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STABILITY OF THE CONFIGURATIONS OF POINT VORTICES ON A SPHERE

V. V. Meleshko,' P.K.Newton,” and V. V. Ostrovs’kyi' UDC 539.3

We study the motion of point vortices on a sphere and, using the methods of linear algebra, find the
symmetric configurations of relative equilibrium. Furthermore, we give a catalog of symmetric configu-
rations based on regular polyhedrons. Finally, we investigate the stability of the equilibrium configura-
tions found.

Introduction

Vortex dynamics as a broad branch of present-day fluid dynamics springs from the classical memoir by
Helmbholtz [21]. In this work, Helmholtz not only defined vortex motion from the kinematic viewpoint (before
him, Stokes did this in 1845), but also brought to perfection the dynamic theory of vortex motion in an ideal (in-
viscid) incompressible fluid in the form of three conservation laws. These laws were written approximately in
the same way as they are given in all textbooks on fluid dynamics. The main sense of dynamic theory lies in the
law of conservation of vortex motion: in an ideal fluid, vortices cannot disappear, and their intensity is constant
in time. The conservation of vortices in time is supplemented by their conservation in space: vortex intensity is
constant along every vortex tube, and these tubes either are closed or reach the boundary of fluid. Up to now, a
vast amount of literature on these problems has been accumulated (a fairly complete review of early publications
is presented in [28]), including both classical textbooks on fluid mechanics and special monographs on vortex
dynamics [1, 3, 6, 10, 12, 15, 16, 29].

Among different problems in this field, the dynamics of point vortices on a plane, i.e., the interaction of
parallel vortex filaments, is especially interesting. At first glance, the Hamilton equations of motion of such
point vortices, derived first in the book [9], are purely kinematic conditions of the motion of a point, where the
vortex is situated, in the velocity field induced by other vortices. However, as noted in [8, Sec. 21], these equa-
tions express the dynamic laws of motion, which follow from the Euler equations of motion for an ideal incom-
pressible fluid.

Until recently, significantly less attention was devoted to the motion of point vortices on a sphere. Gromeka
[7] was the first who began to study such a motion of vortices. Using cartographic projection, he constructed the
general equations of vortex motion on a cylinder and a sphere. Gromeka also considered a more general prob-
lem of vortex motion in a closed fixed domain on a sphere. However, his equations contain the unknown
“Green function for the volume occupied by the fluid.” Unfortunately, this work remained almost unnoticed [5].

Unlike Gromeka, Zermelo [34] derived the complete equations of motion. Although these equations were
obtained at the beginning of the 20th century, the problem of dynamics of vortex structures on a sphere did not
attract sufficient attention at that time. The same equations, after 70 years of disregard, were repeatedly derived
by Bogomolov in [2]. He derived the basic equations of motion, showed that the system is Hamiltonian, and
found the invariants of motion. Bogomolov also deduced the equations of motion of point vortices on a moving
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sphere. A fairly brief derivation of the equations of motion of point vortices is presented in [24]. Here, the
equations of motion of homogeneous vorticity domains were also obtained. The method of deriving the equa-
tions of motion on a surface with constant curvature was generalized in [23].

The problems of stability of vortex configurations on both a sphere and a plane have been studied insuffi-
ciently. Numerous works of this direction are devoted to studying the stability of vortices placed at the vertices
of regular polygons [25, 27]. In these works, the stability of vortex rings with identical or opposite, as to their
sign, vortex intensities is investigated. A more complex problem of the stability of a vortex ring with a vortex
on the pole is studied in [20]. The method of energy and moment is used in [32] for the investigation of nonlin-
ear stability of three vortices with different intensities on a sphere. The paper [11] is the only work devoted to
studying configurations formed by regular polyhedrons.

In the present work, we concentrate our attention on finding the symmetric configurations of relative equi-
librium of point vortex structures on a sphere and studying the stability of degenerate equilibrium configura-
tions.

