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Effect of heat flux on differential rotation in turbulent convection
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We studied the effect of the turbulent heat flux on the Reynolds stresses in a rotating turbulent convection.
To this end we solved a coupled system of dynamical equations which includes the equations for the Reynolds
stresses, the entropy fluctuations, and the turbulent heat flux. We used a spectral 7 approximation in order to
close the system of dynamical equations. We found that the ratio of the contributions to the Reynolds stresses
caused by the turbulent heat flux and the anisotropic eddy viscosity is of the order of ~10(Z,/ 1y)?, where [, is
the maximum scale of turbulent motions and L, is the fluid density variation scale. This effect is crucial for the
formation of the differential rotation and should be taken into account in the theories of the differential rotation
of the Sun, stars, and planets. In particular, we demonstrated that this effect may cause the differential rotation
which is comparable with the typical solar differential rotation.
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I. INTRODUCTION

Solar and stellar magnetic fields are believed to originate
in a dynamo, driven by the joint action of the mean hydro-
dynamic helicity of turbulent convection and differential ro-
tation (see, e.g., [1-5], and references therein). It was sug-
gested in [6] that the differential rotation of the Sun is caused
by an anisotropic eddy viscosity which was described phe-
nomenologically in [6-9]. A theory of the differential rota-
tion based on the idea of the anisotropic eddy viscosity was
developed in a number of papers (see, e.g., [10-12], and
references therein). However, there is an additional effect
which can strongly modify the differential rotation. In par-
ticular, the direct effect of the turbulent heat flux on the
Reynolds stresses in a rotating turbulent convection is crucial
for formation of the differential rotation.

The effect of rotation on a hydrodynamic turbulence was
studied in numerous papers (see, e.g., [10,13]). However, a
relation to the turbulent convection was made in previous
theories of the differential rotation only phenomenologically,
using the equation

(u'?) o< gmus'), (1)

which follows from the mixing-length theory. Here (u_s’) is
the vertical turbulent heat flux, u’ and s’ are fluctuations of
fluid velocity and entropy, g is the acceleration of gravity,
and 7, is the characteristic correlation time of turbulent ve-
locity field. Equation (1) implies that the vertical turbulent
heat flux plays a role of a stirring force for the turbulence.
However, a more sophisticated approach implies a solution
of a coupled system of dynamical equations which includes
the equations for the Reynolds stresses {u;u;), the turbulent
heat flux (s"u;), and the entropy fluctuations (s'2) in a rotat-
ing turbulent convection. The latter has not been taken into
account in the previous theories of the differential rotation.
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The goal of this study is to analyze the effect of the tur-
bulent heat flux on the Reynolds stresses in a rotating turbu-
lent convection and on formation of the differential rotation.
We demonstrated that this effect is crucial for the formation
of the differential rotation, and it should be taken into ac-
count in theories of the differential rotation of the Sun, stars,
and planets. In particular, we found that the ratio of the con-
tributions to the Reynolds stresses caused by the turbulent
heat flux and the anisotropic eddy viscosity is of the order of
~10(Lp/lo)2 for Q7y=<1, where [, is the maximum scale of
turbulent motions (the integral scale of turbulence), () is the
rotation rate, Lp is the fluid density variation scale, i.e.,
(Vpg)! p0=—L;1e, po is the fluid density, and e is the unit
vector in the direction of the fluid density inhomogeneity.
The turbulent heat flux contribution to the Reynolds stresses
changes its sign when the direction of the vertical turbulent
heat flux changes. This is the key difference from previous
theories of the differential rotation. The effect of the turbu-
lent heat flux on the Reynolds stresses in a turbulent convec-
tion may cause the differential rotation which is comparable
with the typical differential rotation of the Sun. The data of
the solar differential rotation are obtained from surface ob-
servations of the solar angular velocity (see, e.g., [14,15])
and from helioseismology based on measurements of the fre-
quency of p-mode oscillations (see, e.g., [16—19]).

The mechanism of the differential rotation that is associ-
ated with the effect of the turbulent heat flux on Reynolds
stresses in a rotating turbulent convection is as follows. Let
us split the total rotation of fluid into a constant component
) (uniform rotation) and the differential rotation &). The
uniform rotation causes the counter-rotation turbulent heat
flux (i.e., the toroidal turbulent heat flux, <s’u(’p>, directed
opposite to the background rotation (). Therefore there is a
correlation of fluctuations of the entropy s’ and the toroidal
component of the velocity, u:P. Here r, 6, and ¢ are the
spherical coordinates.

