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hes Institut Potsdam, D-14482, GermanyLeonid L. Kit
hatinovInstitute for Solar-Terrestrial Physi
s, P.O. Box 4026, Irkutsk 664033, Russiaand Astrophysikalis
hes Institut Potsdam, D-14482 Potsdam, GermanyAbstra
tAnalyti
al expressions for the �-e�e
t and the heat 
ondu
tivity tensor forrotating turbulent 
onve
tion are 
ompared with 
urrent results of box sim-ulations with the NIRVANA 
ode. With these results the large-s
ale 
owpattern (rotation plus meridional 
ir
ulation) in the 
onve
tion zone is 
om-puted in good agreement with the observations. The penetration of themeridional 
ow into the subadiabati
 layer beneath the 
onve
tion zone(with vis
osity �
ore) appears to vary with p�
ore so that in a non-turbulentta
ho
line the penetration would be extremely small. New mean �eld model
al
ulations are also presented for the rotation laws in F stars and M dwarfsand �nally the question is dis
ussed whether mean-�eld models may alsolead to `antisolar' rotation, i.e. to rotation laws with a de
elerated equator.6.1 Introdu
tionIn order to explain the internal rotation of solar/stellar 
onve
tion zones,the theory of the �-e�e
t has been developed. It des
ribes the angularmomentum transport in rigidly rotating anisotropi
 �elds of free turbulen
e.The preferred dire
tion is radial, owing to the strati�
ation of both thedensity and the intensity of the turbulen
e.The 
ross-
orrelations hu0ru0�i and hu0�u0�i of the one-point-
orrelation ten-sor Qij = hu0i(x; t)u0j(x; t)i provide the radial and latitudinal turbulenttransport of angular momentum. For those terms the general formulationQij = : : : + �ijk
k (6.1)has been introdu
ed, or, in more detail,Qr� = �TV 
 sin �; Q�� = �TH
 
os �; (6.2)1



2 G. R�udiger & L.L. Kit
hatinovwith �T as the eddy vis
osity. The dimensionless fun
tions V and H arenormalized expressions for the verti
al and horizontal 
ross-
orrelations. Aquasilinear theory for a spe
ial turbulen
e model has been given by Kit
hati-nov & R�udiger (1993, hereafter denoted by KR93) to reveal the dependen
eon the basi
 angular velo
ity 
 and the 
olatitude �. The main result ofsu
h analyti
al 
al
ulations for the 
ase of rapid rotation 
an be summarisedin the form Qr� ' �Ĥ 
os2 � sin �; Q�� ' Ĥ sin2 � 
os �; (6.3)with positive Ĥ. The vanishing of Q�� at the equator is a simple 
onsequen
eof the prevailing symmetries, but the vanishing of Qr� at the equator of arapid rotator is a surprising and non-trivial result. Also, the signs of the
ross-
orrelations are non-trivial results of the 
al
ulations. The resultingangular momentum transport is always inwards (V < 0) and equatorwards(H > 0). By a dire
t inspe
tion of the results of helioseismology one �ndsan in
rease of angular velo
ity with depth in the uppermost layers of thesolar 
onve
tion zone, whi
h means that the angular momentum is trans-ported inwards, V < 0 (x6.4). Also, almost all of the presented numeri
alsimulations lead to V < 0 for both slow and fast rotation (see below).6.2 The �-e�e
tQuasilinear analyti
al derivations of the angular momentum transport byrotating turbulen
e in strati�ed 
uids result in the expressionsV = V (0) (
�)�H(1) (
�) 
os2 �;H = H(1) (
�) sin2 �; (6.4)for the normalized 
uxes. The 
oeÆ
ients V (0) and H(1) depend on theCoriolis number 
� = 2�
orr
 (see Figure 6.1 derived from an a
tual model ofthe solar 
onve
tion zone). The usual 
on
ept to determine the 
orrelationtensor of density-strati�ed rotating turbulen
e is to pres
ribe the turbulen
e�eld without rotation and then to derive the in
uen
e of rotation on theoriginal turbulen
e. As the �rst step in this pro
edure an anelasti
 
ow(r � (�u(0)) = 0) in a non-rotating 
uid must be 
onsidered. The spe
traltensor of the momentum density for su
h a non-uniform original turbulen
eis
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Fig. 6.1. Radial pro�le of the Coriolis number 
� for our solar model. The tur-bulen
e must be 
onsidered as fast (slowly) rotating at the bottom (top) of the
onve
tion zone.

