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Abstract. Linearized stability of incompressible viscous fluid flows in a thin spherical shell is
studied by using the two-dimensional Navier—Stokes equations on a sphere. The stationary flow
on the sphere has two singularities (a sink and a source) at the North and South poles of the
sphere. We prove analytically for the linearized Navier—Stokes equations that the stationary flow
is asymptotically stable. When the spherical layer is truncated between two symmetrical rings,
we study eigenvalues of the linearized equations numerically by using power series solutions and
show that the stationary flow remains asymptotically stable for all Reynolds numbers.
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1. Introduction

The Navier—Stokes (NS) equations for an incompressible viscous fluid are the fun-
damental governing equations of fluid mechanics. In many cases, exact solutions
can be constructed to these equations [10] and spectral and nonlinear stability of
these exact solutions can be analyzed [11]. Our work addresses stability of exact
solutions for the NS equations in spherical coordinates.

The three-dimensional NS equations in a thin rotating spherical shell describe
large-scale atmospheric dynamics that plays an important role in the global climate
control and weather prediction [21, 22]. It was rigorously proved by Temam &
Ziane [28] that the average of the longitudinal velocity in the radial direction
converges to the strong solution of the two-dimensional NS equation on a sphere
as the thickness of the spherical shell goes to zero. The latter model has been used
in geophysical fluid dynamics since the middle of the last century [19].

The treatment of the geometric singularity in spherical coordinates has for
many years been a difficulty in the development of numerical simulations for
oceanic and atmospheric flows around the Earth. Blinova [4, 5] represented solu-
tions in the inviscous case by the eigenfunction expansions in spherical harmon-
ics. Vorticity equations were considered by Ben-Yu with the spectral method [3].
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More recent work of Furnier et al. [13] applied the spectral-element method to
the axis-symmetric solutions (see [17, 23, 29] for other applications of the spectral
methods in spherical coordinates). Finite-element approximations of the vector
Laplace-Beltrami equation on the sphere were studied by Simonnet [27]. Finally,
point vortex motion on a sphere was modeled by ordinary differential equations
for vortex centers in Boatto & Cabral [6] and Crowdy [9].

We address the three-dimensional NS equations for an incompressible viscous
fluid,

Ju

8t—i—(u-V)u—uAu—i—Vp:O, xeN teRy,

V-u=0, xe€,teRy, (1.1)

uli—o = up, X €Q,

in a thin spherical shell Q = {x € R?: 1 < |x| < 1+ &} with ¢ — 0, subject to the
boundary conditions

u-n=0, (Vxu)xn=0, x € 09. (1.2)

Here u : Q x Ry — R? is the velocity vector, p: Q x Ry +— R is the ratio of the
pressure to constant density, v is the kinematic viscosity, n is the normal vector
to the boundary 9% of the spherical shell Q and ug : Q — R? is a given initial
condition. Although Coriolis and gravity forces may be dynamically significant
in oceanographic applications, our model is considered in a non-rotating reference
frame and without external forces.

We employ the spherical coordinates (r,6,¢) with the velocity vector u =
Ure, + Ugeg + Upey, where (e,,eq,e,) are basic orthonormal vectors along the
spherical coordinates. For completeness, we write explicitly the three-dimensional
NS equations (1.1) in spherical coordinates [1]:
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where

A 10 (5,0 N 1 o [ . 9(9 n 1 0?
T r29r " or r2sin 0 00 st 00 r2 gin? 6 042

is the Laplacian in spherical coordinates. One can check by direct differentia-
tion that there exists an exact stationary solution to the three-dimensional NS
equations in spherical coordinates:

« 042

u :07 Up = . ) u :07 = - ’
" O~ rsing ¢ p=>5 212 sin? 0

(1.3)

where (a, 3) are arbitrary parameters. The stationary solution (1.3) describes the
flow tangential to a sphere of any given radius r. The stationary flow has two pole
singularities at § = 0 and 6 = w. The singularities correspond to the source and
sink of the velocity vector at the North and South poles of the spherical shell €2
the fluid is injected at the North pole from an external source and it leaks out at
the South pole to an external sink.

In the limit € — 0, the non-stationary three-dimensional fluid flow is confined
on a sphere S of unit radius parameterized by the polar (latitude) angle 6 and
azimuthal (longitude) angle ¢,

S={0,¢), 0<0<7m 0<¢<2m}. (1.4)

Since the velocity vector u and the pressure p in the NS equations (1.1) are cou-
pled together by the incompressibility constraint V-u = 0, it is difficult to analyze
the full set of three-dimensional equations. A common approach to simplify the
problem is to use the artificial methods such as the pressure stabilization and
projections [26]. The error estimate of the pressure stabilization and projection
methods is not however mathematically precise. Instead, we shall use the result of
Theorem B in [28], which states that provided the function ug(r,6, @) is smooth
enough, the strong global solution u(r, 6, ¢,t) of the three-dimensional NS equa-
tions converges as ¢ — 0 to the strong unique global solution v(f,®,t) of the
two-dimensional NS equations on the sphere, where

1+e

v(0,¢,t) = lin%i ru(r, 6, ¢, t)dr = (0,vg,vy).
E— 1

The vector v(6,¢,t) is interpreted as the average velocity with respect to the
radial coordinate r. (Other applications of the averaged method for the three-
dimensional NS equations in cartesian coordinates with a thin layer and various
boundary conditions are reviewed in [16].) The averaged two-dimensional NS
equations on a sphere S in spherical angles (6, ¢) can be written in the form [28]:
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where Ag is the Laplace—Beltrami operator in spherical angles

A 1 0 /. 0 0 n 1 9?2
= sin .
57 sing 00 96) " sin?0 09>
Note that no boundary conditions are specified for the vector v(6, ¢,t) on sphere
S, while the initial condition v|t—g = vo on S is not written. For the purposes

of our work, we rewrite the two-dimensional NS equations on the sphere S in an
equivalent form:

o= (st 2B
E S e T R A
(;99 (sin fvg) + %vg =0, (1.7)
where ¢ is a static (stagnation) pressure and w is the vorticity:
q:p—F;(vg—l—vé), w:(,fe(sint?%)—%z;f. (1.8)

The stationary solution (1.3) corresponds to the exact stationary solution of the
two-dimensional NS equations (1.5)—(1.7) on the unit sphere S:

!
= ) = 0; = M, 1.9

VW= Vg q=7p (1.9)

where (o, 3) are arbitrary parameters. Besides analysis of the stationary flow (1.9)

on the sphere S, we shall also model it on the truncated domain with no external

source and sink singularities at # = 0 and 8 = 7, e.g. on the spherical layer
So={(0,9): p<0<m—0y, 0<¢<2r}, (1.10)

where 0 < 6y < 5. Without loss of generality, the spherical layer Sp is truncated
symmetrically at the two rings located in the Northern and Southern semi-spheres
so that the stationary flow (1.9) is free of pole singularities in Sp. In other words,
without dipping into details on how the fluid flow is injected on the sphere and
is collected from the sphere in a neighborhood of the North and South poles, we
study how the fluid leaks from the Northern semi-sphere to the Southern semi-
sphere along the spherical layer (1.10). In this context, the stationary solution
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(1.9) is interpreted as the mass conservation law which is obtained by integrating
the free divergence condition (1.7).

We are interested in spectral stability of the stationary fluid flow (1.9). In
the case of S when the singularities are included, we prove analytically that the
linearized NS equations (1.5)—(1.7) about the stationary solution (1.9) are asymp-
totically stable. In the case of Sy when the singularities are excluded, the asymp-
totical stability of the stationary flow can only be proved for the case v = oo, that
is in the limit of zero Reynolds numbers. By using the power series expansions,
we approximate solutions numerically and show that the stationary flow remains
asymptotically stable for all Reynolds numbers.

