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ABSTRACT. The present status of the Sun's differential ro-
tation theories is reviewed. Attention is mainly focused 
on mechanisms for differential rotation based on the ani-
sotropic viscosity concept and their modern develop ments 
within the framework of the mean-field hydrodynamics. 
The models with latitude-dependent heat transport and non-
axisymmetric numerical simulations are briefly discussed. 

1 . INTRODUCTION 

Differential rotation of the Sun is a phenomenon known for 
more than a century (Carrington, 1 8 6 3 ) . There exists the 
so-called equatorial acceleration with a decrease in an-
gular velocity of global rotation with increasing latitude. 
Extensive observational information on details of this la-
titudinal dependence and its variation with phase of a so-
lar cycle has been accumulated using both direct Doppler 
measurements and observations of motions of various tra-
cers. Detailed discussions of these datajnay be found in 
recent reviews by Howard ( 1 9 8 4 ) and Schröter ( 1 9 8 5 ) · 

The purpose of this article is to review the theory 
of solar differential rotation. Theoretical efforts in 
this area also have a long history and are stimulated by 
its own interest and by the well-known relation to solar 
magnetism. Unfortunately, the rapid increase of observati-
onal information and theoretical work did not serve to 
choose between the known mechanisms for differential rota-
tion the most effective one. Relatively independent models 
of solar rotation centered around different effects do 
co-exist nowadays. 

Nevertheless, there is almost complete agreement bet-
ween different approaches in appreciation of the fact that 
a fundamental cause of the Sun s differential rotation is 
the interaction between solar convection and rotation. 
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The Rossby number for giant solar convection is smaller 
than unity (Tyler, 1973; Durney and Latour, 1978), i.e., 
convection is strongly influenced by Coriolis forces. The 
back reaction disturbs rotation and makes it differential. 

In what follows we will consider mainly the anisotro-
pic viscosity models of differential rotation and their 
modern develop ments made within the framework of the 
mean-field hydrodynamics. The models with latitude-depen-
dent heat transport and non-axisymmetric simulations are 
discussed more briefly. These approaches concentrate the 
main theoretical efforts and dominant number of papers. 
Nevertheless, strict volume limitations place some inte-
resting mechanisms for differential rotation beyond the 
scope of this treatment. Wholly ignored are variations of 
rotation over a solar cycle and torsional oscillations 
where theory is only incipient. 

2 . AXISYMMETRIC THEORIES 

The axisymmetric theories consider the steady mean flow 
which possesses axial symmetry about the rotation axis. 
Velocity V of this flow is a superposition of meridional 

circulation and rotation 

[Here and below the usual spheri-

cal coordinates are used.) The full velocity ν is the su-
perposition of global flow V and random convective veloci-
ty u with zero mean value: ν = V + u, <v> = V, <u> = 0. 
The zonal component of the averaged equation of motion 

is the basic equation of theories of differential rotation. 
is contributed by Reynolds stress tensor 

(1) 

( 2 ) 

We shall distinguish in the correlation 

the dissipative and non-dissipative 

parts 

The tensor is linear in spatial derivatives of angular 
velocity and represents xne contnou-cion or eaay viscosi-

>t the simple expression for the tensor D. . : ties. We accep 

The simplifications connected with (3) are not essential 
for the qualitative discussion to follow. 

The term Λ** in (2) represents nondissipative cont-
ributions which ^do not depend on spatial derivatives of 
angular velocity. Eq. ( 1 ) now reads 
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«^0° *r sinïû ) — Vf (J>r sin θ Λ ^ - ) + 

+ cUir (J>r-Zsit?e fi, Vm ) . ( 4 ) 

The l e f t - h a n d s ide of Eq. ( 4 ) d e s c r i b e s v i s couos damping 
of r o t a t i o n a l inhomogeneity. I f (4 ) inc ludes 
only t h i s term, the s o l u t i o n would be a r ig id -body r o t a t i -
on, Ql = c o n s t , for any reasonable boundary c o n d i t i o n s . 

However, the d i f f erence from zero of the r ight-hand 
s ide of ( 4 ) prevents such a r o t a t i o n from being s o l u t i o n 
of t h i s equat ion . In other words, the r ight-hand s i d e of 
(4 ) d i s p l a y s the sources of d i f f e r e n t i a l r o t a t i o n . Two 
d i f f e r e n t terms represent two sources of a d i f f e r e n t nature . 