Fig. 6.2. Normalized 
uxes of angular momentum as fun
tions of latitude for a = 2.The lines are marked by the values of 
�. Note also the 
lear �-quen
hing by rapidrotation.
M̂ij = Ê (k; !;�)16�k2 �Æij � �1 + �24k2�kikjk2 + 12k2��ikj � �jki�++�i�j4k2 �+ Ê1 (k; !;�)16�k4  (k � �)k2 (�ikj + �jki)� (k � �)2k2 Æij �� �i�j + 12  �2 + (k � �)2k2 !�Æij � kikj=k2�! ; (6.5)
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hatinovwhere k and � are the wave-ve
tors for the small s
ales of turbulen
e andfor the s
ale of variation of its mean 
hara
teristi
s (Kit
hatinov & R�udiger2005).The �-e�e
t is derived in the mixing-length approximation, whi
h will beunderstood as the dominan
e of one s
ale (the mixing-length) in the turbu-len
e spe
tra. In this 
ase, the spe
tral fun
tions Ê and Ê1 
an formally bewritten as E = 2�2hu(0)2i Æ �k � `�1
orr� Æ (!) ; E1 = aE=4; (6.6)with the proportionality 
oeÆ
ient a. The spe
tral fun
tions 
an be trans-formed from wave spa
e to real spa
e, e.g.,E(k; !;x) = Z Ê(k; !;�)exp(ix � �)d�: (6.7)The anisotropy parameter a is not 
ompletely free. It is restri
ted by the
ondition that in the one-point-
orrelation tensor for the original turbulen
ethe radial and horizontal intensities must be positive. This yields� 5H2�2`2
orr � a � 152 + 5H2�`2
orr ; (6.8)where H� is the density s
ale height. It is assumed that the density strati-�
ation is the dominant spatial inhomogeneity.Following the pro
edure des
ribed in KR93 we arrive at the expressionQ�ij = �T
kgl �V (0) (
�) (gi�jkl + gj�ikl)� H(1) (
�) (g �
)
2 (
i�jkl + 
j�ikl)� ; (6.9)for the �-e�e
t, with g as the radial unit ve
tor. The two parameters areV (0) =  `
orrH� !2 (J0 (
�) + aI0 (
�)) ;H(1) =  `
orrH� !2 (J1 (
�) + aI1 (
�)) ; (6.10)where the fun
tions J0 and J1 are the same as in KR93 butI0 (
�) = 14
�4  �19� 51 + 
�2 + 3
�2 + 24
� ar
tan 
�! ;I1 (
�) = 34
�4  �15 + 2
�21 + 
�2 + 3
�2 + 15
� ar
tan
�! (6.11)
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ase (
� � 1), only the radial 
ux of angularmomentum survives, i.e.J0 ' 415 ; I0 ' � 310 ; J1 ' I1 ' O �
�2� ; (6.12)hen
e V (0) is negative with a > 8=9 for slow rotation.y For fast rotation(
� � 1), J1 is mu
h larger than all other fun
tions,J1 ' �4
� ; J0 ' I0 ' I1 ' O �
��3� ; (6.13)so that V < 0 and H > 0 results in this 
ase (see Figure 6.2). Any un-
ertainty in the �-e�e
t related to the unknown free a-parameter of equa-tions (6.6) and (6.10) disappears for the most relevant appli
ation, i.e. forfast rotation.