Similar works can be mentioned in connection to our work. The stationary
flow (1.9) is related to the so-called Darcy’s law on a sphere, which is derived from
the NS equations (1.1) without the inertial term (u-V)u (see Appendix in [25]).
Direct separation of variables in spherical coordinates or other curve-linear coor-
dinates is possible for this approximation, after which the exact stationary flow
can be found [20]. Unlike this work, we use the asymptotic reduction of the three-
dimensional NS equations (1.1) to the two-dimensional NS equations on sphere,
which have the exact stationary solution (1.9). Another relevant work is the anal-
ysis of spectral stability of the inhomogeneous incompressible NS equations with
linear density profiles, where a similar treatment of the hypergeometric equations
and singular Sturm-Liouville operators was reported [7].

Our paper is structured as follows. Section 2 introduces the linearization of
the two-dimensional NS equations (1.5)—(1.7) at the stationary solution (1.9) and
discusses boundary conditions for the perturbation vector. Analytical results on
location of the spectrum of the linearized problem are reported in Section 3 for
symmetry-breaking (¢-dependent) perturbations and in Section 4 for symmetry-
preserving (¢-independent) perturbations. Numerical results on computations of
eigenvalues of the linearized problem are described in Section 5 for symmetry-
breaking perturbations and in Section 6 for symmetry-preserving perturbations.
Section 7 discusses open directions.

2. Linearized equations and separation of variables

Without loss of generality, we consider the stationary solution (1.9) with a = 1 and
B = 0. The presence of arbitrary parameters («, ) introduces time-independent
(neutral) modes of the linearized equations, which we account at the end of this
section. We consider infinitesimal time-dependent perturbations of the stationary
flow with @« =1 and 8 = 0 in the form

1
Vp =
"~ sing

U0, 0)e™, v, =V(0,0)eM,  q=Q(0,¢)e, (2.1)

where )\ € C is a parameter. Perturbations with Re(A) > 0 imply spectral insta-
bility of the stationary flow. If Re(A) < 0 for all perturbations, the stationary flow
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is asymptotically stable, while if Re(\) = 0 for some perturbations and Re(\) < 0
for all other perturbations, the stationary flow is stable in the sense of Lyapunov.

By neglecting the quadratic terms of the perturbation, we linearize the NS
equations (1.5)—(1.7) with the expansion (2.1) to the form:

0Q U 2cosf OV
AU =v|(AgU— — 2.2
T a0 V( ST in?0 sin?0 8¢)’ (22)
1 g . ou 1 0Q 2cosf oU \%
AV+ sin2 0 (89 (sinfV)— 8¢> sinf 96 V(ASV—i— Gn20 96 sin® 9), (2.3)
0 . av
50 (sinf U) + 6¢—0. (2.4)

Perturbation terms of the velocity vector must satisfy some boundary conditions in
the domains Sy or S. It is naturally to assume that the velocity vector is periodic
with respect to the angle ¢:

U0, ¢+2r) =U(0,0), V(0,6+2r)=V(0,0). (2.5)

Therefore, we look for Fourier series solutions of the system (2.2)—(2.4):

UB,6)=> Us(0)e™, V(0,6) = Vi)™, Q0,6) = Qi(0)e™.
kez kez kez
(2.6)
We also require that the components (Ug, Vi) of the velocity vector be square
integrable in Sy or S with respect to the spherical weight:

71'—9()
/ (JUk|? + |Vi|?) sin 6d6 < oo, (2.7)
0o

where 0 < 6y < w/2. When the domain is the truncated spherical shell Sy, we
require that components the velocity vector vanish at the regular end points of
the domain:

Uk(oo) = Uk(ﬂ' - 90) = Vk(oo) = V(?T - 90) =0. (28)

The complete sphere S with the singular end points is then considered in the limit
6o — 0. We require that the components of the vorticity in (1.8) vanish at the
singular end points of the domain:

gir% Ui (0) = elim Ui (0) = gin% sin OV (9) = elim sin OV (6) = 0. (2.9)

It will be clear later that separation of variables is different between the cases
k = 0and k # 0. We say that the correction terms with k£ = 0 represent symmetry-
preserving perturbations of the stationary flow (2.1), while the correction terms
with &k # 0 represent symmetry-breaking perturbations.
Case k # 0. It follows from the divergence-free condition (2.4) that one can
introduce the stream function ¥y (¢) for the velocity vector (U, Vi) as follows:
ik
Ui = sin@qjk(e)’ Vi = =W (0). (2.10)
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The system of linearized equations (2.2)—(2.3) reduces to the coupled ODE system
for U (0) and Qy = ikPy(6):

d 1

P, = AUy — AU 2.11

a0 = sno (VAR — ATy), (2.11)
k2 d 1

Sinepk = do (VAk\Ifk — )\\I/k) — Sin@Ak\Ijk’ (2.12)

where

&2 N cos@ d k2
df?  sinfdf sin26’
Let &, = AxVUy be a new variable. Then, the variable P, can be excluded from

the system (2.11)—(2.12), such that the system reduces to a closed second-order
ODE:

Ay = (2.13)

(b/
Ap®y — F = \Dy. 2.14
VAERPE = g k ( )
Due to the boundary conditions (2.8) and the representation (2.10), the solution
U (0) for the truncated spherical layer Sy is defined on a closed interval 6y < 6 <

m — 6 for 0 < 6y < w/2 subject to the boundary conditions
\I/k(eo) = \11;6(6‘0) = \I/k(ﬂ' - 90) = \I/;C(W - 6‘0) =0. (215)

Since = 0 and 6 = 7 are singular points of the interval 0 < 6 < m, the solution
U}, () for the complete sphere S is defined on an open interval 0 < 6 < 7 satisfying
the boundary conditions from (2.9) and (2.10):

elir% Ui(0) = (}im U(0) = (}in}) sin 00, (0) = (}im sin 0. (0) = 0. (2.16)

Case k = 0. It follows from the divergence-free condition (2.4) that

(0%

sinf’

where a@ € R. This solution resembles the neutral eigenmode generated by the
arbitrary constant « in the stationary solution (1.9). Since the eigenmode violates
the boundary conditions (2.15) on Sy and has pole singularities on S, we set a = 0.
In this case, the first equation (2.2) admits a solution Qo = 3, where 8 € R. It is
also a neutral eigenmode generated by the arbitrary constant 3 in the stationary
solution (1.9). Since it is a trivial eigenmode (the pressure term is defined with
accuracy to an addition of an arbitrary constant), we can set 5 = 0.

When a = 8 = 0, the representation for Uy = Q9 = 0 matches the previous
representation for Uy and @y with k¥ = 0. Using the representation (2.10), we
introduce Vp = —¥((f) and rewrite the second equation (2.3) as follows:

d

1
do (VAO\IJO — )\\I’()) — Sin@AO\I}O = O, (217)
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where Ay is defined by (2.13) with & = 0. Letting &5 = Ag¥g and taking one more
derivative in 6, one can convert the non-trivial equation (2.17) to the previous form
(2.14) with k = 0. Therefore, all solutions of (2.17) are also solutions of (2.14)
with & = 0, while the converse statement is not true. It follows from (2.8) and
(2.9) that the stream function ¥y (6) satisfies the Neumann boundary conditions

W(0) = Wh(m — ) = 0 (2.18)
in the case of Sy and the boundary conditions
elir% sin 00 (0) = elim sin 00 (0) =0 (2.19)

in the case of S. Stability analysis of the linearized problem (2.14) with k& # 0
is developed separately from that of the linearized equation (2.17) with k = 0.
Our main results on eigenvalues of the linearized problems (2.14) and (2.17) are
summarized in Table 1. The remainder of this article is devoted to the proofs and
numerical verifications of results described in Table 1.