F i r s t , convect ive motions can transport angular momen-
tum and create inhomogeneous r o t a t i o n . The quant i ty J> Λ ^ . 
i n (4 ) i s the n o n d i s s i p a t i v e part of the .j-th compo- ^ 
nent of convect ive f l u x ^°<uu y r> of angular momentum. 
Second, meridional c i r c u l a t i o n may a l s o serve as a t r a n s -
porter of angular momentum; the quant i ty </>Vy,V = «/>r sine 
XIV being the corresponding f l u x . 

The steady meridional flow V s a t i s f i e s the c o n t i n u i t y 
equat ion , d i v ^ V = 0 , and can be -characterized by a s i n g l e 
stream f u n c t i o n . The s c a l a r equation for meridional c i r c u -
l a t i o n can be obtained by taking the zonal component of 
cur l of the averaged equat ion of motion (Kippenhahn, 1 9 6 3 ) 

where d/dz = c o s 0 d/d? - {s±n θ/τ)ά/3θ i s s p a t i a l d e r i -
v a t i v e along the a x i s of r o t a t i o n , D(V ) s i g n i f i e s the 
c o n t r i b u t i o n of e f f e c t i v e v i s c o s i t i e s . 

The r ight-hand s ide of (5 ) r epresent s sources of 
meridional c i r c u l a t i o n . There are two d i f f e r e n t sources 
a g a i n . The f i r s t term i s the nonpotent ia l part of c e n t r i -
fugal f o r c e . The second one i s brought about by nonpoten-
t i a l pressure f o r c e : - c u r l ( VT?/j>) = ( V7/>x V £> )//>2 · 

The f u l l system of equations comprises a l s o equations 
of s t a t e and energy t ranspor t . However, they are not need-
ed i n the q u a l i t a t i v e d i s c u s s i o n t o f o l l o w . 

2 . 1 Models wi th a n i s o t r o p i c v i s c o s i t y 

Lebedinski ( 1 9 4 1 ) was probably the f i r s t t o note that a n i -
sotropy i n the v e l o c i t y d i s t r i b u t i o n of s o l a r convect ion 
should l ead to d i f f e r e n t i a l r o t a t i o n . The preferred d i r e c -
t i o n of the anisotropy i s s i n g l e d out by g r a v i t y . Hence, 
i t i s natural to assume that 

<u*> = <u*> = s < u ^ > , s φ 1 . 
Inf luence of the C o r i o l i s force on the a n i s o t r o p i c convec-
t i o n g i v e s r i s e to convect ive f l u x e s of angular momentum. 
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Reynolds s t r e s s e s for s lowly r o t a t i n g turbulent f l u -
i d s with r a d i a l anisotropy were derived by Wasiutinski 
(1946) and Bierman ( 1 9 5 1 ; : 

^ = y> ^ sine [r- 0a/3r- + 2 a s)J, ( 6 ) 

where )£ = 7"<u£,> i s the eddy v i s c o s i t y ( Τ i s a turnover 
time of convect ive eddy) . Eqs. (6) have been repeated ly 
used to model s o l a r d i f f e r e n t i a l r o t a t i o n (Kippenhahn, 
1963; Sakurai, 1966; Cocke, 1967; Kohler. 1970; · Let us 
cons ider the b a s i c e f f e c t s involved i n these models . 
Eqs (6) do not inc lude meridional Λ - e f f e c t , i . e . , ΛΘ~=Ο0 

Hence, the n e g l e c t of meridional c i r c u l a t i o n i n Eq. (4 ) t o -
gether with u s u a l l y imposed boundary condi t ions of v a n i s -
hing s t r e s s , R ™ = 0 , a t the upper and lower boundaries of 
convect ion zone would lead to purely r a d i a l inhomogeneity 
of r o t a t i o n . Hence, the equator ia l a c c e l e r a t i o n can be ob-
ta ined only with meridional c i r c u l a t i o n inc luded . Almost 
a l l a n i s o t r o p i c v i s c o s i t y models assume the a d i a b a t i c s t r a -
t i f i c a t i o n of convect ion zone (a very important assumpti -
o n ) . The term vj>xvP i n Eq. (5) vanishes i n t h i s c a s e . 
The only cause of meridional flow which remains i s the 
nonpotent ia l part of c e n t r i f u g a l f o r c e . I t i s c e r t a i n l y 
d i f f e r e n t from zero for radial ly- inhomogeneous r o t a t i o n 
caused by r a d i a l Λ - e f f e c t . Therefore, meridional c i r c u l a -
t i o n i s unavoidable t o occur . This c i r c u l a t i o n r e d i s t r i b u -
t e s angular momentum and c r e a t e s the l a t i t u d i n a l inhomoge-
n e i t y of r o t a t i o n . 