Fig. 6.3. Box simulations with NIRVANA for rotating 
onve
tion. Shown is Qr� asa fun
tion of depth, normalized with the square of the sound speed at the surfa
eof the unstable domain. Ta = 106, Pr = 0:1.Our box simulations 
on�rm the above �ndings (Figures 6.3 and 6.4). Theaspe
t ratio of the box is 1:4, it is dis
retized with 1003 grid points (R�udiger,Egorov & Ziegler 2005). For Ta = 106 the quantity V is always negativey Opposite to the 
ase of a = 0 
onsidered in KR93.
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Fig. 6.4. As Fig. 6.3 but for Q��.and be
omes very small at the equator. The maximal values are rea
hedin the middle of the box. The situation for the horizontal �-e�e
t is more
ompli
ated. As �rst found by Pulkkinen et al. (1993), averaged over theentire box it is positive. In our simulation it dominates 
lose to the equatorand is large and positive in the top domain and small and negative in thelower half of the box.The results of the quasilinear analyti
al 
al
ulations and those of the nu-meri
al simulations of the �-e�e
t are rather 
lose together. Though theanalyti
al results are quasilinear and though they are only valid for a sim-pli�ed turbulen
e model, the di�eren
es from the fully 
onsistent nonlinearbox simulations are rather small. The strong 
on
entration of the horizontalangular momentum transport, however, is not yet fully understood (see alsoK�apyl�a, Korpi & Tuominen 2004; Hupfer, K�apyl�a & Stix 2005).6.3 Turbulent heat transportIn rotating turbulent 
uids the relation between the turbulent heat 
uxF = �Cphu0T 0i and the superadiabati
 temperature gradient � = g=Cp�rT



Mean �eld modelling of di�erential rotation 7(g gravity) is tensorial, i.e. Fi = �Cp�ij�j : (6.14)In the simplest 
ase without rotation it is �ij = �TÆij so that the well-knownexpression F = �Cp�T� results for non-rotating 
uids.There is a 
lose relation between the heat-
ux tensor and the one-point
orrelation tensor. We start from the quasilinear 
onne
tion�ij = Z Z �k2Q̂ij(k; !)!2 + �2k4 dkd! (6.15)between the spe
tral tensor Q̂ij of the turbulen
e and the heat-
ondu
tivitytensor �ij. For vanishing mi
ros
opi
 heat 
ondu
tion (� ! 0) a Dira
Æ-fun
tion appears so that�ij = � Z Q̂ij(k; 0)dk � 12 Z Qij(0; �)d� (6.16)results. If the � -integral is approximated by �
orr then �ij ' 0:5�
orrQij.We have thus to expe
t that the radial heat 
ux follows the behavior of theradial turbulen
e intensity resulting from the box simulations (Figure 6.5).In the bulk of the 
onve
tion box hu02r i at the equator dominates hu02r i atthe poles. The same is indeed true for the radial heat 
ux derived withNIRVANA and shown in Figure 6.6 (see R�udiger et al. 2005).

Fig. 6.5. The radial turbulen
e intensity (for the same 
onve
tion model as used inFigs. 6.3 and 6.4). With solar values the maximal rms velo
ity is 300 m/s. Notethat ex
ept in the top layer the turbulen
e at the equator ex
eeds the polar values.Note that a similar result also follows from box simulations without any densitystrati�
ation.
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hatinovFigure 6.6 (left) shows the depth-pro�le of the 
orrelation hu0rT 0i for var-ious latitudes. Due to the rotation, the values di�er between poles and theequator. The pole-equator di�eren
e in the radial heat-
ux depends, how-ever, on the radius. Ex
ept for the top layer, the eddy heat-
ux at theequator ex
eeds the eddy heat-
ux at the poles. In the top layers, where theturbulen
e is horizontally-dominated, the polar heat-
ux dominates that atthe equator. This is a 
hara
teristi
 but unexpe
ted result.Rieutord et al. (1994, their Figure 8a), K�apyl�a et al. (2004, their Figure 7)and Hupfer et al. (2005) found similar results. We are led to the 
on
lusionthat a 
rossover exists of the pole-equator di�eren
e in the radial eddy heat-
ux almost at the same depth where the verti
ally-dominated turbulen
e
hanges to a horizontally-dominated turbulen
e. As we have demonstratedwith equation (6.16) the behavior of the radial heat-
ux is a dire
t re
e
tionof the rotation-in
uen
ed radial turbulen
e intensity hu02r i. It is shown inFigure 6.5 that in the box (ex
ept the outermost layer) hu02r i at the equatorex
eeds the value at the poles.A similar 
rossover does not exist for the latitudinal eddy heat-
ux hu0�T 0iplotted in Figure 6.6 (right). It generally vanishes at the poles and at theequator. Between these extrema the heat 
ows towards the pole in the
onve
tion zone and towards the equator in the lower overshoot region. Thisis due to the a
tion of the Coriolis for
e.