The counter-rotation turbulent heat flux is similar to the
counterwind turbulent heat flux (in the direction opposite to
the mean wind) which is well-known in the atmospheric
physics. The counter-rotation turbulent heat flux arises by the
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following reason. In turbulent convection an ascending fluid
element has larger temperature than that of surrounding fluid
and smaller toroidal fluid velocity, while a descending fluid
element has smaller temperature and larger toroidal fluid ve-
locity. This causes the turbulent heat flux in the direction
opposite to the toroidal mean fluid flow (i.e., opposite to
rotation). The counter-rotation turbulent heat flux is deter-
mined by Eq. (24) in Sec. IIL

The entropy fluctuations cause fluctuations of the buoy-
ancy force, and this results in increased fluctuations of the
vertical and meridional components of the velocity which are
correlated with the fluctuations of the toroidal component of
the velocity. These produce the off-diagonal components of
the Reynolds stress tensor, (u;u[p) and (u'gufp), and create the
toroidal component of the effective force which causes for-
mation of the differential rotation & in turbulent convec-
tion.

This paper is organized as follows. In Sec. II we formu-
lated the governing equations, the assumptions, the proce-
dure of the derivation, and described the effect of the turbu-
lent heat flux on the Reynolds stresses. In Sec. III we
developed the theory of the differential rotation based on this
effect. In Sec. IV we made estimates for the solar differential
rotation. In Appendixes A and B we performed a detailed
derivation of the effect of the turbulent heat flux on the Rey-
nolds stresses in the rotating turbulent convection.

II. EFFECT OF THE TURBULENT HEAT FLUX
ON THE REYNOLDS STRESSES

In order to study the effect of the turbulent heat flux on
the Reynolds stresses we considered turbulent convection
with large Rayleigh and Reynolds numbers. We employed a
mean-field approach whereby the velocity, pressure, and en-
tropy are separated into the mean and fluctuating parts,
where the fluctuating parts have zero mean values. The large-
scale fluid motions are determined by the mean-field equa-
tions, which follow from the momentum and entropy equa-
tions for instantaneous fields by averaging over an ensemble
of fluctuations. The mean-field equations are given by

J P
<_+UV>UIZ—V1<_>—gS+2UXQ
ot Po

—(V;+ L e)(u/uy +£,00), ()

d 1
<_ +U- V)Sz— (VJ+L;16j)<SMJ>_ F v ‘FK(U,S),
0

ot
3)

where Eq. (2) is written in the reference frame uniformly
rotating with the angular velocity ). Here the mean fields U,
P, T, and § are the fluid velocity, pressure, temperature, and
entropy, respectively, pof,(U) is the mean molecular viscous
force, and F,(U,S) is the mean heat flux that is associated
with the molecular thermal conductivity. The mean fluid ve-
locity U for a low Mach number flow satisfies the equation
div(poU)=0. Equations (2) and (3) are written in the anelas-
tic approximation, which is a combination of the Boussinesq
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approximation and the condition div(pyU)=0. The variables
with the subscript “0” correspond to the hydrostatic nearly
isentropic  basic reference state, i.e., VPy=pyg and
g-[(¥P)) 'V Py—p,' V po] =0, where v is the ratio of spe-
cific heats. The turbulent convection is regarded as a small
deviation from a well-mixed adiabatic reference state.

In order to get a closed system of the mean-field equations
we have to determine the dependencies of the Reynolds
stresses  (u;(#,x)u;(t,x)) and the turbulent heat flux
(s'(¢,x)u;(t,x)) on the mean fields. To this end we used
equations for fluctuations of velocity and entropy in a rotat-
ing turbulent convection, which are obtained by subtracting
Egs. (2) and (3) for the mean fields from the corresponding
equations for the instantaneous fields. The equations for fluc-
tuations of velocity and entropy are given by

ou’ ,
; = — (U . V)u, - (u, : V)U_V(p_> _gSI
Po
+2u’ X Q+UY, )
o' Q2
=" PCRCECR R ®)

where U¥=((u’-V)u’)—(u’-V)u’'+f,(u’) and S¥={(u-V)s)
—(u-V)s=(1/Ty)V-F,(u’,s") are the nonlinear terms which
include the molecular dissipative terms, Q,z,z—g-VS is the
Brunt-Viisild frequency, p’ are fluctuations of fluid pressure,
and the fluid velocity fluctuations u’ satisfy the equation
div(pgu’)=0.

