxk’., on the boundary matches the black
D(V) = sinf "0, cTr 90" 7 body radiation of the photosphere (Gilman & Glatzmaier 1981),
Next, the heat transport equation, F = 4L _ (1 i 4;T> at r=r,, 22)
div (F™ + F™1) + pTu-VS = 0. (18) e off

is involved to close the equation system. The equation negle\e’gereL is the stellar luminosity/.q is the surface effective

the source-term by viscous heating but allows for the heat trafiTPerature, andl’ = 74,5/ c, is the temperature disturbance
port by convection atthe external boundary. The other boundary conditions assume

e the constant heat flux on the internal boundaty, gero stress
Feonv — PTXijﬁv (19) and no penetration on both boundaries:
J

by radiation, F. = =2 at r =

Frad _ o0 VT, XD = ;,25027: 7 (20) U =0 Qe=Qreo=0 at r=r and r =re. (23)
L e Stratification in the deep of stellar convection zones is
and by the meridional _ﬂ_OW' ) , _known to be very close to adiabaticity. We neglect the deviations
The qddy conductivity tensor includes the rotationally inkqm adiabatic profiles in all the thermodynamic parameters ex-
duced anisotropy and quenching: cept, of course, the entropy gradient (affdin Eq. (22). The
429 0S5 . A A values of thermodynamic parameters at some location inside the
Xij == 12¢, or (¢(Q )0ij + ¢y (& )QZQJ') ’ (21)  convection zone are required, however, to define the adiabatic

. , (mofiles. To this end, the density{) and temperaturel() at
where once again we keep the same notations for the condys external boundary were taken from an appropriate stellar
tivity quenching functionsg, ¢, as in the paper where the,

. . _ . structure model.

functions have been derived (K|t_chat|nov efal. 1994)_. The convective turnover time profile,

We adopt the Kramers’ opacity law,= ¢,.pT~"/2, in the
radiative conductivity[{20). The,-value is adjusted to repro- 167r2c, T pl2 1/3
duce the position of the convection zone base supplied by &= (SgL) )
stellar structure model. E.g:,, = 2.04 - 10?4 cgs for the Sun
with the base ab.73R. The choice ok, is equivalent to an is assumed independent of the rotation rate.
adjustment to the chemical composition of a star, the opacity The model requires nine input parameters to be specified in
being much sensitive to the content of heavy elements. The oader to define a particular star for the simulations. Apart from
diative heat transport was, however, neglected when computingand 7, the parameters include the radiug)( mass (1),
the differential rotation of giants in view of highly non-uniformluminosity (L), fractional radii of the convection zone bottom
chemical composition of the evolved stars. (z;) and external boundary:{) of the simulation domain, the

(24)
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Table 1.Input stellar parameters be neglected in E|_(17) for the rapidly rotating stars with large
A Taylor numbers with the consequence that the nonpotential part
Star  M/Ms L/Le R/Rs pe,gem™ T, K of the centrifugal force should be almost balanced by the baro-

G2 1 1 1 74610~  2.86-10° 0.73 Ccline force in the bulk of convection zone (Durney 1887, 1989).
K5 0.7 0.133 0.644 6.77-10-2  3.43-10° 0.9 If we further assume that the angular velocity inhomogeneity
along the rotation axis can be estimated as
Table 2. Input parameters for evolving star of 24, @ ~ @ (28)
0z R’
No T, K R/Ro pe,gem™ T, K Qo,s™!  then Eq.[(IV) leads to the estimation,
1 5413 7.96 2.56-10‘? 7.94-10* 0.69  1.17-10°¢ AQ gVvs uw'?
2 5236 791  5.69-10~°  8.07-10* 0.61 1.07-107° o F s ® hos =, (29)
3 5016  8.88  6.75.107°  7.23-10° 0.47 7.4810~7 ¢ LOP/p(Q)
—5 4 -7
f i?gg 1(2)‘;’ ;'gg'ig_S ?'[1]2'184 83? g'gg'}g_T where®(Q2*) is the eddy conductivity quenching function (cf.
o ' Dot i o EQ.[22).6(9%) ~ 1/Q* for QF > 1 (Kitchatinov et al[1994).
6 4689 14.6 1.38:10 3.93-10* 0.177 2.73-10 : , .
Assuming further that ~ ¢/’ we finally get
AQ 4 30
mixing-length parameterafurr = ¢/H,), and the latitude- ¢~ = .3/2" (30)
averaged angular velocity, N .
g g Y Though rather rough, the estimatipnl(30) agrees with subsequent
— 3™ .4 numerical simulations for not too high* (the barocline term
@ = 4/0 {2sin” 0 6, (25) in Eq. [I7) becomes insignificant for very largé, and the esti-

. mation [Z8) is violated). The estimation leads to two important
of the surface o). Eq.[Z9) gives the angular momentum?:onsequences. Firstly, the relative value of the differential rota-

corresponding average, i.e. the angular momentum redstn%h is a decreasing function of rotation rate for a given spectral

t|onF|n Iat'tlrjlde. does not change thie , type (givenr). With increasing stellar age, the rotation becomes
rom the input parameters, ondy . is to some extent more and more nonuniform.