1. Motion of Point Vortices on a Sphere

A vortex field @ is defined as the rotor of a velocity field u:
w=Vxu. (D

In the case where a velocity field describes the motion of an incompressible homogeneous ideal fluid, the
principle of mass conservation yields

V-u=0. 2)

It is easy to verify that, in the case where the fluid under consideration moves along the surface of a sphere
of unit radius, we may introduce a stream function y , which defines the velocity field in the following way:

u=(Vy)xe,, 3)

where e, is a unit normal vector directed along the sphere radius. Indeed,
Vu=V-(Vy)xe,)=e, - (Vx(Vy)-Vy-(Vxe, )=e,-0-Vy-0=0, 4)
i.e., condition (2) is satisfied automatically. The level lines of function Wy will be streamlines as well, i.e., the

lines along which fluid particles will move in the velocity field u.
Substituting (3) in (1), we obtain

Ay=-0, %)

where ® = we, . In spherical coordinates, this relation will have the form

19 (Gned¥ ), L v _
sin689(81n986)+sin293(p2 = -. (6)
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Rewriting relation (3) in spherical coordinates, we come to the following form of velocity field:

_ 1 dy _dy
u_[o’sineacp’ ae)' )

The operator on the left-hand side of equation (6) is called a Beltrami-Laplace operator. For the Kelvin
theorem of circulation to be true, i.e., in order that

Jwds=o0, (8)
S
where S is the sphere surface, we define the Green function G(O,(p,e',(p') for the Beltrami—Laplace operator
as

1
sin©®

9 (109G ), 1 9°G _ ' o
a(p(smﬁae)+sinzea(p2—5(6,(p,9,(p) in 9)

The last term on the right-hand side corresponds to a constant vorticity field, whose integral circulation is
equal to —1, i.e., is equal and opposite in sign to the intensity of singularity at the point (8",¢"). This singu-
larity is called a point vortex on a sphere.

It is easy to verify that the function

G(0,0.8'.0) = —#ln sin(%y(e,(p,e',(p')) , (10)

where y(e,(p,e',(p') is the central angle between points with coordinates (6,¢) and (9',(p') , satisfies equa-

tion (9). Using the trigonometric relation for the sine of half-angle, we obtain

1

G= 47

In(1-cos7y). (1)

This relation is more convenient since cos?y can be expressed as
cosY = cos0cos®’ +sinBsin® cos(Q— @) . (12)

Using relation (11) for the Green function, we can find the stream function Wy as the solution of Eq. (6):

y(0.9)= [0(0".¢")In(1 - cosy)sin®’ do’ d’. (13)
S

For obtaining the equations of motion of N point vortices on a fixed sphere, we choose ® in the follow-
ing way:
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N
®(0,9)= > T;8(6.90.6,.9,).

(14)
i=1
where T, is the intensity of the ith vortex. Substituting (14) in (13) and using (7), we obtain
N sin® . sin(p—¢ ;)
g = a_\IIZ_LZF' jSe—9;
sin® d@ 4n pe J 1-cosy;
(15)
_ oy _ —lir | cos0sin® ; cos(p—@;)—sinBcosH;
¢ 20 4th: Y 1-cosy; ’

where v = 7(9,(P,9j,(Pj)-

According to the Helmholtz theorem, the vortices under study will move as fluid particles, i.e., the equa-
tions of motion of N point vortices have the form

. N sin® ; sin(Q, — @ ;)
R LUl

Py 1—cos Yij
(16)
- 1 i r cos0;sinB; cos(¢, —@;)—sinb, cosO
sin@.¢, =— ; : : =,
1T J —_ ..
4n ey I—-cosy;
where v, =7(8;,0,,6,,0,).
The equations given above can be written in vector form [29]:
N T. x,Xx
. 4 o
X; = . 17
; ‘Z.zm._x.)z (17)
Jj=1,j#i i J
Here, x; is the vector connecting the sphere center with the point where a point vortex is located, i.e.,
[x[=1.

For obtaining the equations of motion of point vortices on a rotating sphere, it is necessary to add
®, =2€2cos0 to the field ® determined in (14). Then the equations of motion in vector form will look like

27-5 (X-‘—Xl')z z i’ (18)

where e, =(0,0,1).