To study the rotating turbulent convection we performed
the derivations which include the following steps: (i) using
new variables for fluctuations of velocity v=ypou’ and en-
tropy s=\p,s’; (i) derivation of the equations for the second
moments M) of the velocity fluctuations (vv > the entropy
fluctuations (s%), and the turbulent heat flux (v;s) in the k
space; (iii) application of the spectral closure [see Eq. (6)
below] and solution of the derived second-moment equations
in the k space; and (iv) returning to the physical space to
obtain formulas for the Reynolds stresses and the turbulent
heat fluxes as the functions of the rotation rate ) (see Ap-
pendix A for details).

The second-moment equations include the first-order spa-
tial differential operators N applied to the third-order mo-
ments MU0 A problem arises how to close the system, i.e.,
how to express the set of the third-order terms Nm
through the lower moments M (see, e.g., [20-22]). Various
approximate methods have been proposed in order to solve
it. A widely used spectral 7 approximation ([20,23-27]) pos-
tulates that the deviations of the third-moment terms,
MM UID(K), from the contributions to these terms afforded by

the background turbulent convection, ./(/Mgm(k), are ex-
pressed through the similar deviations of the second mo-
ments, MD(k) —M(()H)(k):
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M () - My (k)
RO

where 7(k) is the characteristic relaxation time, which can be
identified with the correlation time of the turbulent velocity
field. The background turbulent convection (which corre-
sponds to a nonrotating and shearfree turbulent fluid flow) is
determined by the budget equations and the general structure
of the moments is obtained by symmetry reasoning. The
above procedure (see Appendix A) yields formulas for the
Reynolds stresses and the turbulent heat flux in the rotating
turbulent convection. In particular, this allowed us to deter-
mine the effect of the turbulent heat flux on the Reynolds
stresses.

The differential rotation in the axisymmetric fluid flow is
determined by linearized Eq. (2) for the toroidal component
U,(r,0) =rsin () of the mean velocity:

Nm (k) - Nm§™ (k) =

(6)

10) 19 Jd
__ @ - 3 + ) 9
P T8 (?r(r Tre) r sin? G&H(Sln 7o)
+ 2p0(U X Q)(p? (7)

where the tensor o;;=—(v,v;) is determined by the Reynolds
stress tensor. In particular,

J (U
= r _ B
U,¢——efei(vivj>—p0VTrﬁr< r )+o‘f‘p+ o (8)

sinf d( U
04 = = efel(v) = povr— &_0<si_n“"_0>+0}07¢+0{£¢’

)

where e, e, and e® are the unit vectors along the radial,
meridional, and toroidal directions of the spherical coordi-
nates r, 6, and ¢. There are three contributions to the tensor
o;;=—(vv;). In particular, the first term on the right-hand
side of Egs. (8) and (9) describes the isotropic turbulent vis-
cosity vy, the second term in Eqgs. (8) and (9) determines
the contribution o to the Reynolds stresses caused by the
turbulent heat flux, and the third term in Egs. (8) and (9)
determines the contribution ¢* to the Reynolds stresses
caused by the anisotropy of turbulence due to the nonuni-
form fluid density and uniform rotation.

In Eq. (7) we neglected the small molecular viscosity term
and we took into account that in the axisymmetric fluid flow
AU, S)/dp=0 and 80/ is a small parameter. We assumed
that the toroidal component of the mean velocity is much
larger than the poloidal component. This is typical for the
solar and stellar convective zones. We also took into account
that the fluid density is nonuniform in the radial direction.
The first two terms on the right-hand side of Eq. (7) are the
¢ component of the divergence of the tensor o;; written for
the axisymmetric fluid flow in spherical coordinates. This is
a standard form of the ¢ component of the divergence of a
tensor in spherical coordinates (see, e.g., [28]).

Let us discuss the contribution, o, to the Reynolds stress
tensor caused by the turbulent heat flux. The components of
this tensor, o‘f¢E—e}°elf(v,-vj>F and o§¢=—ej‘f’ef(vivj)F, were
determined in Appendix A. They are given by
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The functions

®,(Q7) (solid) and D,(Q7p)

of = époqggan sin 0[®, () + cos” 6D(w)],  (10)

o-’;q; = éporégF*Q sin? 0 cos 6P,(w), (11)
where the tensor (vv;)" determines the contribution to the
Reynolds stresses which vanishes when (s'u])—0 [see Eq.
(A24) in Appendix A]. Here F.=(s'u]) is the vertical turbu-
lent heat flux, the parameter =87, 7y=1[y/u, is the char-
acteristic correlation time of turbulent velocity field, and u,
is the characteristic turbulent velocity in the maximum scale
of turbulent motions /,. The functions ®,(w) and ®,(w) are
shown in Fig. 1. The formulas for the functions ®(w) and
®,(w) are given by Egs. (A28) and (A29) in Appendix A.
The asymptotic formulas for oﬁp and OJ;P for a slow rotation,
81,1 <1, are given by

O‘fw =~ po’T(z)gF*Q sin 0,

oﬁp ~ 4pOngF*Q3 sin® 6 cos 6,
and for 87,()>1 they are given by

1
_ 3
O'f‘P ~ 4Qp0gF* sin” 6,

OJ;@ ~ %pogF* sin® @ cos 6.

