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Abstract

The stability of linear potential systems with a degenerate matrix of gyroscopic forces is investigated. Particular attention is
devoted to the case of three degrees of freedom. In a development of existing results [Kozlov VV. Gyroscopic stabilization and
parametric resonance. Prikl. Mat. Mekh. 2001; 65(5): 739-745], the sufficient conditions for gyroscopic stability are obtained. An
algorithm for applying these conditions is proposed using the example of the problem of the motion of two mutually gravitating
bodies, each of them being modelled by two equal point masses, connected by weightless inextensible rods.
© 2006 Elsevier Ltd. All rights reserved.

We will consider the problem of the stability of the equilibrium of a linear dynamical system with n degrees of
freedom, described by the equations

$+Ti+Px =0, xeR", T' =-T, P' =P, detP#0 (1

The matrix P can be assumed to be a diagonal matrix.

There are many publications on the stability of the equilibrium position for the case when the potential energy has
a maximum and det I" # O (see the brief review in Ref. 2). For commuting matrices PT"=I"P the condition for stability
is that the matrix P — ['>/4 should be positive definite.> The conditions for the solution x =0 to be stable for a negative
definite matrix of the potential energy P and a non-degenerate matrix of the gyroscopic forces I" were established in
Refs. 4-6, and estimates of the values of the parameters for which stability of the equilibrium position occurs were
also obtained. In this case the number of degrees of freedom was necessarily even. For an odd number of degrees of
freedom the matrix I" is degenerate, and hence the results mentioned above are inapplicable. A criterion of the stability
of the equilibrium of a charged particle in an electromagnetic field, and also of a general gyroscopic system with three
degrees of freedom were obtained in Ref. 7. The sufficient conditions for gyroscopic stability for non-zero matrices I"
of minimum rank equal to two were obtained in Ref. 1 using the theory of parametric resonance. The purpose of the
present paper is to investigate the conditions for real systems to be stable when the kinetic energy matrix is not unique.

Consider small oscillations of a system around the equilibrium position, which satisfy the linear equation with n
degrees of freedom

M7+Gi+Kz =0, zeR" )
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The kinetic energy matrix of the system M =M is positive definite, K = K7 is the potential energy matrix and G’ = —G
is the gyroscopic forces matrix, rank G =2k.

Theorem. The sufficient conditions of gyroscopic stability of the trivial solution of Eq. (2) are that the matrices A
and B should be positive definite, where

A=K-GM'G/4, B=(GM'G+y’M)l4-K; ¥ = A2 3)

y is the intensity characteristic of the gyroscopic forces and A is the non-zero root of the characteristic equation

|G-AM| =0 4)
Remark. The theorem holds for the case when the gyroscopic forces matrix G has the form indicated below.

Proof of the Theorem. Following the well-known approach in Ref. 1, we will consider small oscillations of a
dynamical system around the equilibrium position, which satisfy linear equation (1). The point x=0 is the equilibrium
position. Suppose the gyroscopic forces matrix has the form

r =vs'LsS

01 (5)

I, = diag(l,...,1,0), I = , rankl, = 2k, y>0

where S is an orthogonal n x n matrix. Clearly rank I" = 2k. It can be shown that when n = 3 any skew-symmetric matrix
of rank 2 has the form (5) where, of course, k=1.

It was proved in Ref. 1 that if the matrix of the gyroscopic forces has the form (5) and x=0 is the strict minimum
of the changed potential energy

W(x) = (Px,x)+(I'x,T'x)/4 (6)

and also the strict maximum of the difference W(x) — y2(x, x)/4, then x=0 is a stable equilibrium position of system
(1). Hence, the problem reduces to verifying that the matrices

A = (P-T%4), B = —(P-T*/4-yE/4) 7

are positive definite, where E is the n x n identity matrix.
We obtain similar conditions for the equations of motion of system (2). For any matrices M=M’ >0 and K=K', a
non-degenerate matrix C exists such that

M=c'c, kK=c"pc

System (1) reduces to system (2) if we put x=Cz and multiply the left-and right-hand sides of Eq. (1) on the left by
CT. The matrix I then takes the form G=CIT'C, where rank G=rank T, by virtue of the fact that the matrix C is
non-degenerate. Then

W(Cz) = (PCz,C2)+(I'Cz, T'Cz)/4 =
= (K32 +(G'M 'Gz,2) = W(2) = (Kz,2) - (GM ' Gz, 2)
Thus, it is necessary to verify that the matrix A, defined by the first equality of (3), is positive definite.