The a n i s o t r o p i c v i s c o s i t y models were capable of r e p -
roducing the observed surface d i s t r i b u t i o n of angular v e -

P i g . 1 . Meridional 
c i r c u l a t i o n (A) 
and i s o r o t a t i o n a l 
sur faces (B) t y p i -
c a l of the a n i s o t -
ropic v i s c o s i t y 
models . 

l o c i t y wi th the value of the an i sotropy parameter s * 1 . 2 . 
The meridional c i r c u l a t i o n had a s t ruc ture shown i n 
P i g . l A . The t y p i c a l i s o r o t a t i o n a l sur faces are shown i n 
P i g . l B . The angular v e l o c i t y i s near ly constant on c y l i n -
der sur faces c o - a x i a l with re spec t t o the a x i s of r o t a t i -
on. Such a d i s t r i b u t i o n i s brought about by l arge va lues 
of Taylor number for the Sun, Τ • 4 t f R V v 2 ^ 3 # 1 C r . 
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In other words, turbulent viscosity is relatively small 
and viscous drag cannot stabilize meridional circulation 
on the level where it does not dominate in the process of 
angular momentum transport. Under these conditions the cir-
culation is stabilized by exhausting their source. The non-
potential part of centrifugal force provides this source 
in anisotropic viscosity models. The force is proportional 
to the spatial derivative of angular velocity along the 
axis of rotation. Hence, the derivative should be small, 
and we arive at the distribution of Pig . lB. 

This result is the consequence of barytropic stratifi-
cation. The nonpotential part of centrifugal force can be 
compensated for by viscous force only when vj>xvj> = 0 f 

and the distribution of Pig.lB applies for the solar case 
of large Taylor numbersindependently of the particular mo-
del accepted. Hence, the isorotational surfaces of the 
type shown in Pig.lB indicate that curl <Y^/j>> « 0 for ap-
proximations adopted. 

Let us consider whether the assumption v/>x v p - 0 ap-
plies for the Sun. The relative value of deviation from ba-
rytropy in a rotating convection zone cannot exceed the re-
lative deviation from adiabaticity of stratification which 
is extremely small ( 10~ ) except for the thin ( ~ 1 0 0 0 km) 
surface layer (Baker and Tamesvary, 1966; Spruit, 1974; 
Gough and Weiss, 1976) . However, the centrifugal force for 
the Sun is about five orders of magnitude smaller than the 
force of pressure. Hence, the deviation from barytropy can 
be neglected if o n l y \ v j > x ν β \ « 1 0 ~ 5 \ S 7 J > ) \ V P | · It i s rat-
her questinable whether this neglect can be justified for 
the Sun. 

It is natural to anticipate that allowance for devia-
tions from barytropy should suppress meridional circulati-
on. Recent numerical simulations by Schmidt (1982) support 
this point of view. Schmidt treated explicitly the pressu-
re force in his anisotropic viscosity model. The meridi-
onal circulation was very slow and latitudinal irihoraogene-
ity of rotation was very weak for Prandtl number unity and 
reasonable boundary conditions of constant heat flux at the 
bottom and black-body radiation at the top of convection 
zone. 

The anisotropic viscosity models are capable of rep-
roducing the observed equatorial acceleration but seem to 
disagree with other observational data. The global equator-
ward meridional circulation on the surface of the Sun is 
not observed (Duvall, 1979; LaBonte and Howard, 1982; Ho-
ward, 1984; Tuominen et al., 1983) · The distribution of 
Pig.lB seem to disagree with helioseismology data (Deubner 
et al., 1979; Duvall et al., 1984t1986; Brown, 1985* Brown 
end Morrow, 1987) · On using Eqs (6 ) we find for the solar 
surface 

<u, a >cose = - s sine cose θπ/3θ^ ο 
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This c o n t r a d i c t s the p o s i t i v e va lues of the covariance 
< ^ ^ > ο ο β β in fered from sunspot s t a t i s t i c s (Ward, 1965; 

Gilraan and Howard, 1984) · 
N e v e r t h e l e s s , these models provide important i n s i g h t s 

i n t o the problem a t hand, and comparison of t h e i r r e s u l t s 
wi th observat ions show some promising d i r e c t i o n s of t h e o -
r e t i c a l p r o g r e s s . 