The contribution to the Reynolds stresses, o, in Egs. (8)
and (9) is caused by the anisotropy of turbulence due to the
inhomogeneous fluid density and uniform rotation. The ten-
sor o determines the anisotropic eddy viscosity tensor with
the nonzero off-diagonal components which are given by

2

I}
=~ (o) (Qr)sin fay(Q) - ax(Q)cos” 6],
ISLP

q

(12)
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12
Ty = 15L2(p0u0)(070)a2(9)s1n fcos 6 (13)
(see, e.g., [10]), where a,(Q)~—1 and a,(Q) ~2(Q7,)? for
Qry<1, and a,(Q)~0[(Q7y)~*] and a,(Q)~—-(Q7,)~" for
Q7,>1. The contribution to the Reynolds stresses, ¢, due
to the anisotropic eddy viscosity is smaller than that of o
due to the turbulent heat flux. In particular, the ratio
lo¥/ | ~10(L,/1y)* for Qry=<1. Note that for fast rotation
rates (7> 1) the validity of Egs. (12) and (13) is question-
able because the quasilinear approximation used in [10] is
not valid for Q7> 1.

For large Rayleigh numbers the contributions of anisotro-
pies decrease in small scales. On the other hand, the rotation
introduces an anisotropy in the turbulent convection. This
causes nonzero off-diagonal components of the Reynolds
stress tensor [see Egs. (10)—(13)] and results in the redistri-
bution of the turbulent heat flux on the surface of the rotating
body [see Eq. (A30)]. Note that the main contribution to the
tensor o;; is at the maximum scale of turbulent motions.
Therefore the contributions to the tensor g;; which depend on
the Reynolds number are negligibly small. In the present
study we investigated the large-scale effects (the differential
rotation), and the influence of the molecular viscosity and
molecular thermal diffusivity on the large-scale dynamics is
very small in comparison with that of the eddy viscosity and
turbulent thermal diffusivity. Therefore the contributions to
the tensor o;; which depend on the molecular Prandtl number

ij
are also negligibly small.

III. DIFFERENTIAL ROTATION

In the present study for simplicity we have taken into
account only the effect of o on the differential rotation. Let
us neglect the toroidal component of the Coriolis force in Eq.
(7). This is valid when the poloidal components of the mean
fluid velocity Uy and U, are much smaller than uly/L,. This
condition implies that the last term on the right-hand side of
Eq. (7) is much smaller than other terms. Here we took into
account that of(POC po and the fluid density stratification
length L, is much smaller than the solar radius Rg. Therefore
we neglected the effect of the meridional circulations on the
differential rotation, which was studied in [12], among the
others. For simplicity we also did not take into account the
dependence of the turbulent viscosity on the rate of rotation.
After these simplifications, Eq. (7) in dimensionless form
reads

P + - W(r)

[ d M(X) (14)

N I
Qrz’

where

2 1) —— —
MX) = (X 1)aX2 + 4an

) 1 9 J
W(r) = ——— ()7 a(Po() )
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I(r) = 1)[(3 = rA) D () — 2D, (w) + (13 = rA)D,(w)X?],

Iy= TﬁgF*/6vT, A=Rq/L,, and X=cos 6. Here length is mea-
sured in units of the solar radius Ry and time is measured in
units of R% /vy based on the solar radius and the turbulent
viscosity vy.

The solution of Eq. (14) we seek in the form

N
o A+ _E CEWOS Vu0un. (19
\’,D()n 0 m=3

where the function Ci/ 2(X) satisfies the equation for the ul-
traspherical polynomials:

[M(X) - n(n+3)]C*x) =0. (16)

The functions V,, ,(r) in Eq. (15) are determined by the equa-
tion of the eigenvalue problem

[‘én(r) - y}n]Vm,il(r) = O» (17)
with
. &> 4d 2A A2 n(n+3)
L(="F+-——s—-—- :
n(r) = dr? " dr r 4 r

The constant A in Eq. (15) is determined from the conserva-
tion law for the total angular momentum Lg= [{rX[({)
+8Q0) Xr]}py(r)dr of the rotating body (e.g., the Sun). The
functions Q,,,,(7) in Eq. (14) are determined in Appendix B.
They are given by Egs. (B4)—(B6).