free. Computations for the Sun (Kitchatinov &Biger 1995) geondly. for a given angular velocity, the stars of later spec-

hav_e .ShOWF:c, howevelr, tT.athtlhe mo_del predm(;tlons re_aclt on EPQ types are expected to rotate more rigidly because of an in-
variations ofayir only slightly. . = 0.95 andanir = 1.7 creage in convective turnover time with decreasing stellar mass
throughout .th's paper. The other '”P“‘ pgrameters for the CNd the resulting increase of the Coriolis number. E.g.the
sidered main—sequence stars are given in Table 1. values for K5 are about two times larger compared with G2.

The red giant in our simulations is the star of 2[§. The The estimations show that the case of a relatively fast and

Input paramete_rs of Table 2 were taken from the eVom'onaﬁlrongly non-uniform rotation cannot be found between the
model by Herwig et all (1997). The table shows also the me in-sequence dwarfs. The case may, however, well be ex-

angular velocity estimated from the empirical law Gray ﬂgSgaﬂected for the red giants. All the models of Table 2 have almost

Ueq = T.31 — 0.417Sp, (26) the samel” ~ 4 (in the middle of convection zone) slightly
belowQ* ~ 6 for the Sun and the (linear) rotation rates above

wherew,, is the equatorial rotation rate in knT§ Sp is the the solar value. The expectation was one of the reasons to model

numerical spectral type equal to 3 for G3, 4 for G4,..., 10 fehe differential rotation for giants.

KO,.... Six parameter sets of Table 2 cover the stellar evolution Dwarfs with the shortest rotation periods present difficulties

from about G2 to K1, i.e. approximately the range betwedor numerical simulations. The balance of the centrifugal and

rotational and coronal boundaries (cf. Gray 1991). barocline forces (discussed above) contradicts the stress-free
boundary conditiong(23). The boundary layers with thickness
2.3. Preliminary estimations h ~ RTa '/* develop on the top and bottom of the spherical

. _ . . . shell (Durney 1989). The angular velocity changes only slightly
An important observation with E].{IL7) is that the relative valu@side the layers but the angular velocity gradient varies sharply
of the first term on the right to the term on the left is the Taylagnd the meridional flow is highly concentrated to the top and

number bottom. We did not find a possibility to sidestep the layers prob-

402 R4 ) . lem, e.g., by accounting their effect through a modification in

Ta = —5— =& 1097 (R/0)" . (27)  the boundary conditions or somehow else. Very high numerical
T

resolution over radius was required in view of a pure a priori
(cf., e.g., Brandenburg et al.”1990). Already for the Sun, ttk@owledge of the layers structure. In the most extreme case of
Taylor number is large, Ta 107. It increases further for fasterK5 with P,,; = 1 day, as many as *Gadial grid points were
rotating G2 and for K54 increases for later spectral types, Durrequired to get the resolution-independent result. An example
ney & Latour 1973). The viscous drag to the meridional flow cdor the layers is given in the next section.
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Fig. 1. The rotation inhomogeneities over latitudeff) and radius Fig. 2. Meridional flow at 45-latitude at the bottomléft) and top
(right) for the MS dwarfs G2 and K5, cf. Egs. (1) and (31). The circle@ight) as a function of rotation period. The positive values correspond
represent the Sun to a poleward flow. The circles represent the solar case

3. Results and discussion

(m s

3.1. Dwarfs Z
(@]
Fig.[d shows the simulated equator-to-pole angular velocity
variations [(1) on the stellar surfacAQ2/€, and the latitude- %
averaged rotation inhomogeneity with depth, §
=

raY 100 n s L

& — ot — Lo (31) 0.75 0.80 0.85 0.90

Q rad QO ? FRACTIONAL RADIUS

. . . . Fig. 3. An example of the boundary layers for the G2 star with, =5
as functions of the rotation period. Remember $atis the days. The left panel shows the depth profile of the horizontal velocity

!atltgde-gveraged angular velocity at the surfa_lce and_ the VeI latitude. The positive velocity means a poleward flow. The right

ing is defined by EqL{25). As expected, the differential rotatigne| shows the stream lines

grows with P,,; and it is smaller for KS—star compared to G2.

For all computed models, the rotation rate increases from poles

to equator and from top to bottom. The radial inhomogeneities

are very small. 1999). By extrapolating the plots of FIg. 1 to the rotation period
With rotation period increasing beyond the range shown 1, ~ 0.5 day of AB Dor we find about two times smaller

Fig.[, the latitudinal differential rotation of G2 initially satu-differential rotation. Not a poor agreement, perhaps, for the ex-

rates at the value of about 50% and even starts decreasing Wwitéme case.