2 . 2 . Mean-f ie ld hydrodynamics and d i f f e r e n t i a l r o t a t i o n 
theory 

A natura l way of r e f i n i n g the s e m i - q u a l i t a t i v e a n i s o t r o p i c 
v i s c o s i t y models seem to be the d e r i v a t i o n of equat ions 
for g l o b a l f lows from hydrodynamic equat ions · Such an a p -
proach requ ires these equat ions to be averaged over an e n -
semble of r e a l i z a t i o n s of random convect ive motions and i s 
termed the mean-f ie ld hydrodynamics. 

I t i s necessary to know the p r o p e r t i e s of convect ion 
to perform the averagings requ ired . However, the problem 
of h i g h l y nonl inear r o t a t i n g s o l a r convect ion is s t i l l im-
p o s s i b l e t o s o l v e . Some p r o p e r t i e s of convect ion are aga in 
as s igned from q u a l i t a t i v e c o n s i d e r e t i o n s . The i n t e r a c t i o n 
between convect ion and r o t a t i o n i s of primary importance 
for the d i f f e r e n t i a l r o t a t i o n problem. For t h i s reason 
at temts have u s u a l l y been made t o descr ibe the r o t a t i o n a l -
ly - induced p r o p e r t i e s of convect ion i n a most c o n s i s t e n t 
way. Other p r o p e r t i e s , not d i r e c t l y r e l a t e d to r o t a t i o n , 
are assumed g i v e n . A c t u a l l y , two d i f f e r e n t turbulences 
( convec t ions ) are cons idered . One, to be re f erred to as 
" o r i g i n a l turbulence", would take p lace i n the presence of 
r e a l sources of turbulence but with no r o t a t i o n p r e s e n t . 
Proper t i e s of o r i g i n a l turbulence do not e x p l i c i t l y depend 
on r o t a t i o n and are assumed t o be g i v e n . The other one, 
i . e . , a r e a l turbulence perturbed by r o t a t i o n , w i l l be 
named "background turbulence". The p r o p e r t i e s of backgro-
und turbulence are derived from g i v e n p r o p e r t i e s of o r i g i -
na l turbu lence . 

The u s u a l l y used approximations l ead t o a l i n e a r r e -
l a t i o n : 

u i = B i ^ û > u j 
where u and u° are v e l o c i t i e s for background and o r i g i n a l 
turbu lences , r e s p e c t i v e l y ; r o t a t i o n a l in f luence i s i n v o l -
ved through the t ensor B . . (Rüdiger, 1977 ,1989) · 

The main advantage J o f the approach d i s c u s s e d here 
as compared those of preceding S e c t i o n i s the p o s s i b i l i t y 
of taking account of n o n l i n e a r i t i e s i n the parameter o)= 
=2ΛΩ, . ([Note that CO > 1 ho lds for g iant s o l a r c o n v e c t i -
o n . ) Various nonl inear d e r i v a t i o n s ( Iroshnikov, 1966; 
Rüdiger, 1977, 1982; Vandakurov, 1982; Kichat inov, 1986, 
1987) be ing d i f f e r e n t i n d e t a i l s , l ead t o the same s t r u c -
ture of the n o n d i s s i p a t i v e p a r t , Λ.γ , of v e l o c i t y c o v a r i -
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ances : 
Ar„

 a aVrll/ÎQ) + V(Q-)coszelsine, 

where V , V^.and Η are d imens ionless funct ions* 
Comparison of (7 ) wi th (6) shows that al lowance for 

n o n l i n e a r i t i e s i n l ead t o the appearance of meridional 
A - e f f e c t (Αθν,Φ 0 ) · This opens the p o s s i b i l i t y of e s t a b l i -
sh ing agreement of the t h e o r i e s wi th the Ward p r o f i l e . 