Note that Egs. (16) can be represented in the form of Hamilton equations with the following Hamiltonian
and canonical variables:
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_ 1
H= E.Z IT;Ine,,
i<j
P={|T;|cosb;,  0={|T;]0;,
5 _ OH : oH
P === =21
=30 G 5 (19)
2 _ 2 _
where él-j =(x; —xj) =2(1- cosylj) .
The Poisson bracket for this Hamiltonian system has the form
N S
1(_ o dg o dg ij
D _ ) A= 20
(7.8} kz:‘il"k (acosek 00, J¢, dcosb, )’ {@;.cos0;} r,’ (20)
where & if is the Kronecker symbol.
Along with the Hamiltonian H , this system admits three more integrals of motion:
N
M, = El"i sin6; cos@; = const,
i=1
N
M, :ZFi sin®; sin@; = const , 21
i=1
N
M, = 21"1- cos6; = const,
i=1
which together form a vector
N
M= (M. My M3)= D Tx; .
k=1
called the vorticity moment [29]. It is also useful to introduce a vector called the vorticity center:
N
c=". whee T=3T,. (22)
i=1

Note that H, M, M, , and M; in the general case give only three independent involutive integrals:

{H,M;}=0, {H,M}+M;}=0, {M;,M{+M;}=0. (23)
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In the case where M =0, using relations
{M,.M,}=M;, {M, . M3}=M,, {M5.M,}=M,, 24

we obtain four independent involutive integrals. We formulate these facts in the form of a theorem, which was
proved in [29].

Theorem 1. The problem of motion of three vortices on a sphere is completely integrable for vortices of an
arbitrary intensity. If the vorticity center is equal to zero, the problem of motion of four vortices on a sphere is
also integrable.

In 1998, an analogous result was obtained independently by Borisov and Lebedev in [3, 18, 19]. However,
as was noted by Borisov, this result was first established in Zermelo’s thesis, which was published at the begin-
ning of the 20th century [4, 34].

An alternative derivation of the equations of motion can be found in [2, 3, 13, 34]. The equations of motion
in stereographic projection and the limiting process to a plane case are presented in [14, 29].

2. Equilibrium Configurations

For finding equilibrium configurations, we use an approach that will enable us to determine not only the
configurations of absolute equilibrium, but also the configurations of relative equilibrium. To simplify our con-

siderations, we use the equations of motion in vector form (18). Consider a system of N vortices of an arbi-
trary intensity. The motion of the ith and jth vortices is described by

& T

. X, XX.

X; = 2 —k_TkTT L Qe xx,,
k=1,k#i i k

(25)

Subtracting the second equation from the first and multiplying by (x; —x j) , we obtain after algebraic trans-

. . 2 2.
formations an equation for ¢ = (x; —x j) :

2
dty & Vikl 11
@ = 2 Dl | 26)
k=1 e i i

where Vijk =X; X XXy
We find the configurations of absolute and relative equilibrium in the problem of motion of N point vor-
tices as the equilibrium position of system (26), i.e., taking

del?j
e 0, (27)
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Fig. 1. Set of independent intensities generating an equilibrium configuration in the form of a tetrahedron.

and then obtain from (26)

N

Vik [ 11
Y i |70 (28)
k=1 Jori i i

Further, we rewrite these equations in convenient matrix form:

AT =0, (29)
where A is a matrix of size WXN with elements
V..
Ay =2 1oL i=ivj ijk=1oN,
Cig Ejk

and T'=(I"y,...,I' ) is the vector of vortex intensities.

If the intensities I' are known, the problem of finding equilibrium configurations in such a formulation is
quite complex: indeed, for its solution, it is necessary to determine all matrices A such that their kernels con-
tain the vector I'" assigned beforehand. Afterwards, it is necessary to establish which matrices of the found
ones contain the structure assigned by relation (28). Finally, one should solve the nonlinear system of equations
for ¢ i -

However, looking at this problem from the other side, i.e., finding, for a given matrix A, all possible in-
tensities I for which system (26) is in equilibrium, we come to a fairly simple problem of the description of
kernel of a linear operator assigned by the matrix A . Exactly this approach was used in [22] for finding sym-
metric equilibrium configurations. We give here a brief review of the found equilibrium configurations.