Index £ Viscosity v Cut-off 8y eigenvalues results
kE#0 O<v<oo 60p=0 real negative Proposition 2
k#0 V=00 0 <6 <7 real negative Propositions 3 and 4
k#0 O0<v<oo 0<6 <7 realorcomplex Section
k=0 O<v<oo 60p=0 real negative or  Proposition 8
absent
k=0 O0<v<oo 0<6b <7 real negative Propositions 9 and 10
k=0 O0<v<oo 0<6<7 real negative Section 6

TABLE 1. Summary of main results

3. Stability analysis for k #£ 0

We rewrite the ODE (2.14) supplemented with the relation Ag¥y = & by using
the variable z = cos6:

LV = Py, Lp®p + G(I);C = udy, (31)

where € = 1/v is the Reynolds number of the basic flow, u = A/v is a rescaled
eigenvalue, and Ly, is the Sturm—-Liouville operator for associated Legendre func-
tions

d d} 2 (52)

Ly = 1—a? — :
T de {( ") dx 1— 22
The system (3.1) is defined on the symmetric interval [—z, 2o, where xo = cos 6.
The spherical layer Sy corresponds to the case 0 < zyp < 1, while the complete

sphere S corresponds to the limit g — 1. In the latter case, the interval [—1,1]
connects two singular points z = £1 of the Sturm-Liouville operator (3.2). The
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case € = 0 corresponds to the infinitely viscous fluid, while the case e = oo corre-
sponds to the inviscous fluid.

Using the representation (2.10) and the transformation z = cos6 with ¥} (8) =
—V/1 — 22} (), we rewrite the condition (2.7) as the norm on function space Hy,
which is used throughout our work:

el = [ o= e+

—x0

k

2
1o 2 | Uy (2)]? | do < oo. (3.3)

We shall denote Hy([—zo,x0]) when 0 < z9 < 1 and Hy([—1,1]) when zo = 1.
When 0 < 2 < 1, the linearized system (3.1) is defined on function space

Xo = {\I/k S Hk([—d?o,xo]) : \I/k(:lzzo) = \I/;(:I::ro) = 0}, (34)

where the boundary conditions (2.15) are taken into account. When zy = 1, the
linearized system (3.1) is defined in function space

X = {\Ifk €Hi([=1,1]):  lim Wy(z) = lim (1 )W, (x) = 0} . (3.5)
where the boundary conditions (2.16) are taken into account. We note that the
boundary conditions in the definition of X are redundant, since the norm (3.3) is
finite for zy = 1 only if the boundary conditions in (3.5) are satisfied. Nevertheless,
we write these redundant boundary conditions according to the standard formalism
of the singular Sturm-Lioville problems [24].

The Sturm-Liouville operator Ly in (3.2) is self-adjoint with respect to the
boundary conditions in Xy and X, such that (¥, Ly W) = —|| W[5, < 0 is finite
and real-valued for Uy, € Hi([—xo,20]), Ur # 0. Therefore, the kernel of Ly, is
empty in Xy and X. Because the smallest eigenvalue of Ly is bounded away from
zero, the operator Ly is invertible and range(Ly) is dense in the space of square
integrable functions on [—xg, 2] for any 0 < xg < 1. Therefore, as it follows from
the first equation of the system (3.1), the component ® € range(Ly) is square
integrable on [—zg, x9] but it does not satisfy any specific boundary conditions at
the end points x = +xg.

The eigenvalue problem (3.1) in Xy and X has two continuous parameters
0 <x9 <1 and e > 0 and one integer parameter k € Z\{0}, while (u, ¥y) is the
eigenvalue-eigenfunction pair that defines spectral stability of the stationary flow.
The following results characterize the spectrum of the eigenvalue problem in the
cases: (i) zg =1 and e > 0; (ii) 0 < 29 < 1 and € = 0; and (iii) in the limit g — 1
when e = 0. Based on these results, we prove the following theorem:

Theorem 1. When 29 =1 and e > 0 or 0 < g < 1 and € = 0, the stationary
flow (1.9) is asymptotically stable with respect to symmetry-breaking perturbations
in the sense that the spectrum of the linearized problem (3.1) in Xo or X consists
of a set of isolated eigenvalues p of finite multiplicities and p € R_ is bounded
away from zero.
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The proof of theorem consists of the proofs of three individual propositions.

Proposition 2. A complete spectrum of the eigenvalue problem (3.1) with xg = 1
and € > 0 in X consists of simple isolated eigenvalues at p = iy,

pn = —Sn(sn + 1), Sp =0 +n, (3.6)
where o = \/k2 +€2/4> 0 and n > 0 is integer.

Proof. Let p = —s(s+ 1) and

1— g €/4
P = . 3.7
@=(151) e (3.7
The second equation of the system (3.1) transforms to the associated Legendre
equation

d

dp o2
_ 2 — — —
I [(1 x%) } 1_I2cp+s(s+1)go 0, l<z<1, (3.8)

dx

where o = /k2 + €2/4 > 0. Since the linear ODE (3.8) has no singular points on
—1 < x < 1, there exists a set of two linearly independent and twice continuously
differentiable solutions in any compact subset of (—1,1) [8]. Singularity analysis
of the ODE (3.8) as © — =+1 shows that the solution ¢(z) either have a singular
(unbounded) behavior like (1F2)~7/2 as 2 — 41 or a regular (vanishing) behavior
like (1 Fz)°/? as  — +1.

Let ¢(z) be a regular solution of (3.8) on z € [—1, 1], such that ¢(z) ~ (1Fz)
and @y (z) ~ (1 F 2)*/*t9/2 as  — +1. Since the Sturm-Liouville operator Ly
is invertible on ® € L?([—1,1]) for k # 0, the first equation of the system (3.1)
admits a solution Wy (z) that behaves like (1 F x)'*</4+9/2 as x — +1. Since
+e+Ve2+4k2 > 0 for any k € Z and € > 0, the function ®;(x) is bounded
and square integrable on [—1, 1], while the function ¥y (z) belongs to the function
space X in (3.5). Therefore, if p(x) is a regular solution of (3.8), then ¥y (z) is an
eigenfunction of the eigenvalue problem (3.1) in X.

Let ¢(x) be a singular solution of (3.8), such that ¢(z) ~ (1 F z) and
p(x) ~ (1 F x)*/479/2 in at least one limit x — +1. Since +e — /€2 + 4k2 <
—2|k| < =2 for k # 0 and € > 0, the function @4, is not square integrable on [—1, 1]
and hence Uy (x) can not be in X. By Theorem 10 on p. 1441 in [12], the essen-
tial spectrum of the formally self-adjoint operator (3.8) is void. Therefore, the
complete spectrum of the linearized system (3.1) in X consists of isolated eigen-
values p, which correspond to regular solutions p(z) of the associated Legendre
equation (3.8).