In the rapid r o t a t i o n l i m i t ( u) » 1 ) , the Λ - e f f e c t 
induced by convect ion anisotropy i s proport ional t o £θ~ 2 

(Rüdiger, 1983; Kichat inov, 1986) · Hence, the anisotropy 
of o r i g i n a l convect ion i s e f f i c i e n t i n generat ing d i f f e r e n -
t i a l r o t a t i o n only when ω i s of order u n i t y or s m a l l e r . 
I t was found r e c e n t l y that not only an i so tropy of convec-
t i o n but a l s o inhomogeneity of convect ion zone can l e a d t o 
d i f f e r e n t i a l r o t a t i o n (Kichat inov, 1987, 1988) · Note that 
A - e f f e c t induced by ( d e n s i t y ) inhomogeneity tends t o a 
constant value i n the rapid r o t a t i o n l i m i t * Therefore, i n 
the case of rapid r o t a t i o n ( U) » 1 ) the inhomogeneity i s 
more e f f e c t i v e i n generat ing d i f f e r e n t i a l r o t a t i o n as com-
pared with convect ion an i so tropy . However, the r e l a t i o n of 
the r o l e s played by s t r a t i f i c a t i o n and convect ion a n i s o t r o -
py i n generat ing d i f f e r e n t i a l r o t a t i o n of the Sun i s s t i l l 
u n c e r t a i n . 

The developements of d i f f e r e n t i a l r o t a t i o n theory ma-
de w i t h i n the framework of mean-f ie ld hydrodynamics seem 
to be qui te promising. So lu t ions of the equat ion for angu-
l a r v e l o c i t y us ing the components (7) of the A-tensor were 
found and requirements imposed by observat iona l data upon 
the func t ions V , V1 and Η of Eqs (7) were determined 
(Rüdiger, 1989) · However, i t i s s t i l l uncer ta in whether 
these requirements can be met with an o r i g i n a l turbulence 
having r e a l i s t i c proper t i e s* 

2 · 3 · Models with la t i tude-dependent heat transport 

The perturbat ion of convect ion by C o r i o l i s f o r c e s depends 
on l a t i t u d e . For t h i s reason, convect ive heat f lux must 
a l s o be l a t i t u d e - d e p e n d e n t . This f ac t was used by Weiss 
(1965) and Durney and Roxburg (1971) t o e x p l a i n the d i f f e -
r e n t i a l r o t a t i o n of the Sun. Inhomogeneous heat f lux p r o -
duces l a t i t u d i n a l temperature inhomogeneity. The meridional 
c i r c u l a t i o n a r i s e s under these cond i t ions and dr ives d i f -
f e r e n t i a l r o t a t i o n . 

The dependence of heat f l u x P Q on l a t i t u d e was i n v o l -
ved through the l a t i t u d e dependence of the heat transport 
c o e f f i c i e n t K c : 

V - K c V V T " V W ' ( 8 ) 

(7 ) 
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Κ = K(r) [1 + £f (r)P2(cos θ)] (9 ) 

where 7T "*"3 s uP e r a c*i abatic temperature gradient, 

Pp is the Legendre polynomial and £ is an adjustable para-
meter. 

Early models required equator-to-pole temperature dif-
ferences of several tens of degrees for the observed equ-
atorial acceleration to be reproduced. However, the attem-
pts to measure the temperature difference between equator 
and poles (Alcrock and Canfield, 1972; Noyes et al., 1973; 
Falciani at al., 1974) revealed a high degree of homogene-
ity of global temperature distribution with no differenti-
al temperature confidently detected. The upper bound of 
about 5 Κ for the pole-equator temperature difference was 
established. 

The latest models (Belvedere and Paterno, 1977, Bel-
vedere et al., 1980) removed this contradiction. However, 
unreasonably small Prandtl numbers were required to keep 
the equator-to-pole temperature differences within obser-
vational constraints. These models were shown to be highly 
dependent on the choice of boundary conditions and on whe-
ther centrifugal forces are included or not (Moss and Vil-
hu, 1983) . 

A combined model was considered by Pidatella et al. 
(1986) which included both anisotropic viscosities and la-
titude-dependent heat transport (see also Schmidt, 1982 ) . 
This permits the comparison of the two mechanisms for dif-
ferential rotation. Anisotropic viscosities were found to 
be more effective in generating differential rotation. 