Tetrahedron (N =4). In the case where the vortices under consideration are located at the vertices of a
tetrahedron, we obtain that all /¢ j are equal between themselves, and, therefore, all elements of the matrix A
are equal to zero. Such a degenerate matrix has a kernel of dimension nullity(A)=N =4, where
nullity (A) =dim(ker (A)), i.e., one can choose the basis of the kernel in the form (1,0,0,0), (0,1,0,0),
(0,0,1,0), (0,0,0,1). This means that an arbitrary set of intensities (I";,I',,I'5,I",) will be contained in the
kernel and will represent an equilibrium configuration. In other words, if, at the initial moment, vortices of an

arbitrary intensity were located at the vertices of a tetrahedron, they will remain at these vertices. This result is
demonstrated in Fig. 1.
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Fig. 2. Set of independent intensities generating an equilibrium configuration in the form of an octahedron.

Octahedron (N = 6) . In the case where the vortices are located at the vertices of an octahedron, we estab-

lish that either the distances between each three vortices are identical, or they are situated in one plane. There-
fore, all elements of the matrix A are also equal to zero. Considerations similar to those presented in the case
of a tetrahedron enable us to conclude that, if vortices of an arbitrary intensity were located at the vertices of an
octahedron at the initial moment, they will remain at these vertices (Fig. 2).

Cube (N =38). In the case of a cube, the matrix A is already nondegenerate. We obtain that its kernel
has dimension nullity(A)=5. The basis of kernel can be chosen in the form

ker(A)z Span((l’O’O’O’O’O’_l’O)’ (0’1’0’0’0’0’0’_1)’ (0’0’1’0’0’]"1’1)’

(0,0,0,1,0,-1,0,0), (0,0,0,0,1,1,1,1)) . (30)

The numbering of vertices and the appearance of basis are shown in Figs. 3 and 4.

Antisymmetric cube (N =8). In the case of an antisymmetric cube (a cube whose lower face is turned by
1t/4), the matrix A is also nondegenerate. Its kernel has a dimension nullity(A)=1. One can choose the
basis of the kernel as (1,1,1,1,—1,—1,—1,—1), where the first four coordinates describe the vortex intensities at
the vertices of the upper face, and the last four describe the intensities at the vertices of the lower (turned) face.
The graphic demonstration of this basis is presented in Fig. 5. As is seen in this figure, we have the classical
configuration of von Kdrman vortices. It should be noted that the von Kdrman configurations will be equilib-
rium not only for an antisymmetric cube.
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I

2

Fig. 5. A unique set of intensities generating an equilibrium configuration in the form of an antisymmetric cube.
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r

Fig. 7. Equilibrium configuration in the form of a cubic octahedron.

Icosahedron (N =12). In the case of an icosahedron, we also have a nondegenerate matrix A with the
dimension of its kernel nullity(A)= 7. The explicit form of basis can be found in [22, 29]. Its graphic repre-

sentation is given in Fig. 6.

Dodecahedron (N =20). If the vortices under study are located at the vertices of a dodecahedron, we ob-
tain a nondegenerate matrix A with dimension of its kernel nullity(A)=4 . The explicit form of the basis

and its graphic representation are given in [22, 29].

Cubic Octahedron (N =12). A cubic octahedron is an inscribed polyhedron depicted in Fig.7. It is one

of the so-called semiregular polyhedrons, or, as they are often called, Archimedian bodies. If the vortices are
located at the vertices of a cubic octahedron, we obtain a nondegenerate matrix A with dimension of its kernel
nullity (A) =1. The basis of kernel is described by a single vector, all elements of which are equal to unity, i.e.,
a cubic octahedron will be an equilibrium configuration only in the case where the intensities of all vortices are
identical.
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Fig. 8. Equilibrium configuration in the form of an icosidodecahedron.

Icosidodecahedron (N =30). An icosidodecahedron represents one more semiregular convex inscribed

polyhedron shown in Fig. 8. If the vortices are located at the vertices of an icosidodecahedron, we have a case
similar to the previous one, i.e., a nondegenerate matrix A with dimension of its kernel nullity(A)=1. The
basis of the kernel is described by a single vector, all elements of which are equal to unity, i.e., an icosidodeca-
hedron will be an equilibrium configuration only in the case where the intensities of all vortices are identical.