Let ¢(x) be a regular solution of (3.8) and write p(z) = (1—22)°/2F(x), where
F(z) is bounded as  — £1. This substitution transforms the associated Legendre
equation (3.8) to the hypergeometric equation

2(1=2)F"(2)+ (v = (a+ B8+ 1)2) F'(2) — aBF(z) = 0, (3.9)

o/2

—0/2
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where
5 0+ =08, b=0c+s+1, ~v=0c+1 (3.10)
The only solution of the ODE (3.9) which is bounded as © — 1 (z — 0) is the

hypergeometric function F(z;a, 3,7), which admits the power series at z = 0 (see
9.100 on p. 995 in [14]):

F(z;a,ﬁ,'y)zl—i-aﬁz—i—a(a—’—l)ﬁ(ﬁ—’—l)f—k---. (3.11)

~1! v(y+1)2!
It follows from properties 9.101-9.102 on p. 995 in [14] that the hypergeometric
series (3.11) with a4+ 3 — v = o > 0 converges for |z| < 1 and diverges as z — 1,
unless it is truncated into a polynomial. The latter case is the only case when
the solution of the ODE (3.9) is bounded in both limits z — 1 (z — 0) and
x — —1 (z — 1). The truncation occurs when either &« = —n or 8 = —m with
non-negative integers n and m. The two cases are in fact equivalent to each other
since p = —s(s+1) = (o« —o0)(B—0) and o« + 3 =1+ 20. Let a = —n, such
that s = o4+ n, 8 = 20+n+1and v = 0 + 1. In this case, the function
F(z;—n,n+ 1+ 20,14+ 0) = F,(x) is a polynomial of degree n, e.g.

(20 4+ 3)a? — 1
2(14+0)

(5+ 20)x® — 3z

Fp=1 F =2z F= 21 40)

F3 = (3.12)
while the simple eigenvalues p = p,, are given by the expression (3.6). When
o = 0, polynomials F,,(z) coincide with the Legendre polynomials P, (x) given by

identity 8.91 on p. 973 of [14]. O

Proposition 3. A complete spectrum of the eigenvalue problem (3.1) with 0 <
xog < 1 and € = 0 in Xy consists of isolated eigenvalues p, which are (i) real
and strictly negative and (ii) either simple or double with linearly independent
eigenfunctions.

Proof. We first show that no zero eigenvalue p = 0 exists in the eigenvalue problem
(3.1) with 0 < 29 < 1 and € = 0 in Xy. Let ¥y (z) be a C*([—xz¢, 7o) solution of
the fourth-order ODE Li\Ifk = 0 in function space Xy. Then,

(Wk, LEWE) = (1 — 2%) [Wi(LpWy) — Wi (L )] [322%, + (Le W, Ly Ty)
= (Lp Vg, Ly W¥y).
Therefore, ¥ (z) is in fact the solution of the second-order ODE L, V) = 0. The
boundary conditions in X, admit the only solution ¥j(x) = 0, such that the

eigenvalue problem (3.1) contains no eigenvalue p = 0 in Xj.
When g # 0 and € = 0, the system (3.1) admits a general solution in the form
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where 1)(x) and ¢(x) are general solutions of the homogeneous second-order ODEs

Lyp =0,  Lpo = po.
Since the operator Ly is invariant with respect to the inversion symmetry x — —zx,
each homogeneous second-order ODE has linearly independent symmetric (even)
and anti-symmetric (odd) solutions denoted by subscripts + and — respectively.
Therefore, we obtain the decomposition

wo) = 0 e @+ a7 v ),

Pp(z) = dids(2) +d-9—(z),

where (cy,c_,dy,d_) are constants and the functions ¢y(x) and ¢y(x) are
uniquely normalized by the initial values at = 0 (e.g. ¢4(0) = 1, ¢/, (0) =0
and ¢_(0) =0, ¢'_(0) = 1). We note that either 1 (xg) # 0 or ¥/, (z¢) # 0 (since
4 (x) = 0 otherwise). By using the boundary conditions in (3.4), we decompose
the boundary-value problems into two uncoupled systems with

d+ ¢+ (20) + pexh+ (o) = 0, di ¢!y (w0) + pesly (xo) = 0,

so that a non-zero solution for (cy,c_,d,d_) exists provided

Oy (20) Y+ (20) = ¢+ (20) W (w0).

Since the functions ¢4 (x) are independent of y, we have thus obtained that the
functions ¢4 () solve the closed eigenvalue problem

Lip+ = po+, —x0 <z < 20, (3.13)
defined on the function space
Hy = {¢+ € Hr([—wo,20]) : Y= (w0)@ (w0) — ¢y (20) ¢+ (20) = 0,
¢t (—x) = £¢+(x)}.

The p-independent boundary values in (3.14) are Robin boundary conditions
when 94 (zg) and ¢/, (o) are both non-zero, Dirichlet boundary conditions when
¥+ (x0) = 0 and Neumann boundary conditions when v, (z9) = 0. The associated
Legendre operator Ly is self-adjoint in Hy with respect to any of these boundary
conditions [24]. Therefore, all eigenvalues p of the eigenvalue problem (3.13) in
Hj are real-valued and isolated, while the corresponding eigenfunctions ¢ (z) are
real-valued. Moreover, all eigenvalues of (3.13) are simple since the Wronskian
of any two solutions of (3.13) with boundary conditions in (3.14) is zero. Since
Uy, € Xo and @ € Hy, we obtain that

so that (¢, @) = 0 for p # 0. By using the above identity, we obtain that

¢ (x)
I

(3.14)

iw, 0) = (U4 d) = (T, LiTy) = —[[ W42, < 0. (3.15)
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so that p < 0 for each eigenvalue with ¢ # 0. By construction, eigenvalues are at
most double. The case of double eigenvalues corresponds to the situation when
the eigenvalue problems (3.13)—(3.14) admit two linearly independent (even and
odd) eigenfunctions for the same value of p. O

Proposition 4. Let {{n}n>0 be isolated eigenvalues of the eigenvalue problem
(3.1) in Xo with 0 < zy < 1 and e = 0 ordered as

PO = 1 2 0 2> g > e
Then

K

liml Hn = _Sn(sn + 1)7 Sn = |k| +n,

ro—

where n > 0.

Proof. Consider even and odd solutions of the second-order ODE Lyt+ = 0 in the

limit zg — 1. Since the kernel of L, admits no eigenfunctions in Hy, for k £ 0 and

0 < zp < 1, the solutions 14 (z¢) must diverge as o — 1. Singularity analysis as

& — +1 suggests that the solution ¢4 (z) grows like (1 F z)~!*/2 as & — +1, such

that hml Yy (x0) /¥ (xg) = 0. Therefore, eigenfunctions ¢ (z) of the auxiliary
To—

eigenvalue problem (3.13) for 0 < 29 < 1 satisfy in the limit zp — 1 the singular
eigenvalue problem

Loy = puoy, -l<z<l1 (3.16)

defined on the function space

H = {@[ €Hi([-1,1]):  lim éi(x) = lim (1 )¢l (x) = o} . (3.17)
Again, the boundary conditions in H are redundant due to convergence of the
integral in Hy([—1,1]). A complete spectrum of the eigenvalue problem (3.16)—
(3.17) is constructed in the proof of Proposition 2: eigenvalues are given by (3.6)
with € = 0 and eigenfunctions are ¢4 (x) = (1 — 22)I*I/2F, (z), where F,(z) are
associated Legendre polynomials (3.12) with o = |k|. Convergence and unique-
ness of continuations from eigenvalues of (3.13) in Hy for o < 1 to eigenvalues
of (3.16) in H for 9 = 1 is proved in two steps. Theorem 5.3 of [2] guarantees
convergence and uniqueness of continuations from the singular Sturm—Liouville
problem (3.16) in H to the regular Dirichlet problem for the Sturm-Liouville op-
erator (3.13) on —zg < & < . The Dirichlet problem is generally different from
the Robin boundary-value problem in Hy by the terms 9 (z0)dy (£x0)/v (x0)
in the boundary conditions in Hy. However, these terms are small in the limit
xg — 1. Unique continuation of simple eigenvalues of the Dirichlet problem to
the simple eigenvalues of the Robin problem (separately for ¢ (z) and ¢_(z)) fol-
lows by standard perturbation theory of eigenvalues of self-adjoint Sturm-Liouville
operators in Lemma VIII 1.24 of [18]. O
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Remark 5. Theorem 1 does not cover the case 0 < zg < 1 and ¢ > 0. Eigen-
values of the linearized problem (3.1) in this case will be computed in Section 5
numerically.