Equation (17) coincides with the equation for the Kepler
problem in quantum mechanics (the hydrogen atom in a
spherically symmetric potential, see, e.g., [29]). The solution
of Eq. (17) is given by

Viyn(r) = " exp(= rAfm)F(a;b;2rA/m), (18)

where F(a;b;y) is the confluent hypergeometric function
with a=n—m+2 and b=2(n+2). Here we assumed for sim-
plicity that L, is independent of the radius. The characteristic
spatial scale of the mean-field variations is of the order of the
solar radius Rg in the main part of the convective zone (ex-
cept for its boundaries). On the other hand, the fluid density
in the solar convective zone changes very strongly (in six to
seven orders of magnitude). Therefore in the main part of the
solar convective zone rA > 1, and Eq. (18) for the eigenfunc-
tions V,,,(r) reduces to

V,un(r) = Ar™ 2 exp(= rA/m), (19)
where the eigenvalues v, are given by
AX(m?* - 4)
=, 20
Ym 4> (20)

with the 1nteger numbers m = 3. Here 7,, is measured in units
of VT/RQ The constant A in Eq. (19) is determined from the
condition flb V2 (r)dr=1, where r,=R,/Rc, R, is the ra-
dius of the bottom of the convective zone, and r=R/Rg is
the dimensionless radius measured in units of the solar radius
Re. Therefore the differential rotation caused by the effect of
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the turbulent heat flux on the Reynolds stresses in a turbulent
convection is determined by the following equation:

@_&[758}7*]5: {,3 |:P0(Rb) :|(m—2)/2m_( R )m—Z

Q  Ro po(Ro) Ro

vr m=3
(m=2)12m
X {—IZ)((%)) ] [f1m(w) "‘fz,m(w)COS2 0]} . (2D
0

where

fimlw) = K(m){&)l(w) - SK*(m)I%@(w)} )

Jom(@) = K(m)@z(w)[l - 13K*(m)£ﬂ] ;
©)

p _Ea( 10m>[ fi+fol5 ]

" Ro\m=2/)[ 1-(R/Rx)’ |’
K(m)=8m2/[3(m*~4)(m+2)], D (0)=D,(w)+(13/10)
X®,(w), and <f>2(w)=®l(w)+5<b2(w), the parameter K.«(m)
is given by Eq. (B7) in Appendix B. In the next section we

use Eq. (21) in order to estimate the solar differential rota-
tion.

IV. DISCUSSION

The effect of the turbulent heat flux on the Reynolds
stresses in a turbulent convection may cause the differential
rotation comparable with the typical differential rotation of
the Sun. Indeed, let us use estimates of governing parameters
taken from models of the solar convective zone, e.g., [30,31].
More modern treatments make little difference to these esti-
mates. In particular, at depth of the convective zone, H
~10' cm measured from the top (i.e., at R=0.85R,), the
parameters are the maximum scale of turbulent motions /,
~5.5% 10° cm; the characteristic turbulent velocity in the
maximum scale of turbulent motions uy~5.4X 10° cms™;
the turbulent viscosity vy~ 10" cm?s™!; the fluid density
po~7.6X1072 gcm™; and the fluid density stratification
length L,~10'" cm. Thus Eq. (21) yields the following esti-
mates for the solar differential rotation:

J H
—m‘ ~200(1 + 0.4 cos? ) ==, (22)
(97' R@
1] g H
- —59‘ ~ 140 sin(26) == (23)
r (96 R@

These estimates are in agreement with the data obtained from
surface observations of the solar angular velocity [14,15] and
from helioseismology [16—19]. Therefore the effect of the
turbulent heat flux on the Reynolds stresses in a turbulent
convection is crucial for the formation of the differential ro-
tation and should be taken into account in theories of the
differential rotations of the Sun and solarlike stars.