P, for P,oy 2 150 days. Such long rotation periods are of no Apart from the differential rotation, the global meridional

practical interest, however. flow may be important for stellar dynamos (Choudhury et al.
Application of the power lanAQ/Q ~ Q" (@) usually [1995). Figl® shows the flow amplitudes at the top and bot-

used to fit observational data, to the results of[Hig. 1 shows thain of convective envelope. The bottom velocity for the Sun,

the power indexy’, is not constant but decreases frafs 1.56  u,, ~ 5 m s!, suffices to influence the latitudinal migration

for the solar rotation period to' = 1 for P,.;= 1 day. The mean of the magnetic field over the solar cycle. The equatorward sur-

value for the entire period rangesig = 1.15, all for G2. The face flow does not agree with solar observations (Howard|1984).

n/—values for K5 equal 1.21, 0.95, and 1.04 respectively. Thote, however, that the surface flow changes to poleward direc-

slopen’ ~1 for rapid rotators is not far from’ = 0.85 found tion for rotation periods shorter than about 15 days.

by Hall (1991). Oumn/—values are, however, considerably larger A typical example of the meridional flow pattern is shown

thann’ = 0.3 reported by Donahue et al. (1996) antigjer et in Fig.[3 which illustrates also the boundary layers discussed

al. (1998). The disagreement may be partly due to the samimléhe preceding section. The flow concentrates in the top and

by Donahue et al. (1996) combined different spectral types. Thettom layers with roughly the same velocity amplitudes.

longest rotation periods were represented mainly by K-stars and The decrease in differential rotation with angular velocity

the shortest ones — by G-stars. Therefore, the dependencenaf resultin a change of the stellar dynamo fromrtlregime

the differential rotation orP,.; derived from that sample mayto thea?Q or evena? mechanism with increasing rotation rate.

change from the upper line in the left of Aig. 1 at small periodghea?-dynamos normally produce steady but nonaxisymmetric

to the lower line for largeP,; to reduce the slope’.
Donati & Cameron[(1997) founchQ2/Q ~ 4.6 10~3 for
very rapidly rotating KO dwarf AB Dor (cf. also Donati et al.(Baliunas et al. 1995).

magnetic fields (Rdiger & Elstner 1994). This may explain why
the rapidly rotating young stars do not exhibit the activity cycles
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Fig. 4. The rotation inhomogeneity over latitudeff) and radiusright)
as functions of effective surface temperature of the evolving giant. Cf
Egs. (1) and (31). The estimated spectral types are indicated on the to
The circles show the actually computed points

3.2. Giants

In contrast to the main—sequence dwarfs, the model—-predicted
differential rotation of giants is large. Fid. 4 shows the results for
the sequence of evolutionary stages of Table 2. Already for
the rotation inhomogeneity exceeds the solar value. Itincrea;
further as the star evolves to later spectral types. Note that
rotation rates of the red giants are defined by the observati
based relatior[(26).

As discussed above, the strongly non—uniform rotation may
be related to the moderate Coriolis numbers. Estimations for
the middle of convection zone give the number varying rather
slightlyasQ?* ~ 3.2, 3.9, 5.3, 4.4, 3.6, 2.9from G2to K1. The
near—constancy d2* may be an explanation for the moderat
variation of the latitudinal differential rotation in F[d. 4 is spite o
the about fivefold change in the rotation rate. The larger spr
inthe radial rotation inhomogeneities may be related to a cha
in the depth of convection zone.

Fig[3 shows the global flow patterns for the evolutionary
sequence of Table 2. Note that the stellar radius is scaled_to
unity on all panels so that we cannot see an almost twof

increase in the size of the star from row 1 to 6. ?
The differential rotation is solar—like for all of the models

Yt o

Wy

the angular velocity increases strongly from pole to equa

but varies only slightly with depth. In a further similarity, th

diffusive timestq = R?/ vy, for the giants are almost the samex

as that for the Sun (about one order of magnitude increase
)

radius is compensated for by an increase in the eddy viscosity). o o

The similarity in rotation laws implies a similar dynamo regime%/'g- 5. Angular velocity isolinesléft) and the meridional flow stream—

The giants are, indeed, observed to possess equatorial act i ight) for the sequence of giant models. The solid and dashed

belts similar to, those (;f the Sun (Gray 19896, 1991). Lon Ines show the anticlockwise and clockwise circulation respectively.
. . L. y oy ) “rom top to bottom: models 1 to 6 of Table 2

term variations of magnetic activity resembling the solar cyc%e P

were also observed (Donahue 1996). The luminosity class Il

giants may be much more solar-like than the rapidly rotatingxnowledgementsThe authors are grateful to Falk Herwig, Thomas
main—-sequence dwarfs. Granzer, and Michael Stix for the possibility to use their models of stel-

It is not clear at this stage, however, to what extent the prer structure. This work was supported by the Deutsche Forschungsge-
dicted differential rotation of giants may agree with observaseinschaft and by the Russian Foundation for Basic Research (Project
tions. 96-02-00010)
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