Note that only two of the semiregular polyhedrons presented above are equilibrium configurations. In addi-
tion, we found several configurations in the form of superpositions of symmetric configurations that are also
equilibrium.

Using the method described in this section, one can construct a numerical algorithm that makes it possible
to find nonsymmetric equilibrium configurations [30].

3. Stability of Equilibrium Configurations

As noted in [11], there are numerous definitions of the stability of configurations of relative equilibrium. In
the present work, we use the definition of stability according to Routh: a configuration of relative equilibrium is
stable if, for an arbitrary € >0, there exists & >0 such that any trajectory beginning in a & -neighborhood of
the equilibrium configuration remains in an € -neighborhood of this configuration.

For investigating the stability of configurations of relative equilibrium, we apply the criterion formulated in
[11]: if the Hamiltonian in coordinates moving together with the system under consideration reaches its trans-
versal minimum or maximum in the equilibrium configuration, then this configuration is stable. In this context,
transversal minimum is the minimum of a function in the directions transversal to directions that keep the sys-
tem invariable (the orbits of a symmetry group of the Hamiltonian).

To prove the instability of equilibrium configurations, we use the well-known fact from the theory of stabil-
ity of linear systems: if, among the eigenvalues of matrix linearized near the equilibrium configuration of the
system, there are numbers with positive real part, then the original system is unstable.

To simplify our calculations, we use the canonical variables

(pi:(pi’ Z; ZCOSGi. (31)
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The Hamiltonian of the system in these variables has the form

N
H=2 Y T in[1-zz,-{1-27 {1-2 cos(o, -0 )| (32)

i,j=1li#j

We take

Ry = (I_Ziz_/‘cos(q’i ‘(Pj)m M)

and, hence, the components of the matrix of the second derivatives are

2H i rr, cos((pi—(pj)\/l—ziz =23 (—z2))- (=)A= 27)

o¢; j#ij=1, 2 R; ,
2u  TiTi[cos(@—@W1-27{1-2) (g2, - D+ A=z )1-2))
00, a(pj 2 R’ ’

Y

2
2y irirj (zj(l—ziz)—cos((pi—(pj)z“/l—zjz.) —cos((pl.—(pj) l—zjz.Rl.j

2 - ’
iz o 2 (-2 ) 1-2 R,
j#i

9% H FF cos (Q; (p)wjl— ,/ (z,z] 1)+\/ \/1—2

dz;dz; 2 \/l—z Jl

P?H i r.r; sin((pl.—(pj)\ll—zf(zi—z/)

0z;00; Py 2 \jl_Z,;R;

2H _rl.rj sin(Q; - ;) l—ziz(zi—zj)
dz,0p, 2 2 2
Jori Jl_Zijj

The components of the linearized system are connected with the components of matrix of the second deriva-

tives by the following relation:
d(z)_ z) (Oy Iy ( )
dr[tp)_LZN((pj_( Iy ON)A” ¢
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Table 1. Coordinates of the Vertices and Eigenvalues of the Matrix of the Second Derivatives for Stable

Configurations
Coordinates of the vertices (z? ,(p?) Eigenvalues of the matrix A,
Tetrahedron (N =4)
_pk L mk — _9 21 21 9 _1
(( 1) B’ 2)’ k 0""’3 47 167 169 8’ 2707 070

Octahedron (N =06)

(L,O),(L,n), (—L,oj, 4 9+ a1 _9+V4r 3 3 _5

V2 V2 V2 ’ 4 4 2T g
1 n 3n 9- Va1 9-+a1 1

( E,EJ’ (0’ 2)’ (0’ 2 ) 4 b 4 b 4 9 09 09 0

Numerical approximations of the eigenvalues of the
matrix A,y

Icosahedron (N =12)