Fig. 6.6. The 
orrelations hu0T 0i vs. depth for di�erent 
olatitudes in the box sim-ulations after horizontal- and time-averaging; Ta = 106. Left: hu0rT 0i. Right:hu0�T 0i. Solid: pole, dashed: � = 30Æ, dotted: � = 60Æ, triple-dot-dashed: equator.6.4 Solar modelsDi�erential rotation and meridional 
ow within the 
onve
tion zone are theresults of the simultaneous solution of the steady axisymmetri
 equations



Mean �eld modelling of di�erential rotation 9for the momentum and the mean entropy. The models involve the �-e�e
tde�ned by equations (6.9){(6.11), whi
h involve the only free parameter, a,while the entropy equation involves the rotation-indu
ed anisotropi
 heat-
ux tensor (see, however, Rempel 2005). Re
ent models 
ombine the numer-i
al simulation of the di�erential rotation in the 
onve
tion zone with 
ompu-tations of the ta
ho
line resulting from a weak internal magneti
 �eld withinthe solar radiative 
ore (details given by Kit
hatinov & R�udiger 2005). This
ombination of mean �eld hydrodynami
s and magnetohydrodynami
s leadsto the results shown in Figures 6.7 (right) and 6.8.

Fig. 6.7. Left: The internal solar rotation law as determined by helioseismology.(Courtesy NSF National Solar Observatory, see also Kosovi
hev et al. 1997.) Right:The rotation law from the mean-�eld model with a rotation period of 25 days anda = 2. The 
urves are marked with the latitude (= 90Æ � �).In the simulations the anisotropy parameter is a = 2 (enhan
ed dom-inan
e of the radial turbulen
e intensity), resulting in a 
onsiderably im-proved agreement of the rotation law in the outer supergranulation layerwith helioseismologi
al results. Our old models were 
omputed with a = 0be
ause there were no data for slow rotation domains to restri
t its value.Now we have both better observations and the results of the numeri
al boxsimulations. The rotation laws of Figure 6.7 show a 
lear subsurfa
e in-ward in
rease of the angular velo
ity, whi
h may be important for the solardynamo (Brandenburg 2005).Even more signi�
ant may be the meridional (`Kippenhahn') 
ow as aprin
ipal ingredient of the adve
tion-dominated dynamo models (Choud-huri, S
h�ussler & Dikpati 1995; Dikpati & Gilman 2001; Bonanno et al.2002). The resulting meridional 
ow is shown in Figure 6.8. It 
onsists of a
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Fig. 6.8. Streamlines of the meridional 
ow (left) and the 
ow velo
ity for 45Ælatitude as a fun
tion of depth (right) for a = 2. Positive velo
ity denotes a poleward
ow. One 
ell of anti
lo
kwise 
ir
ulation o