4. Stability analysis for K = 0

We rewrite the ODE (2.17) supplemented with the relation AP, = ®¢ in the
variable x = cos 6:

LoWo=®o,  ®p+ o= pl. (4.1)

1—-2z
where Lg is the Sturm-Liouville operator for Legendre functions

d d
Lo = 1—a? : 4.2
7 dx [( z’) dz} (42)
Incorporating the boundary conditions (2.18) and (2.19) in new variables, we in-
troduce the function spaces Xy and X for the eigenvalue problem (4.1). When
0 < xg < 1, the function space X is

Xo = {¥o € Ho([~zo,w0]) :  Wo(£xo) = 0}. (4.3)
When xy = 1, the function space X is
X = {\Ilo € Ho([-1,1]) : lirgl(l — 2?)V)(x) = 0} , (4.4)

where the boundary conditions are redundant due to convergence of the integral
in Ho([-1,1]). No boundary conditions on ¥o(x) are set at x = +x¢. Moreover,
the system (4.1) defines the function ¥o(x) up to an arbitrary additive constant.
Therefore, the constant function ¥o(z) = const is always an eigenfunction of the
system (4.1) with ®y(x) = 0.

Lemma 6. The cigenvalue p = 0 of the linearized system (4.1) in either Xo or X
18 algebraically simple.

Proof. Integrating the first equation in the system (4.1) on x € [—xq, xg] for Yo (z)
in either X or X, we obtain the Fredholm Alternative condition

/mo Do (z)dx =0, (4.5)

—x0

where 0 < zg < 1. Integrating the second equation in the system (4.1), we obtain

a general solution for p = 0:
€/2
1—a
@ =
0 Co (1 + I) )
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where ¢j is constant. Since ®g(z) does not satisfy the Fredholm Alternative con-
dition (4.5), we have to set ¢y = 0. Then, ¥y(z) satisfies the second-order ODE
Loy = 0, which admits only one eigenfunction ¥o(z) = const in either X, or X.
Similarly one can prove that the Jordan block of the zero eigenvalue with the
eigenfunction Wo(z) = const and Py(z) = 0 is of the length one. O

We will extend results of Section 3 to the linearized problem (4.1) with u # 0 in
Xo and X. Neglecting the only zero eigenvalue p = 0 with the trivial eigenfunction
Uy (x) = const, we prove the following theorem.

Theorem 7. The stationary flow (1.9) is asymptotically stable with respect to
symmetry-preserving perturbations in the sense that all eigenvalues p (excluding
the trivial zero) of the linearized problem (4.1) with 0 < o <1 and € > 0 in X,
or X are real and strictly negative.

In order to develop analysis of eigenvalues for u # 0, we shall use two equivalent
reformulations of the third-order ODE system (4.1) as the second-order eigenvalue
problems associated with formally self-adjoint operators. In the first reformulation,
we exclude ¥ (z) from the system (4.1) and find a closed equation for ®¢(z),

Loq)o + 6(1)6 = /J,(I)Q. (46)

By introducing new dependent variable ¢(x) via

1— g €/4
) = 4.7
@ =(157) ela (@7
the linearized equation (4.6) is transformed to the self-adjoint form given by the
associated Legendre equation

2

d dy €
1—a? - = - : 4.8

By using the second equation of the system (4.1), we obtain the first-order ODE
for the function ¥y (z):

() = <1;i)/4 <Eili o : 12)‘p> ' (49)

While the linearized equation (4.6) coincides with the second equation of the sys-
tem (3.1) for k = 0, the present role of this equation is different. In order to find
Uy (z) from its solution ®g(x), we can solve the first-order ODE (4.9) in either X
or X with p ## 0. Therefore, as opposed to the case k # 0, we do not have to solve
the first equation of the system (4.1) and the Fredholm Alternative condition (4.5)
can be ignored in this approach.

In the second reformulation of the third-order ODE system (4.1), we introduce
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a new dependent variable y(z) via
€/4
-z x(x)
Ul(z) = . 4.10
o=(120) 1, (4.10)
By using the first equation of the system (4.1), we express the function ®y(z) in

terms of x(x):
€/4
1—x dx €+ 2x
2%
Dq(x) (1 x) (\/1 Za 21 — 22 X) . (4.11)

The second equation of the system (4.1) transforms then to the self-adjoint form:
d (1 _xz)dx _ €2+ 4+ dex
dx dx 4(1 — z2)
Although the second-order ODE (4.12) is more complicated than the associated
Legendre equation (4.8), the eigenfunction x(x) is related to the function Wy (z)

better than the eigenfunction ¢(z). In particular, when zy = 1 and ¥y € X, the
eigenfunction x(x) satisfies the conditions:

l-a /2 2 . 1—=z e/4
/1<1+:v) I (w)de < oo, mlinil(Hx) V1—ax(x) =0. (413)

X = X, —xg < x < Tg. (4.12)

When 0 < zp < 1 and ¥y € X, the eigenfunction x(x) is a classical solution of
the second-order ODE (4.12) on [—xg, 29] with the Dirichlet boundary conditions
X(£xo) = 0. There exists a pair of Darboux—Backlund transformations between
the Sturm-Liouville problems (4.8) and (4.12):

ole) = Vi—ai (@) - T ) (4.1)
@) = Vi—at@ 4, 0 el) (4.15)

where pu # 0 is assumed. By the Friedrichs’ theorems (see, e.g. Theorem 10 on
p. 1441 or Theorem 67 on p. 1501 of [12]), the essential spectrum of the formally
self-adjoint operators (4.8) and (4.12) is void. Therefore, the spectrum of these
operators consists of a sequence of isolated eigenvalues of finite multiplicities, which
we categorize in three individual propositions.

Proposition 8. A complete spectrum of the eigenvalue problem (4.1) with xg = 1
and 0 < e <2 in X consists of simple isolated eigenvalues at p = py,, where
pn = —n(n+1), n > 0. (4.16)

No non-zero eigenvalues of the eigenvalue problem (4.1) with xo = 1 and € > 2
exists in X.

Proof. Let = —s(s +1) # 0 and p(z) = (1 — 22)*F(z) and consider the
associated Legendre equation (4.8) with zp = 1. Then, the function F(x) satisfies
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the hypergeometric equation (3.9) under parametrization (3.10) with o = €/2. In
order to identify solutions F'(x) of the hypergeometric equations in the function
space ¥y € X, we shall rewrite the relation (4.9) as follows:

€

—s(s+ 1)U} (z) = (1 —2)</? (F’(:E) + 201+ x)F(x)) . (4.17)

Also recall that ®g(z) = (1 — 2)/2F(x). When € = 0, we find that ®¢(z) = F(z)
and Wqy(z) = _s(sl+1)F(‘T) + const, such that Uy € X if and only if F(x) € X.
The only set of eigenfunctions of the Legendre equation (4.8) with e = 0 in X is
the set of Legendre polynomials F = P, (x) for s = n with n > 0 (see 8.91 on
p. 973 in [14]). This set corresponds to the eigenvalues (4.16). Although the zero
eigenvalue (s = n = 0) is excluded from the approach above, it is still added to
the spectrum by Lemma 6.