(5+75 o n —23.8462, —22.9415, —17.8963 ,
[(‘1) TR Ej’ ~12.0918 , —9.73771., —9.69726 |
~9.03378 , —5.9006, —5.59474 ,
[(—Dk %,n[’], ~5.0765, —4.70151, —3.51885,
_2.8623, —2.44798 , —2.22719,
(0’ iy [ng—arccos 5—5]], ~122744 . —1.19444, —0.877398,
1 ~0.680072, —0.551888 , —0.281533,
k=0.1,¢=0.1 0.0, 0

where z and @ are the column vectors of coordinates z;, @;, i=1,...,N, 0, , and I, are the zero and
unit N X N -matrices, and A, , = D’H (z9,0p) 1is the matrix of the second derivatives in the equilibrium con-

figuration.
Since the equilibrium configurations are critical points of the Hamiltonian, it follows from the transversal

positive (negative) definiteness of the second variation that the Hamiltonian reaches its transversal minimum
(maximum) in the equilibrium configuration. In turn, to prove that a matrix is transversally positive (negative)
defined, it is sufficient to show that the eigenvalues corresponding to directions transversal to the equilibrium
configurations are positive (negative). Note that the eigenvalues corresponding to directions tangential to the
orbits of the equilibrium configurations have to be zero.

To simplify our calculations in the case of equal intensities, we may take without loss of generality I, =1,
i=1,..,N.

Using these considerations, we prove the following theorems:

Theorem 2. In the case of equal intensities, the equilibrium configurations in the form of a tetrahedron, an
octahedron, and an icosahedron are nonlinearly stable.
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Proof. Since the configurations of relative equilibrium mentioned above are fixed degenerate equilibrium
configurations (M =0), we use, for studying stability, the initial fixed coordinate system, where the Hamilto-
nian has the form (32). The coordinates of vertices and eigenvalues of the matrix A,, for these cases are
given in Table 1.

The symmetry group that does not change these equilibrium configurations is the group SO(3) (arbitrary
rotation of a sphere does not disturb equilibrium configurations). The space tangential to the orbit of this group
is three-dimensional, which explains the presence of three zero eigenvalues. All eigenvalues corresponding to
the transversal directions are negative, and, hence, according to the criterion presented above, the equilibrium
configurations under study are stable.

Theorem 3. In the case of equal intensities, equilibrium configurations in the form of a cube, a dodecahe-
dron, a cubic octahedron, and an icosidodecahedron are unstable.

Proof. Since these configurations of relative equilibrium are also fixed degenerate equilibrium configura-
tions (M =0), the Hamiltonian, as follows from the considerations presented above, has the form (32). The
coordinates of vertices and eigenvalues of the matrix L,, are given in Table 2. Among the eigenvalues of

each configuration, there are those whose real part is positive, and, hence, these configurations are unstable.
Theorem 4. Equilibrium configuration in the form of an antisymmetric cube is unstable.

Proof. In the equilibrium configuration under study, not all intensities are equal between themselves.
Without loss of generality, we take I';=1, Fj =-1, i=1,...,4,j=5,...,8. Such a configuration of relative

equilibrium is nondegenerate (M # 0 ), and all vortices will rotate around the vector M. We choose a coordi-
nate system where the vector M is codirectional with the positive direction of Oz axis. The coordinates of
vertices of an antisymmetric cube in the chosen coordinate system are presented in Table 2.

As noted above, for studying the stability of the system, it is necessary to pass to a coordinate system rotat-
ing with the vortices. The Hamiltonian in such a moving coordinate system has the form

N
H=H+0Yz.
i=1

where H is Hamiltonian (32) and @ is the angular velocity of rotation of the configuration. Since the equi-
librium configuration is a critical point of the Hamiltonian H,, we can find the angular velocity ® as the so-

lution of the equation

OH (o o._ 413 _
a_z((zi 0i)="Tg e )=0.

1

ie.,

_41V3
0= 78
Since the Hamiltonian H; depends linearly on the coordinates z;, we have

D’H,=D’H ,
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Table 2. Coordinates of the Vertices and Eigenvalues of the Linearized System

for Unstable Configurations

Coordinates of the vertices (Z? ,(p?)