The mechanism of the differential rotation due to the ef-
fect of the turbulent heat flux on the Reynolds stresses is
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related to the counter-rotation turbulent heat flux in turbulent
convection. This flux reads

FCR —

3F*[ (arctanw
P 2 -

8w

- 1) +In(1 + wz)}sin be,

w

(24)

[see Eq. (A30)]. Therefore the entropy fluctuations correlate
with the toroidal component of the velocity. The entropy
fluctuations result in fluctuations of the buoyancy force that
increases fluctuations of the poloidal components of the ve-
locity (which are correlated with the fluctuations of the tor-
oidal component of the velocity). These produce the off-
diagonal components of the Reynolds stress tensor which
cause the formation of the differential rotation.
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APPENDIX A: THE REYNOLDS STRESSES IN ROTATING
TURBULENT CONVECTION

We use a mean-field approach whereby the velocity, pres-
sure, and entropy are separated into the mean and fluctuating
parts, where the equations in the new Variages for fluctua-
tions of velocity v=vpyu’ and entropy s=pys’ follow from
Egs. (4) and (5):

1 ov(x,t ! 1
— (x )=—V<p—)+/——[2VXﬂ—(V~V)U
\py It Po/ Npo
-GYv—gs]+F, +v", (A1)
ds(x,1 ;
s(x )=——b(v-e)—GUs+sN, (A2)
ot g

where GY=(1/2)divU+U-V, vV and sV are the nonlinear
terms which include the molecular viscous and dissipative
terms, and p’ are fluctuations of fluid pressure. The fluid
velocity fluctuations v satisfy the equation V-v=(1/2L,)
X(v-e), where (Vpg)/ p0=—L;1e. Equations (Al) and (A2)
are written in the anelastic approximation. The variables with
the subscript “0” correspond to the hydrostatic nearly isen-
tropic basic reference state. The turbulent convection is re-
garded as a small deviation from a well-mixed adiabatic ref-
erence state.

Let us derive equations for the second-order moments.
For this purpose we rewrite the momentum equation and the
entropy equation in a Fourier space. In particular,

dv;(k)

— " [DD(K) + 15,(K) Jv,,(K) + ge,, Pipy(K)s(K) + v (K),

(A3)
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ds(Kk)
dt

=-GY(Kk)s(k) + s". (A4)

To derive Eq. (A3) we multiplied the momentum equation
written in k-space by P;;(k)=3;;—k; in order to exclude the
pressure term from the equation of motion. Here

U,
I5(k) =2k;,V,U, - V;U; - GY(K) 5,
L.
GY(Kk) = 2 divU+i(U-Kk),

Di}(K) = 26,k

and §;; is the Kronecker tensor, k;=kxk;/ k?, and &;jx is the
Levi-Civita tensor. Using Egs. (A3) and (A4) we derive
equations for the following correlation functions:

fi(K) =L(v;v),  Fik)=L(s:v,),

0.(k) = L(s;s),

where
L(asc) = f (a(t,k + K/2)c(t,— k + K/2))exp(iK - R)dK,

R and K correspond to the large scales, and r and k to the
small ones. Hereafter we omitted argument # and R in the
correlation functions. The equations for these correlation
functions are given by

Jf:(k A~
Bi) o 1+ DYt MG+ KT (AS)
JF;(k .
% = (Izl;{n + Dz(}n)Fm + genlptm(k)®(k) +NF1'7 (A6)
a0 (k .
&(t ) __ div[UO(K)] + O, (A7)
where
Igmn = Illy]n(kl) (Sjn + [j[in(kZ) 51'11
= |:2kiq5mp5jn + 2qu5im5pn - (Siméjqénp - 51 (sjnb‘mp
d .
+ 0k, |VpUy = SinSuldiv U+ U- V],
P
(AB)
Df}mn = Df}n(kl) 5jn + Dj,ln(kZ) 5in = 2qupq(8imp5jn + gjmpain) ’
(A9)
Mj; = ge, [Py (K F;(K) + P, (KF(-K)],  (A10)

and k;=k+K/2, k,=—k+K/2. Note that the correlation
functions f;;, F;, and O are proportional to the fluid density

po(R). Here Nf,, NF,, and NO® are the terms which are
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related to the third-order moments appearing due to the non-
linear terms. In particular,

N = (P& 0N (kv (ko)) + (0i(K)) P (k)0 (Ko)),
NF; = (VR uj(ko)) + (s(kyp) Py (Ky)u N (K)),

NO = (sV(k))s(ky)) + (s(kp)sV (k).

When div U=0, Eq. (A8) coincides with that derived in [32].