upies the entire 
onve
tion zone.single 
ir
ulation 
ell with poleward 
ow on the top | opposite to the re-sult of Kippenhahn (1963). This dire
tion of the surfa
e 
ow 
omplies withdire
t Doppler measurements (Komm, Howard & Harvey 1993). Helioseis-mology also indi
ates that this dire
tion of the 
ow prevails to a depth ofat least 12 Mm (Zhao & Kosovi
hev 2004). The 
ow reverses to the returnequatorward dire
tion somewhere deeper down. The 
omputed return 
owin Figure 6.8 has a velo
ity of <� 10 m/s at the base of the 
onve
tion zone.This value suÆ
es to transport magneti
 �elds towards the equator duringthe 11-yr 
y
le as required by the adve
tion-dominated dynamo models.Not only the 
ow amplitude but also the depth of its penetration intothe radiative zone beneath the 
onve
tion zone is important. The extentto whi
h the penetration exists in the Sun is 
urrently debated (Nandy &Choudhuri 2002; Gilman & Mies
h 2004). Its value 
an be 
omputed withthe mean-�eld model if the bottom boundary of the simulation domain ispla
ed inside the region of stable subadiabati
 strati�
ation. Our modelapplies a lo
al mixing-length approximation. The base of the superadiabat-i
ally strati�ed shell, therefore, 
oin
ides with the bottom of the 
onve
tionzone. A �nite e�e
tive vis
osity should be pres
ribed for the radiative 
orebelow the 
onve
tion zone. The e�e
tive vis
osity, �
ore, 
an be quite small
ompared to the turbulent vis
osity of the 
onve
tion zone but must belarger than its mi
ros
opi
 value.The penetration depth 
omputed with su
h an approa
h is shown in Fig-ure 6.9. The dependen
e on �
ore is 
lose to p�
ore, in a

ordan
e with the
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Fig. 6.9. Penetration depth Dpen of meridional 
ow into the 
onve
tion zone atlatitude 45Æ vs. the vis
osity �
ore of the 
onve
tively stable region. The dependen
eis very 
lose to Dpen / p�
ore. Squares represent the a
tual 
omputations.�nding of Gilman & Mies
h (2004) that the penetration under solar 
ondi-tions belongs to the Ekman regime. This penetration results from vis
ousdrag imposed by meridional 
ow at the base of the 
onve
tion zone on the
uid beneath. The standard Ekman depth is Dpen � p�
ore=
 . Su
h apenetration 
annot play any role in a dynamo pro
ess be
ause the time ofmagneti
 �eld di�usion a
ross the penetration layer, �d � D2pen=�
ore, isvery small 
ompared to the adve
tion time, �adv � R�=um, sin
e �d=�adv �Pm um=(
R�) � 1, ex
ept for the 
ase of unrealisti
ally large magneti
Prandtl numbers, Pm = �
ore=�
ore (Kit
hatinov & R�udiger 2005).Estimation of penetration by the Ekman depth is further supported bythe �nding that a variation of thermal 
ondu
tivity, �
ore, for 
onstant �
oredoes not 
hange Dpen. Our 
omputations, however, do not reprodu
e theEkman relation Dpen � 
�0:5. The slope of the dependen
e is not 
onstantand is slightly larger than �0:5. The rotation rate dependen
e is betterrepresented by a relationDpen / �
2 + 
 tan�2 �
�� ��0:25 : (6.17)Whether the vis
osity �
ore is large or small beneath the 
onve
tion zonedepends strongly on the stability of the solar ta
ho
line. If the latter is
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hatinovunstable then the vis
osity is large and the penetration is deep. If, however,it is stable then the vis
osity is small and the penetration is only very weak.In the hydrodynami
al regime our 
al
ulations favor the small-vis
osity 
ase.If the solar ta
ho
line is 
onsidered as a shear 
ow then for high enoughReynolds numbers of the rotation it is unstable for suÆ
iently high equator-pole di�eren
es of the angular velo
ity at its upper boundary.
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ation map for the hydrodynami
 shear instability of the solarta
ho
line. Dashed: only latitudinal shear, solid: rotation law 
 = 
(r; �) takenfrom the helioseismology (Fig. 6.7, left). Note that the real solar ta
ho
line is notunstable in the hydrodynami
al regime.The hydrodynami
al stability/instability of the solar ta
ho
line has beenprobed with the Hollerba
h 
ode for a shallow spheri
al shell subje
t todi�erential rotation (Arlt, Sule & R�udiger 2005). If the shear is formedonly by latitudinal gradients of 
 (the Watson 
ase) then the onset of theinstability starts at about 30% of rotational shear. If, however, the radialpro�le of the rotation law (known from helioseismology) also enters themodel then a stronger latitudinal shear results for the onset of the instability(Figure 6.10). We, therefore, assume the vis
osity as small in the solarta
ho
line and the penetration of the meridional 
ow as weak. Of 
ourse,a �nal statement about this problem only depends on the solution of thestability problem in the magnetohydrodynami
 regime.6.5 Stellar modelsHall (1991) found di�erential rotation for a number of magneti
ally a
tivestars from the variation of spot rotation periods over the stellar a
tivity
y
le. Messina & Guinan (2003) derived surfa
e rotation laws from photo-
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 data of a monitoring program of stars resembling the Sun in earlierstates of its evolution (Sun in time).Unfortunately, the number of single main-sequen
e stars to whi
h Dopplerimaging has been su