When € > 0, the eigenfunction ¥y (z) belongs to X only if F(z) has a regular
behavior as « = 1 (z = 0). The only solution of the hypergeometric equation
(3.9) which is bounded as z — 1 is the hypergeometric function F(z;a,f,7).
(Indeed, by 9.153 on p. 1001 of [14], the other linearly independent solution F'(x)
has a singular behavior like F(z) ~ (1 — 2)~/% as 2 — 1, which results in the
divergence W((z) ~ (1 —z)~! as z — 1, such that ¥y ¢ X.) By the identity 9.131
on p. 998 of [14], the hypergeometric function F(z;«, 3,7) admits the following
behavior at the other singular point z = —1 (z = 1):

F(z; 0, 8,7)
_ Ty —a—=p)
Ly —a)T'(y = B)

[(a)T(5)

where I'(z) is the Gamma function and

F(l=-zo,B,a+8—7+1) (4.18)

+(1-2) F(l-zy—a,y=fB,y—a=B+1),

1—2 € € €
z= 5 a—2 s, ﬁ—2+8+1, v = 2—|—1.
Since a4+ 3 —-v+1=~vyand y—a—F+1=1- 3, the relation (4.18) produces an
unbounded function F(1—z;y—a,y—5,7y—a—[F+1) for e = 2m with m > 1 (the
hypergeometric function F(z;«, 3,7) diverges for v = —n with n > 0 integer).

It follows from (4.17) that the first term in (4.18) leads to the singular behavior
Ui(z) ~ (14+x)"tasz — —1 (2 — 1) if € # 0, while the second term in (4.18)
leads to the singular behavior W} (z) ~ (1 + )" /% as & — —1 (z — 1) if u # 0.
The eigenfunction ¥g(z) belongs to X if and only if € < 2 and the first term in
(4.18) is removed. The last constraint is achieved when vy —a =14 s = —n or
v — 3 = —s = —m with integers n,m > 0. Both choices define the same set of
eigenvalues (4.16) in the parametrization gy = —s(s + 1). Using another identity
9.131 on p. 998 of [14],

F(z0,8,79) = (1= 2" PF(z;7 — o,y — B,7), (4.19)
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we set s = —1 — n with n > 1, such that

F(z;e—i—l—i—n,6

_ € _ _ —€/2 (_ € )
5 5 n,2+1> (1-2) F |z n,n+1,2+1 ,

where F (z;—n,n+ 1,1+ €/2) = F, () is a polynomial of degree n, e.g.

~ - T+o - 322+ 30x 402 -1
Fy=1, F = O By=
0 T4 77 (1+0)(2+0)

)

- 152° + 1502* + (60 — 9)x + o(0® — 4)
57 (1+0)(2+0)3+0) ’

with 0 = ¢/2. When € = 0 (¢ = 0), polynomials F,, coincide with Legendre
polynomials P, () in identity 8.91 on p. 973 of [14]. The zero eigenvalue (n = 0)
is excluded from the construction but added to the spectrum by Lemma 6. When
€ < 2, the resulting eigenfunction Wo(x) belongs to X. Since W) (z) ~ (1 4 2)~</?
as ¢ — —1, the resulting eigenfunction ¥o(z) does not belong to X for ¢ > 2.

We shall prove that no non-zero eigenvalues exist in X for € > 2. Using the
identity (4.19), we transform the solution F(z) to the equivalent form F(z) =
(1+2)~</2F(x), where F(z) satisfies the hypergeometric equation (3.9) with new
parameters

1- ~

, » @=y-a=l4s B=y-f=-s F=y=_+L
Up to a constant factor, F(x) is represented by the hypergeometric function
F(z;1+5,—s,1+4¢/2). It follows from the ODE (4.17) that the eigenfunction
Uy (z) is related to F(z) by

I -z o/ nl
—s(s+1)Ty(z) = (1 N :1:) F'(x).
Since a + B — 4 = —¢/2 < 0 for € > 0, the hypergeometric series for the function
F(z;1 4 s,—s,1 4 ¢/2) converges absolutely on the entire interval z € [~1,1]
(z €0,1]) (see identity 9.102 on p. 995 of [14]). Therefore, the value of F'(—1) is
well-defined. We shall prove that F'(—1) # 0 for any s # 0 and € > 2. It follows
from the hypergeometric equation (3.9) with (o, 8,7) = (&, 3,7) at z =1 that

s(s+ 1)F(—1) + (; —1) F(-1) =0.
If F'(—1) = 0, then F(—1) = 0 for any s # 0 and ¢ > 2, and the only regular

solution of the hypergeometric equation (3.9) is F'(z) = 0. Therefore, F'(—1) # 0,
and therefore, ¥ ¢ X for € > 2. O

Proposition 9. A complete spectrum of the eigenvalue problem (4.1) with 0 <
xo <1 and e > 0 in Xo consists of simple isolated eigenvalues p with p € R_.
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Proof. When ¥, € X, the eigenfunction ¢(z) of the associated Legendre equation
(4.8) satisfies the Robin boundary conditions

2(1 — 23)¢’ (£x0) + ep(Fwo) =0,

while the eigenfunction x(x) of the second-order ODE (4.12) satisfies the Dirichlet
boundary conditions x(+xzo) = 0. Each eigenvalue problem is self-adjoint with
respect to these boundary conditions [24]. Therefore, all eigenvalues p of the
regular boundary-value problems are real-valued and isolated. Moreover, these
eigenvalues are negative due to the Green identity [24]:

To To 62 To 2 T
u/ ©*(x)dx = —/ (1—2%) (¢ (2)) do — 1 / a )Qd:v <0. (4.20)

—Xo —x0 —z0 1 — X
These eigenvalues are also simple, since the Wronskian of any two solutions with
the Robin or Dirichlet boundary conditions is zero. 0

Proposition 10. Let {in}n>0 be isolated simple eigenvalues of the eigenvalue
problem (4.12) with 0 < zo < 1 and Dirichlet boundary conditions x(+xo) = 0
ordered as

O>N0>ﬂ1>"'>ﬂn>"'

Then, 1im1 tn, = —Sn(sn + 1), where

xro—

spn=14n, for 0<e<?2 and Sn:;+n, for e>2 (4.21)
with n > 0.

Proof. Singularity analysis of the second-order ODE (4.12) shows that the solution
Xx(x) behaves as

X = (1—z) D/ Lo —z) (DA as 21

and
X — ¢ (1+ z)( =2/ 4 ey (1+ )" DA gy — -1,

The ODE (4.12) admits a bounded (regular) solution x(z) on [—1, 1] if and only if
the singular components are removed. This leads to the constraints ¢j = c¢; =0
for 0 <e < 2and cf =c; =0 for e >2. It is explained in Proposition 8 that the
conditions cér =c] =0 for 0 < e < 2 are equivalent to s = m with m > 0, when
the first term in the relation (4.18) is removed and the hypergeometric function
F(z;d,@,:y) is a polynomial. Note that the zero eigenvalue s = 0 (m = 0) of
the problem (4.8) is excluded from the spectrum of the problem (4.12), such that
s =8, = 1 +n with n > 0. On the other hand, the conditions cj = c¢; = 0 for
€ > 2 are equivalent to s = s, = €/2 + n with n > 0, when the second term in
the relation (4.18) is removed and the hypergeometric function F(z;a, 83,7) is a
polynomial. Note that the first Darboux—Backlund transformation (4.14) implies
that if ¢ = 0, then

o —cf(1- 3:)6/4

, as x—1
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and
o—ci(I4+z)* 4,1 +2)"* as z— —1.