The important achèvement of the models with latitude-
dependent heat transport is the allowance for thermodyna-
mic properties of solar convection, which are mainly igno-
red by the anisotropic viscosity models. However, the re-
lations (8 ) and (9) are not satisfactorily substantiated. 
More rigorous approaches (Durney and Spruit; 1979; Rüdiger, 
1982) show that in contrast to (9 ) the heat transport co-
efficient is a tensor for rotating convection. Moreover, 
the heat conductivities are proportional to the intensity 
of convection and therefore must be dependent on superadi-
abatic temperature gradient. In other words, the convecti-
ve heat transport is an essentially nonlinear process. 
It is rather questionable whether this process can be ade-
quately treated by traditional linear approaches. 

3 · NONAXISYMMETRIC MODELS 

The nonaxisymmetric approaches try to simulate (numerical-
ly) the global flows on the Sun as well as the smaller-
scale three-dimensional convective motions using the fun-
damental hydrodynamic equations.In practice, however, some 
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approximations of these equations are used because of 
computers limitations. 

Extensive nonaxisymmetric simulations in Boussinesq 
approximation were carried out (see, e.g., review by Gil-
man, 1980). We shall not consider the results of the Bous-
sinesq models but shall proceed with discussion of probab-
ly more realistic recent simulations allowing for density 
stratification of convection zone (Gilman and Miller, 1986; 
Glatzmaier, 1984, 1985 a,b). These simulations start from 
particular variant (Gilman and Glatzmaier, 1981) of anelas-
tic approximation (Ogura and Phillips, 19o2; Gough, 1969) 
of gas dynamics equations; Glatzmaier (1985a,b) take also 
magnetic fields into account. Only giant-scale convection 

Pig.2. A comparison of observed 
(Howard and Harvey, 1970) differen-
tial rotation of solar photosphere 
(solid) with the results of nonaxi-
symmetric model by Gilman and Miller 
(1986)(broken). Linear velocities of 
rotation on the background of solid-
body rotation ( SI « 2.6 rad/s) are 
shown. 

and global flows have been simulated explicitly. The con-
vective motions of smaller scales were parametrized by ef-
fective viscosities and conductivities. 

The models by Glatzmaier (1984, 1985 a,b) and Gilman 
and Miller (1986) though different in numerical methods 
adopted yield essentially the same results. Quite satis-
factory agreement with the observed rotation of photosphe-
re has been found (Pig.2), except for high ( λ >70°) la-
titudes. The amplitudes of meridional circulation and equ-
ator-to-pole temperature differences were within observa-
tional constraints. Covariances of zonal and meridional ve-
locities of simulated convection agreed with the Ward pro-
file. 

However, the models discussed did not yield the inc-
rease of angular velocity with depth at high latitudes as 
suggested by helioseismology. The isorotational surfaces 
were nearly cylindrical (Pig.2B). As has been noticed in 
Section 2.1, such isorotational surfaces suggest that 
< VjO xv/>>- 0 under approximations adopted. 

The nonaxisymmetric models discussed here are probab-
ly the best-developed ones at this moment and agree quite 
well with observations. Nevertheless, we may confidently 
state that something important is missing in them because 
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the toroidal magnetic field in Glatzmaier s (1985a) model 
migrated poleward in contrast to the observed equatorward 
drift of sunspot activity. It is very temting to suggest 
that this results from a nearly-cylindrical form of isoro-
tational surfaces. 

4· CONCLUDING REMARKS 

It seems to follow from the above discussion that the ques-
tion "whether we know basic mechanisms driving differential 
rotation of the Sun?" should be answered "yes", but the qu-
estion "whether a reliable model for the solar rotation 
exists which reproduces all relevant observational data?" 
should be answered "no". This is because we are aware of 
principal physical mechanisms but not of the details of 
them. 

The differential rotation can be produced by meridio-
nal circulation and Reynolds stresses. The meridional cir-
culation can be excited by pressure forces and centrifugal 
forces. The desired nondissipative part of Reynolds stress-
es can be produced by two causes again: by anisotropy of 
convective motions and by inhomogeneity of convection zone. 
Any model of solar rotation faces the choice between one 
or the other or both of these effects at each step of its 
develop ment. It may be stated with relatively high confi-
dence that solar differential rotation is the result of 
the above-mentioned effects, but it is not clear which of 
them play a dominant role. 
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