The equations for the second-order moments contain
high-order moments and a closure problem arises (see, e.g.,
[20-22]). We apply the spectral 7 approximation (or the
third-order closure procedure, see, e.g., [20,23-27]). The
spectral 7 approximation postulates that the deviations of the

third-order-moment terms, N f; j(k), from the contributions to
these terms afforded by the background turbulent convection,

N fg))(k), are expressed through the similar deviations of the
second moments, f;;(k) —fg))(k), ie.,

(k) — A0
K500 - K701 = <k>7( kJ;( 0}

and similarly for other tensors, where N f,»j=./(/f,-j
+M5(FQ:O) and NF,=NF;+ge, P, (kO the superscript
(0) corresponds to the background turbulent convection (i.e.,
a nonrotating turbulent convection with V,U;=0), and 7(k) is
the characteristic relaxation time of the statistical moments.
The quantities F=° and ®=C are for a nonrotating turbulent
convection with nonzero spatial derivatives of the mean ve-
locity. Note that we applied the 7 approximation (A11) only
to study the deviations from the background turbulent con-
vection which are caused by the spatial derivatives of the
mean velocity and a nonzero rotation. The background tur-
bulent convection is assumed to be known (see below).

The solution of Egs. (A5)—(A7) after applying the spectral
T approximation reads

(A11)

£i(6) = £ (k) + f1(k) + f/(K), (A12)
Fi(k) = D;} (Q)FV(k), (A13)
Ok)=[1-7U- V)]0 k), (A14)
where

FU) = D3 (1Y, T + f7 1, (A15)
fi(k) = D7, (Q)M},, (k). (A16)

M{;(k) = gem{PZm(k)[F/(k) - Fjﬂzo(k)]
+ P (K[F(-k) - FF(-K)]}. (A1)

Here 5;(9) is the inverse of ﬁij(ﬂ)Z(%i—TDf} and
D! (Q) is the inverse of 5--,,,,1((2)=6,-,”5]-,,—70Q and

ijmn ij ijmn>

5;1(9) =X(df)(51]+ l//sijmém-i' Iﬁzku)’ (Alg)
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D7} ()=

ijmn

[B im jn+BZkzjmn+B3(81pm5]n+8]pn im )kp

+ By( 8k + Ojkiyy) + Bse; k

ipm& jgnKpq

+ B6(81pm jipn + 8jpnkipm):ls (Alg)

and 12,-=k,»/k, xXW=1/1+¢?), ¢=27k)(k-Q)/k, B;=1
+x(2¢), By=B+2-4x(y), B3=2¢ix(2¢), B4;=2x(¢)-By,
Bs=2-B,, and Bs=2¢{ x(¢))— x(2¢)]. For derivation of Egs.
(A12), (A15), and (A16) we used a procedure described in
Appendix B in [33].

For the integration in k-space of the second moments
fi(k), Fi(k), and ©(k) we have to specify a model for the
background turbulent convection (i.e., a nonrotating turbu-
lent convection with V,U;=0). Here we used the following
model of the background turbulent convection:

D (k) = po( ()P (K)W(k), (A20)
FOK) = 3po(s"ulde, Pin(K)W(K), (A21)
0 V(k) = 2py((s")HW(K), (A22)

where W(k)=E(k)/8mk?, (k)=27,7(k), E(k)=-d7(k)/dk,
(k)=(k/ky)'~9, 1 <g<3 is the exponent of the kinetic en-
ergy spectrum (¢=5/3 for Kolmogorov spectrum), ky=1/1,
and [ is the maximum scale of turbulent motions, 7y=1[,/u,,
and u is the characteristic turbulent velocity in the scale /.
Motion in the background turbulent convection is assumed to
be nonhelical.

Equations (A13), (A16), and (A17) can be rewritten in the
form

W(k)

Fi(k) = poF*l ¢,2[e mPin(K) + (e X k)], (A23)

) 3yWk)
[i(K) = pyr(k)gF. )

(a) (c) (b)
X[B (M}’ = 2¢yM;7) + 244 B, = 2)M;}”],

(A24)
3yW(k)
Ml](k) POT(k)gF* 1ﬁ2 [M(a) 21//M(}7)] (AZS)
where F*=(s’uz'),
ME;” = (e X k);e,, P}, (k) + (e X k) e, Py, (K),
M(b)—e menPim(K) Py (K),
M) = (e X k) (e X K);,
and we used the identities:
1 ~
D3 M = LBy = BIML + 2By(M( ~ M),

D, M = [B M - BM + BsM].

ijmn
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In order to integrate over the angles in k-space we used
the following identities:

k;; sin 0
J,j(a) f—;d&hp A6 +A2w,j,

(A26)
1+acos

jmn sin 0
lmﬂ( ) f l d(P
j

1 +acos’ 6

= 6'1(51'/' nt 5lm5/n + 5[}1(5[}1’[) + 62wijmn

+C3(5w + O @iy + iy @y + 0y @iy + 8y Wiy

(see for details, [33,34]), where wij:Qin/Qz, O jmn
=W Wy,
arctan(\,a)
1(0)——{(61 ————- 1},
Va
-
_ 2 arctan(\/
Az(a)=-—”l(a+3)#—3],
a va

2arctan(\ a) Sa |
Va 3 ’

61<a>:2—’;{< +1)

6‘2(61) =Kz(a) - 751(0) + 3561(0),

6'3(61) =Al(a) —561(51).