Recall that ¢(z) = (1—22)/*F(x). When ¢; =0 (0 < € < 2), F(x) is singular like
F(x) — (14x)"¢/? as 2 — —1 in accordance with the relation (4.19). When ¢; =0
(e > 2), F(x) is bounded as * — —1. The marginal case ¢ = 2 corresponds to the
case when x(z) has one bounded and one logarithmically growing components as
x — —1. The logarithmic growth is excluded if s, = 1+ n with n > 1, which is
the intersection between the two spectra (4.21) at € = 2.

When s = s, and € # 2, the eigenfunction x(z) of the formally self-adjoint prob-
lem (4.12) satisfies the Dirichlet boundary conditions lim, .43 x(z) = 0. When
€ = 2, the eigenfunction x(z) is bounded at £ = —1 and zero at = 1. In either
case, convergence and uniqueness of continuations from eigenvalues of the regular
Dirichlet problem (4.12) with z¢ < 1 to eigenvalues of the singular boundary-value
problem (4.12) with zg = 1 is proved by Theorem 5.3 of [2]. O

Remark 11. Bounded (for € = 2) and decaying (for € > 2) eigenfunctions x(x) of
the self-adjoint problem (4.12) with zo = 1 for eigenvalues p = —s, (s, + 1) with
sn, = €/2+ n violate the conditions (4.13). Indeed, one can check that the limit in
(4.13) as ¢ — —1 is non-zero (proportional to ¢; ) and the integral in (4.13) hence
diverges for € > 2. Therefore, the eigenvalues of the self-adjoint problem (4.12)
for € > 2 do not correspond to eigenvalues of the original problem (4.1) in space
Uy € X, in agreement with Proposition 8.

Remark 12. Theorem 7 covers the entire parameter domain 0 < zg < 1 and
e > 0. However, there is an interesting problem of convergence of eigenvalues of
the associated Legendre equation (4.8) in the limit 2y — 1. While the eigenvalues
with 0 < 29 < 1 are expected to converge to the eigenvalues in (4.16) for 0 < € < 2,
no eigenvalues with the eigenfunctions ¥ € X exist for ¢ > 2. Convergence of
eigenvalues of the linearized problem (4.1) as zo — 1 will be computed in Section 6
numerically.

5. Numerical computations of eigenvalues for k # 0

In order to illustrate distribution of eigenvalues in Propositions 2, 3 and 4 and
to investigate eigenvalues in the domain 0 < z¢p < 1 and € > 0 in Remark 5,
we develop a numerical method based on power series expansions. Since x = 0
is an ordinary point and x = +1 are regular singular points of system (3.1), the
expansions of the functions ¥y (z) and ®x(x) in powers of = converge uniformly
and absolutely for |z| < 1. The numerical method is based on truncation of the
power series.

Let p € C be parameterized by p = —s(s+ 1), s € C. Due to the symmetry, it
is sufficient to consider the domain {s € C: Re(s) > —}. The stability domain
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Re(u) < 0 corresponds to the domain
{s €C: |Im(s)| < v/Re(s)(Re(s) + 1), Re(s) > o} . (5.1)

Consider the power series with separated even and odd terms:

Vi) = Y ema®™ + Y dpa®™ T, (5.2)
m>0 m>0

D () = Z ama®™ + Z bna®™ (5.3)
m>0 m>0

where the starting coefficients (aq, by, co,dp) are parameters. Substituting (5.3)
into the second equation of the system (3.1) we find that (a1, b1) are defined by
K — s(1 —eb
w = (77 s0E Do, (5.4)
(k% 42— s(s+1))by — €2a1

by = 6

(5.5)

while the coefficients {an,, by }m>2 are defined by the two-step recurrence equa-
tions:

(k% —s(s+ 1) +2(2m + 2)Hams1 + (s(s + 1) = 2m(2m + 1))am
(2m+4)(2m + 3)
—€e(2m + 3)bpmy1 + €(2m + 1)byy,
(2m+4)(2m + 3) ’
(k* —s(s+ 1)+ 2(2m 4 3)*)bpy1 + (s(s +1) — (2m + 2)(2m + 1))byy,
(2m+5)(2m +4)
—e(2m + 4)ami2 + €2m + 2)am41
(2m+5)(2m +4) '

Am+2 =

(5.6)

bm+2 -
(5.7)

We note that the initial equations (5.4)—-(5.5) follow from the recurrence equations
(5.6)—(5.7) for m = —1 with a_; = b_1 = 0.

Substituting (5.2) into the first equation of the system (3.1) we find that the
coefficients {cp, dm}m>2 are defined from the coefficients {an,,bm tm>0 by the
two-step recurrence equations:

(k2 +22m +2)})cme1 — 2m(2m + D)ep + ami1 — am
Cm+2 = ; (58)
(2m +4)(2m + 3)
(k2 +2(2m +3)?)dpmi1 — 2m +2)(2m + 1)dy + bys1 — b

(2m + 5)(2m + 4) (5.9)

dm+2 —

The initial equations for (¢, d;) follow from the recurrence equations (5.8)—(5.9)
form=—-1witha_1=b_1=c_1=d_1=0.
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The boundary conditions in (3.4) lead to the equations

Z cmad™ =0, Z dmxa™ =0,

m>0 m>0

Z 2m)cpag™ =0, Z (2m + 1)dpz2™ = 0.

m>0 m>0

(5.10)

There exists a linear map from (ag, by, co,dg) € C* parametrized by s € C to
the sequence {am,, b, Cm, dm }men. Therefore, the boundary conditions (5.10) are
equivalent to the homogeneous system A (s)x = 0, where x = (ay, b, o, dO)T S
C* and Ag(s) is a 4-by-4 matrix computed from the entries of (5.10). The matrix
Ap(s) depends on s € C and k € N, as well as parameters xo and e. If the power
series are truncated at the M-th term, the matrix Ax(s) depends also on M.
Eigenvalues p = —s(s + 1) of system (3.1) in (3.4) are equivalent to roots s of the
determinant equation

Fy(s;xo,6, M) = det(Ag(s)). (5.11)

Numerical results of computations of roots of the function Fy(s;xo,€, M) are
shown on Figures 1-5. Figure 1 show first few roots s of Fy(s;xzg,e, M) with
k=1,3,5 versus xg for e = 0 and M = 150. In agreement with Proposition 4, the
roots converge as * — 1 to the values s, = 0 + n with o = |k| and n > 0. We
can see that the convergence is excellent for k = 3 and k£ = 5 but it is worse for
k = 1 in the sense that the roots at zg = 0.99 are still far from the values s,,. This
feature is explained by the decay of the eigenfunctions (@, ¥) of system (3.1) on
the interval [—1,1]. Indeed, it follows from Proposition 2 that ® ~ (1 — z2)7/2
and Uy, ~ (1 —22)119/2 ag 2 — 41 for e = 0 and |k| > 1. Therefore, the derivative
of ®i(x) is bounded as  — =+1 for |k| > 2 and unbounded for |k| = 1. In the
latter case, the power series expansions (5.2)—(5.3) diverge in the limit 2y — 1 and
the numerical approximations are not accurate for z( close to 1.