essfully applied is still small (see Strassmeier 2002).For suÆ
iently fast rotators, surfa
e di�erential rotation 
an be dete
ted,however, from the broadening of spe
tral lines. Reiners & S
hmitt (2003a,b)and Reiners (2005) 
arried out measurements for F stars with moderate andshort rotation periods. They found di�erential rotation to be mu
h more
ommon for stars with moderate rotation rates than for very rapid rotators.A model has been developed for the di�erential rotation of a mains-sequen
e (MS) star of spe
tral type F8 (K�uker & R�udiger 2005). The starrepresents the upper end of the lower MS in the 
ontext of di�erential ro-tation and stellar a
tivity. With a 
onve
tion zone depth of 160 Mm anda surfa
e gravity roughly equal to the solar value the main di�eren
e fromthe Sun is the luminosity, whi
h is 1:7 times the solar value.In Figure 6.11 the rotation rate is plotted vs. the radius. In all 
ases theequator rotates faster than the poles but the amplitude of the relative shearvaries with the rotation rate. The model with the fastest rotation yields themost rigid rotation law. Note also that for fast rotation all lines are ratherhorizontal, i.e. there is almost no radial shear. While the iso
ontours aremainly radial for fast rotation the slow rotation 
ase shows a disk-shapedpattern at high latitudes.

0.85 0.90 0.95
 FRACTIONAL RADIUS

0.92

0.94

0.96

0.98

1.00

1.02

R
O

T
A

T
IO

N
 R

A
T

E

0.85 0.90 0.95
 FRACTIONAL RADIUS

0.70

0.80

0.90

1.00

1.10

R
O

T
A

T
IO

N
 R

A
T

E
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tion of the stellar radius for the lat-itudes 0Æ(equator), 15, 30, 45, 60, 75, and 90Æ(poles) (from top to bottom) forrotation periods of 4 d (left) and 14 d (right).



14 G. R�udiger & L.L. Kit
hatinovFigure 6.12 shows the total horizontal shear, Æ
 , as a fun
tion of therotation period for various stellar models. For both F and G stars therotation be
omes more rigid for faster rotation. Between the two limiting
ases the total horizontal shear has a maximum value. The period at whi
hthe maximum is rea
hed is about one month in the 
ase of the Sun, and 10 dfor the F star. None of the 
urves for stars later than G shows a sharp peak.There is mostly a broad range of nearly 
onstant shear around the maximum.The distin
t maximum of the surfa
e shear for F stars has re
ently been seenby Reiners (2005). Also the very 
lear run of the di�erential rotation withthe e�e
tive temperature shown by the theory appears in his observationalresults (his Figure 5).
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Fig. 6.12. Surfa
e shear as a fun
tion of the rotation period and the e�e
tive tem-perature for MS stars marked with their spe
tral 
lassThe model presented here predi
ts that the equatorial a

eleration of lowerMS stars should depend more on the luminosity rather than on the rotationrate. A possible empiri
al trend of the stellar di�erential rotation with massand/or the rotation rate has been studied by Barnes et al. (2005). Theyfound that the di�erential rotation de
reases rapidly with de
reasing massbut varies only slightly with the rotation period for a given spe
tral type,in general agreement with our theoreti
al �ndings.