Equation (A24) after the integration in k-space allows us
to determine the contributions of the turbulent heat flux to
the Reynolds stress tensor in turbulent convection. In par—
ticular, the components Gf(P:—e]ﬁ"ef f;; and o‘F =—e’ e U are
given by Egs. (10) and (11), respectlvely, where

Dy(w) = 2W,(w) + Vy(w/2), (A29)

arctan o

6 8w’
W“’)z_ﬁ[ (1 +w2)-7“’- 1 +2wS(w)],

arctan w

2
lIQ((»):%[S (1+w2)+87w—5—6w5(w)},

w=87() and S(w)= f{‘)’[arctan y/yldy. Here we took into ac-
count that W¥,(w)=A(w)+4%(0)-C?(0)-CP(w) and
Yy (w)=- C(z)(w b(w) where the functlons A(p )(w) and
C(p)(w) are given by

AP (w) = (6/ma*!) J YA dy,
0
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V() = (6/me™) f W)y
0

(see for details, [33,34]). For derivation of Egs. (10) and (11)
we used the following identities:
Opgla) _
e}PeiMij —k,»jm(e“’ej‘p

1

¢ 610)6111 ’

¢, 0h70b) _ ¢,0,r

e; eiMij —kijmne, ejemen,
¢, 087() _ ¢,0
eje;M;; =—kjeje;,

(efef —e; eg)e 1) J,,m,, =(C, +3C5)sin’ @ cos 6,
&g jCmCnCy®i J,J,,m =(e X w), [Cy + C;+cos® 8(C, +3C3)].

Here @;=();/(). Equation for the turbulent heat flux follows
from Eq. (A23) after integration in k-space:

= %(—x[A(l (x)+A ])(x)]sm oe?

+[24190x) + AP(x)sin® gle”

1
+ =AY (x)sin(2 0)e‘9> ,
2 x=w/2

(A30)

where e, e’, and e are the unit vectors along the radial,
meridional, and toroidal directions, respectively. The first
term in Eq. (A30) describes the counter-rotation turbulent
heat flux, which is given by Eq. (24).

APPENDIX B: THE FUNCTIONS 0, ,,()

The equation for the functions Q,, ,,(t) follows from Egs.
(14)—(17). In particular,

Wl 1y 10,04 10{ 0K ()0 + K2<m><b4<w>} ,
(B1)

d

QZ:(t) [Vl Q2 - ’0‘1’ (“’){ 1, - 13K2(m)}

(B2)
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de 2n(t)

5 (B3)

|7m|Qm 2n»

with the integer numbers n>1 in Eq. (B3), where ®5(w)=
~®,(0)-(3/2)Py(w), Dy(0)=3P(w)+(35/2)P,(w),
Ki(m)=J) P\po(r)V,0(r)dr, — and  Ky(m)=J) \po(r)
XV,an(r)dr. A steady state solution of Eqs. (B1)-(B3) is
given by

Qo —I—[R—K (m)P3(w) + Ky(m )¢4(w)}, (B4)

[l L Ly

Oa(t) = 2(60){ —K;(m) - 13K2(m)] )
15| ml L,
(B5)
Qm,2n(t) =0, (B6)
where n>1 in Eq. (B6). The ratio K«(m)=K,(m)/K,(m) is
given by
riEm(ro) -1
K*(m)= 3 (B7)
rE,(rg) =1
where

Q2+m)(1 —rb)R@>

2mLp

Em(”o) = exp(
and r,=R,/Ro.
The function Cf/ 2(X) entering in Eq. (15) has the follow-
ing properties:

(n+ D(n+2)

1= X2 C3/2XC3/2X ,
f( )G, (X)C(X) 3o O

(B8)

and C3*(X)=1, C3*(X)=(3/2)(5X*>~1). Note that due to the
condition (B8), the function CS/Z(X) only contributes to the
total angular momentum of the Sun.
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