Figure 2 shows first few roots s with k = 1,5 versus M for e = 0 and z¢ = 0.9.
We can see that the roots quickly converge to constant values, which are taken as
approximations of real roots when M = 150 in the remainder of the figures. The
numerical error for large values of M consists of three sources: truncation of the
power series (5.2)—(5.3), root finding algorithms for roots of Fy(s) in (5.11), and
rounding entries of the matrix Aj(s) when a number zy with zo < 1 is evaluated
at xg’ with large exponent m. While the first two sources can be reduced to
any desired degree, the last source represents an irremovable obstacle on getting
accurate approximations when M gets large.

Figure 3 shows the first six roots s versus k for e = 0, g = 0.9, and M = 150.
We observe two properties from this figure: the values of s becomes larger for
larger values of k (e.g. the eigenvalues p becomes more and more negative) and
the roots s approach to the integer values for larger values of k even when zy = 0.9
is different from xg = 1.

Figure 4 show the first few roots s with £k = 1,3 versus € for o = 0.9 and
M = 150. Although the roots are real for small values of ¢ in agreement to
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Fic. 1. First few roots s of Fy(s;xo,€, M) versus xg for e =0 and M = 150: k =1 (circles),
k = 3 (stars) and k = 5 (dots)

Proposition 3, they coalesce for larger values of €. After two roots merge, they
split into complex domain and complex values of s are not shown on Figure 4. It
is seen from this figure that the roots with larger values of k coalesce for larger
values of e.

Figure 5 shows the spectrum of complex roots s with £ = 1,3 for zg = 0.9,
M = 150, and different values of 0 < € < 12. The boundary of the stability domain
(5.1) is shown by the dotted curve. We can see that roots s remain in the stability
domain after they bifurcate off the real axes.

6. Numerical computations of eigenvalues for £k = 0

In order to illustrate convergence of eigenvalues in Propositions 8, 9, 10 and Re-
mark 12, we approximate eigenvalues of system (4.1) with power series solutions
explained in Section 5. The solution for ¥y(z) and ®g(x) is represented by the
power series (5.2)—(5.3), where the starting coefficients (aq, bo, co, dp) are param-
eters. It follows from the ODE (4.6) that the set {@m, by }men is defined by the
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F1G. 2. Convergence of roots s versus M for e = 0 and xg = 0.9: k =1 (circles) and k =5
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one-step recurrence equations:

2m —s)(2m + 1+ s)am — €(2m + 1)by,
Am+1 = ) (61)
2m+2)(2m+1)
2m+1—38)(2m+2+ 5)by — €(2m + 2)am+1
b1 = . (6.2)
(2m+3)(2m +2)
It follows from the first equation of system (4.1) that the set {cp, dm}men is
defined from the set {am, bm }men by the one-step recurrence equations:
2m)(2m + 1)em + am
2m+2)(2m+1)
2m + 1)(2m + 2)d,, + by,
dmt1 = ( A ) . (6.4)
(2m+3)(2m + 2)
Finally, it follows from the second equation of system (4.1) that there exist two
initial equations:

by + €ag = —s(s + 1)dy,
2a1 + €bg = —2s(s + 1)1
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Fic. 3. First six roots s versus k for e = 0, xg = 0.9, and M = 150

in addition to system (6.1)—(6.2). When s # 0, we can solve the initial equations

as
ao

2 )
such that the only independent parameters are (ag,dp). We also note that the
parameter c¢q is trivial since Wo(z) is defined up to the addition of an arbitrary

constant.
The boundary conditions in (4.3) lead to the equations:

> @2m)emad™ =0, > @m+1)dyag™ = 0. (6.5)

m>0 m>0

bp = —€ag — S(S + 1)d0, c1 =

There exists a linear map from (ag,dy) € C? parameterized by s € C to the se-
quence {am, bm, Cm, dim }men. Therefore, the boundary conditions (6.5) are equiv-
alent to the homogeneous system Ag(s)x = 0, where x = (ag, dg)” € C? and Ay (s)
is a 2-by-2 matrix which depends on s € C, parameters zy and €, and integer M
for truncation of power series. Eigenvalues p = —s(s 4 1) of the system (4.1) in
(4.3) are equivalent to roots s of the determinant equation

Fo(s;xo, e, M) = det(Ag(s)). (6.6)
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F1G. 4. First few roots s versus € for zg = 0.9 and M = 150: k =1 (bolded curve) and k =3
(thin curve)

Figure 6 represents the first ten eigenvalues s versus z for e = 1 and M = 100.
In agreement with Proposition 8, the roots converge to the integer values in the
limit 9 — 1. Since the convergence of power series becomes slower with M
for xy # 1, there is a gap between the last numerical value of xzy and the value
xo = 1. We also note that the numerical accuracy of the limiting eigenvalues (4.16)
becomes worse for larger eigenvalues.

Figure 7 represents the first ten eigenvalues s versus e for £y = 0.9 and M = 100.
It is obvious that the eigenvalues remain real in agreement with Proposition 9.

Figure 8 represents the first seven eigenvalues s versus xg for € = 4 and two
values of M = 100 (dashed) and M = 1000 (solid). In agreement with Proposi-
tion 10, the roots converge to their limiting values s,, = €¢/2 + n which are not
eigenvalues of the problem (4.1) in space (4.4). We also note limitations of the
numerical method based on truncations of the power series. True limits can only
be recovered if too many terms of the power series are taken into accounts which
leads to long computational time and large round-off errors of numerical compu-
tations. The effects of slow convergence and truncations of power series lead to
coalescence of real eigenvalues and their splitting to the complex plane, which is
not observed if the values of M are large enough.
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stability domain (5.1).
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7. Discussions

We have shown analytically that the stationary flow on the sphere is asymptotically
stable whatever the Reynolds number may occur. This result is relevant for the
flow of a viscous fluid (e.g. oil) over a sphere (e.g. a metal ball). We have also
found that the linearized operator for symmetry-preserving perturbations has void
spectrum in the energy space for sufficiently large Reynolds numbers. One can
show by direct analysis that the full system (1.5)—(1.7) reduces to a scalar linear
equation for symmetry-preserving (¢-independent) solutions:

v 1 0

8t¢ + sin2 0 96 (sinfvy) = vAj vy, (7.1)
where A is given by (2.13) for k = 1. When v,(0,t) = —W)(0)e, the linear equa-
tion (7.1) reduces to the linear eigenvalue problem (2.17) which has no eigenvalues
for v <} (e > 2) in the space of functions such that [ [U((6)?sinfdf < occ.
Implications of this result to the well-posedness of the Cauchy problem for the
linear time-dependent equation (7.1) with v < } remain unclear.

We have also shown analytically and numerically that the stationary flow on
the truncated spherical layer is asymptotically stable and all isolated eigenvalues
are real for small Reynolds numbers and complex for large Reynolds numbers. The
eigenvalues are always real for symmetry-preserving perturbations. The truncated
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spherical layer can be used to model the ice melting in Arctics due to global
warming, when the near-stationary flow of ocean water moves from Arctics to
Antarctica. However, our model does not include Coriolis and gravity forces, as
well as location of continents to treat correctly this physical process.

The inclusion of the effects of rotation alter significantly the physical picture
that emerges from the model considered here and makes the problem more com-
plicated. In particular, the results of [28] are not applicable for the latter case.
However, there are physical reasons [15] to believe that the two-dimensional NS
equations modified by additional rotational terms will be relevant for modeling of
the three-dimensional NS equations in spherical coordinates on a rotating earth
[19]. In particular, we expect that the solution (1.9) will remain the same for com-
ponents (vg, vg) and will be different in the component ¢, while the corresponding
linearized problem (2.2)—(2.4) will be affected by additional rotational terms. De-
tails of the eigenvalues of the modified linearized problem will be the subject of
the forthcoming studies.
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