We will show that the matrix B has the form of the matrix B, i.e. it is necessary to check the condition B>0.
In fact,

W(x) -y (x, x)/4 = (Kz,2) - (GM™' Gz, 7) + M'(Mz, 2)/4

where A = —y? is found from the condition
IT-AEl =0 3
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which, when n =3, is equivalent to the condition
lyST1S —AEl = |y1-ASEST| = A% +7%) = 0

In the general case, condition (8) takes the form
lc'rc-acfcl = o

which is equivalent to Eq. (4). The theorem is proved. [

Example. Consider the plane motion of two mutually gravitating bodies with masses m; and m,, each of them being
modelled by two equal point masses, connected by weightless inextensible rods of lengths a; and a, respectively. The
motion is defined by the coordinates r, @, @1, ®2, where r is the distance between the centres of mass of the bodies, ¢ is
the angle between the straight line connecting the centres of mass and a fixed straight line in the plane of motion, and
¢1 and @3 are the angles between the rods and straight line connecting the centres of mass. Steady motions of the form
r=const, ¢ = const, ¢ =const and ¢, = const for the cases (1) o1 =¢2=0, (2) o1 =2 =7/2, (3) ¢1 =0, 2 =7/2, (4)
¢1 =/2, ¢ =0 were considered in Ref. 8.

The problem of the stability of the steady motion in case 1 has been investigated completely. We will consider case
2 (cases 3 and 4 can be considered similarly).

The steady motions @1 = ¢ =7/2, r=r(B?), where B is a constant of the cyclic integral corresponding to the cyclic
coordinate ¢, are always Lyapunov unstable. Gyroscopic stabilization is only possible for the branch MK (see the
Fig. 1), where the function r(2) decreases and the degree of instability is equal to 2.3° There is a change in stability
at the point M, since branching of the solution occurs.

We will verify the conditions of the theorem for specific values of the parameters, corresponding to the branch MK.

The motion of the system is described by Eq. (2), where

2 2
(0N KW, -kaja, 0 0 0 —v,
= , M= 2 2 G = —
z 2 -kaya, KW, O 00 -v,
r 0 0 m Vl V2 0
mym mym 2 2 2
K= ——2 m=——2 J=mr +myaj + mya,
J my +m,
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T ———ni——az-r2+a2a2 VvV, = 2I3Lmjaz.r j=12
I mivmy 192> 7 2 ’

For the steady motion ¢ = ¢y = /2 considered, the matrix K can be written in the form

o i kyy ki O
=f 5 || k21 k22 O
0 0 ki

kj = ayaby-3r'byal, j = 1,2, ky = ky = —ajay(b; - 3r°b3)

ki = r2(4b"1‘(r2 + af(m] +my)/m, + ag(m1 + mz)/ml)_] - 3b;)

1/ 2

b= (P a(a-a)) T (P ra)hy T =12
where f=6.67 x 1077 km3/(t-s?) is the gravitational constant. We will take values of the parameters of the bodies
corresponding to twin asteroids.©: m) = 10'8 t,mp= 1015, a1 =100km and ap; = 10km.

For r=100 km all three eigenvalues of the matrix K are negative, i.e. the degree of instability is equal to three, and
gyroscopic stabilization is impossible. When r is reduced, for example, to 7= 10 km, B =0.835 x 10%; two eigenvalues
of the matrix K are negative, while one is positive, i.e. the degree of instability is equal to two; the system lies on the
branch MK (see the Fig. 1). The eigenvalues of the matrix A are: —0.33 x 10%*, 0.13 x 102 and 0.13 x 10%, while
those of the matrix B are: 0.5 x 10%*, —0.1 x 10%° and 0.9 x 10?°. Consequently, the matrices A and B are not positive
definite, and hence, steady motions are gyroscopically unstable. A similar situation remains when r is reduced further.

We will now consider values of the parameters that correspond closely to actually existing objects. The twin asteroids
Ida and Dactyl, discovered in 2001, have masses of ~10'* and 10!! T, dimensions of ~60km and 1.4 km, and are a
distance of r =~ 80 km from one another.

The degree of instability is equal to two, and the necessary condition for gyroscopic stability is satisfied. The
eigenvalues of the matrix A are: 0.12 x 1014, 0.07 x 1022 and 0.17 x 102°, while those of the matrix B are: 0.92 x 1015,
0.53 x 10?2 and 0.14 x 10'2, i.e. the matrices A and B are positive definite, and hence gyroscopic stability in the first
approximation follows.

I wish to thank V. V. Kozlov, V. V. Beletskii and A. V. Karapetyan for useful discussions.
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