Eigenvalues of the matrix L,

Cube (N =38)
(L n_k] 1 M) i3, i3, i3, —iV3, @ @
3’ 2 3’ 2 b
k=0,...,3 —@, —@, 0,0,0,0

Numerical approximations of the eigenvalues of the matrix L,

Antisymmetric cube (N =38)

(L n_k) (_ . n+2nk) —1.50425, —1.50425, 1.50425, 1.50425, 1.41833,
32)07G 4 ) _1.41833, 1.41833, —1.41833, 0.986012i,
—0.986012i, 0.986012i, —0.986012i, 0.809152
k=0,..3 ~0.809152, 0, 0
Dodecahedron (N = 20)
( n+2nk) (n a’%j 4.66871i, —4.66871i, 4.66871i, —4.66871i
> 4668710, —4.66871i, 4.66871i, —4.66871i ,
( %+Tkj (n B%) 4.6614i, —4.6614i, 4.6614i, —4.6614i, 4.6614i,
_4.6614i, 4.6614i, —4.6614i, 4.6614i, —4.6614i
o arccos | 3245 3.12812, —3.12812, 3.12812, —3.12812, 3.12812,
15 ~3.12812, 2.72398, —2.72398 , 2.72398, —2.72398 ,
B = o+ 2arccos 3+65 , 272398, —2.72398 , 272398 , —2.72398 , 2.72398

-2.72398, 0,0,0,0,0,0

Cubic octahedron (N =12)

2134, 24134 . 2134 . 24134 . 2134
9 9 " 9 © 9 9
2134 . ¥35. ¥35. J35. V35. 2J2.

- I, 1, — i, L — i, l,

9 3 3 3 3 3

_2d2, 2V2, 242, 2V2. 2d2. V37

3 b 3 b 3 9 3 b 3 b 3 b
——“27,0, 0,0,0,0,0
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Table 2
(continued)
Coordinates of the vertices (z? ,(p?) Eigenvalues of the matrix L,
Icosidodecahedron (N = 30)
, 7.15642i . —7.15642i . 7.15642i ., —7.15642i .
(O,Eﬁonk), 7.15642i . —7.15642i . 6.80416. —6.80416 . 6.80416
—6.80416 ., 680416, —6.80416 . 6.57547i .
[_ 518/3%} _6.57547i, 6.57547i, —6.57547i, 6.57547i
—6.57547i ., 6.57547i , —6.57547i. 6.57547i .
[/5+J§ n+2n€] —6.57547i, 5.98329 . —5.98329, 5.98329, —5.98329
o s ) ~5.98329 ., 5.98329, —5.98329 . 5.98329, 5.87649i .
575 om —5.87649i. 5.87649i ., —5.87649i. 5.87649i .
Vo s |- —5.87649i , 2.76964i . —2.76964i , 2.76964i |
= —2.76964i . 276964i . —2.76964i . 2.76964i
(_\/5_105 ,’”52“], —2.76964i ., 238582, —2.38582i, 2.38582i
—2.38582i, 2.38582i , —2.38582i. 2.38582i .
k=0.....9,£=0,....4 238582/, 2.38582i . —2.38582i. 0.0.0.0.0.0

i.e., the second variation of the Hamiltonian will not change in going to the moving coordinate system. The ei-
genvalues of matrix L,, are given in Table 2. Among the eigenvalues of this configuration, there are those

whose real part is positive, and, hence, the configuration under study is unstable.

It is worth noting that the described results concerning the stability of equilibrium configurations in the
form of a tetrahedron, an octahedron, and an icosahedron as well as the instability of a cube and a dodecahedron
agree completely with the data [11]. The instability of equilibrium configurations in the form of an antisymmet-
ric cube and a cube are special cases of the analysis of stability of circular pairs considered in [26].

4. Concluding Remarks

We see that the methods of linear algebra enable one to verify quite simply whether a given configuration of
point vortices on a sphere is a configuration of relative equilibrium. These methods can be generalized for the
case of search for plane configurations of relative equilibrium.

For studying stability, it is necessary to focus on the general theory of stability of Hamiltonian systems with
symmetries. Although the problem of finding the symmetries of a system quite often is the most complex part
of investigation, in the case of point vortices on a sphere, its rotation symmetries are natural symmetries. If the
symmetries are known, the problem of studying stability is reduced to investigation of the second variation of
the Hamiltonian in equilibrium configuration and of linearized system near this configuration.
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