Mean �eld modelling of di�erential rotation 15Also AB Dor and PZ Tel, though rotating mu
h faster than the Sun, showsurfa
e di�erential rotation very similar to the Sun. AB Dor and PZ Tel arePMS stars of spe
tral type K0 and G0 with rotation periods of 0.5 d and1 d, respe
tively. With Æ
 = 0:056 d�1 (AB Dor) and Æ
 = 0:075 d�1 (PZTel) the surfa
e shear values of these stars lie 
lose to the solar value, withthe more luminous AB Dor also showing more surfa
e shear.
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Fig. 6.13. Lap time as a fun
tion of the rotation period for the F star (solid) andthe solar-type star (dashed).Reiners & S
hmitt (2003 a,b) found values between 10 and 30 days forthe lap time 2�=Æ
 . Figure 6.13 shows the lap time vs. the rotation periodfor the F and G stars. For both types of stars there is little variation ex
eptfor very long periods where the lap time strongly in
reases. The value forthe solar-type star is about 100 d at the period of maximum shear. InFigure 6.14 the maximum 
ow speed at the bottom of the 
onve
tion zoneof the F star is shown. A positive sign means that the 
ow is toward theequator, negative values indi
ate poleward 
ow. For the F8 star the valueof the drift de
reases from 10 m/s for Prot = 4 d to very small values forP = 30 d. A possible 
hange of the 
ow dire
tion at the bottom of the
onve
tion zone should have dramati
 
onsequen
es for the stellar dynamoif indeed the form of the butter
y diagram is dominated by the meridional
ow at the bottom of the 
onve
tion zone.
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Fig. 6.14. Meridional 
ow speed in m/s at the bottom of the 
onve
tion zone as afun
tion of the rotation period. Positive values 
orrespond to gas motion towardthe equator. Solid: F8 star. Dashed: G star. (From K�uker & R�udiger 2005.)6.6 Antisolar rotation?Hydrodynami
al models of stellar rotation always lead to solar-type rota-tion with an a

elerated equator. Observations 
on�rm that it is indeedthe typi
al 
ase (Petit, Donati & Collier Cameron 2004). However, obser-vational indi
ations of antisolar rotation are numerous enough to demand a
onsideration of its possible origin.The 
learest possibility for a faster rotation of high latitudes is a rapidmeridional 
ow um. The 
ow provides a uniform angular momentum alongthe streamlines when the Reynolds numberRe = umR��T (6.18)is suÆ
iently large, thus ensuring antisolar rotation (R�udiger 1989). A po-lar vortex results for both dire
tions of the meridional 
ow. The requiredReynolds number depends on the sense of the 
ow. A faster polar rotationis easier to produ
e by a 
ow whi
h is poleward on the top. A moderateRe <� 100 
an be suÆ
ient in this 
ase.However, the meridional 
ow 
omputed with the mean-�eld models is notfast enough. The Reynolds number for the solar model of x6.4 is <� 10.An additional driver of meridional 
ir
ulation is thus required for antisolarrotation. Baro
line for
ing from magneti
-indu
ed large-s
ale thermal in-
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Fig. 6.15. A 
hara
teristi
 rotation law resulting under the presen
e of a poloidalmagneti
 �eld with an amplitude of 200 Gauss on a giant star. The angular velo
ityin
reases from the equator to the poles by � 10%.homogeneities (or tidal for
ing by a 
lose 
ompanion) is the possible driver(Kit
hatinov & R�udiger 2004). Figure 6.15 shows the resulting rotation lawfor a magneti
 �eld involved through the boundary 
ondition of a steadyradial �eld penetrating the 
onve
tion zone at the inner boundary from theradiative 
ore. The bottom �eld is pres
ribed by a steady potential at theinner boundary, whi
h 
an be understood as the penetration of a reli
 �eldstored in the radiative 
ore into the 
onve
tion zone.This 
on
ept is favored by the observations (Strassmeier 2004). Amongnine examples of antisolar rotation he reports six belonging to 
lose bina-ries and two to giant stars with large dark spots on their surfa
es. Theremaining star is LQ Hya for whi
h di�erent observations disagree aboutthe sense of its di�erential rotation (perhaps, be
ause it strongly varies withtime, see Donati, Cameron & Petit 2003). Re
ently Weber, Strassmeier &Washuettl (2005) suggest that antisolar rotation on giant stars may indeedbe a

ompanied by a fast (� 1000 m/s) poleward surfa
e 
ow.A
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