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Abstract

The paper presents some results of qualitative analysis of conservative systems. The mod-
ified Routh-Lyapunov technique is used as tool for investigation. Special attention is paid
to algorithms of finding and analysis of invariant manifolds on which elements of algebra of
problem’s first integrals assume a stationary value.
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Introduction

Application of modern tools of computer algebra (CA) allows one significantly to increase the
number of effective algorithms which are used for qualitative analysis of dynamic systems. The
paper discusses several algorithms which are some generalization of the Routh-Lyapunov technique
[1] of analysis of conservative systems with algebraic first integrals. These algorithms are: the use
of enveloping integral for family of first integrals in order to find invariant manifolds (IM) and to
investigate their stability [2]; solving a system of stationary equations of a family of first integrals
with respect to some part of phase variables and some part of parameters of family’s first integrals
[3]; finding IM of 2nd and higher level on earlier found IMs. Efficiency of these approaches is
demonstrated by examples of analysis of two classical completely integrable systems.

1 Kovalevskaya’s Case.

In Kovalevskaya’s problem [4] of motion of a rigid body with a fixed point the equations of motion
write

2p=gqr, 2¢=—rp+x0y3, ©=—ToYe, 1 =TV2—q¥3, Y2 =DPV3 — TN,V =qN — P2,
and have the following first integrals
2H = 2p2 + 2q2 +7r 4+ 2z0y1 = 2h, Vi =2py1 + 2q7y2 +1ry3 = m,

Vo=(p? - —zom)? + (20 ¢ —2072)’> =k, Va=ri+12+42=1.

Consider the problem of finding IMs on which Kovalevskaya’s integral V5 assumes a stationary
value. The necessary conditions of extremum for integral V, have the form:

OVa Vs Vs oV,
2y -0, 22— 9 —0, 22 — _4(qy, — -0, 22 -9 —0. (1
o (py1 + qy2) =0, o oy =0, 5 (qy1 — py2) =0, 9 Toyo (1)

From equations (1), where the following denotations y; = p? — ¢® — xoy1, Y2 = 2p ¢ — Toy2 Were
used, we conclude that the equations for one of invariant manifolds of stationary motions (IMSM),
which correspond to integral V5, can be written as

y1=p>—¢ —20m1 =0, y2=2pq—x072 =0. (2)



It is Delaunay’s manifold. The vector field on IMSM (2) is defined by the equations:
2 =qr, 24=—rp+zors, *=-2pg, Y3 =—q(p"+q")z;" (3)
Differential equations (3) have the following first integrals:
2H = 4p*> + 12 =2h, Vi =ry3 + 2p(p* + qz)xo_1 =m, V3= V2 + (p* + q2)2x52 =1. (4)

Let us state the problem of finding IMs of 2nd level on which the elements of algebra of the first
integrals of system (3) assume a stationary value. To this end, we construct the following linear
combination of integrals (4)

oK =2H — 2V} + 13V (5)

The conditions of stationarity for K write

G = 2= P2 - 20 +47) =0, G- = -

oK 0 oK
— =r—-v = —_—
87" 173 B 8’73

One of degenerated families of solutions of the above system is defined by the equations:

= —v1(r —117y3) = 0.

2vizop — Vi (P* +¢%) =0, r— 1173 =0. (6)

These are the equations of the family of IMSM on IMSM (2). The family of 2nd level IMSMs (6)
can be “lifted up” as invariant into the initial phase space. To this end, it is necessary to add the
Delaunay IMSM equations (2) to equations (6).

1.1 Kovalevskaya’s Case. Enveloping Integral

In order to find peculiar IMSMs of 2nd level of system (3) let us apply enveloping integral for the
family of integrals (5). Following to standard algorithm, we calculate derivative of integral K with
respect to parameter v; (the parameter of the family of integrals) and equate the obtained result
to zero:

K . .
87 = —V1 + l/1V3 = 0
81/1

From the latter expression we find vy = V; ‘7371. Consequently, the enveloping first integral of our
interest has the form: 2K, = 2K — 1/1217371 or 2Ko=2HV3; - V2.
Next, write down the necessary conditions of extremum for the integral Ky:
61:(0 _ 7'2 _
e Ap(yi + (0" + )20 ") + 4p(2p% + )07 + ¢*)y

2(rys + 2pzy L (p? + ¢%))(3p* + ¢*)zg ' = 0.

0K B r2 _ _
qu = 4q(p® + ¢*)zg > (2p% + o) — 4pa(rys + 2 "W+ @?)agt =0,
oK,

or

=7(3 + P+ ¢*)xg %) + (rys + 2p25 (07 + ¢%))vs =0,

oK r? _
78730 =23(2" + 5) = (rys + 2pzg (07 + ¢%))r = 0.

It can easily be verified that equation

(P + ¢*)r — 2pzoy3 = 0 (7)

defines IMSM on which the enveloping integral assumes a stationary value, besides this IMSM is
the first integral of equations (3). The 2nd level IMSM obtained by the above method can be
“lifted up” into the phase space of the initial system. To this end, likewise above, we add the
equation of Delaunay’s IMSM to equation (7).



1.2 Kovalevskaya’s Case. Stability.

Now let us consider the problem of stability for some above obtained IMSMs.
1. Let us write down the equations of perturbed motion in the neighborhood of Delaunay’s IM

(2):
Y1 =TY2, Y2 =—TY1, 2p=qr, 2q=—rp+ o3,
=y —2pq, w073 = —q(p” — ¢%) + py2 — qu1.
Here y; = p? — ¢®> — 2071, Y2 = 2p ¢ — xoY2 are the deviations from Delaunay’s IM in perturbed

motion.
The system has the sign definite first integral

AVy =y + 52 >> 0.

The latter guaranties stability of IMSM (2).
2. Next, let us consider the family of IMSMs (6). Introduce the deviations from the elements
of this family of IMSMs:

21 = 2x0p — Vl(P2 + qz)’ 22 =T — 173,

and write down differential equations of perturbed motion in this case. Because the first equation
of IM is nonlinear, we use maps on the IMSMs. It is possible to take, for example, the following
four maps when zgv; > 0:

q =+ 2pxo/v1 —p?,r =173, (0<p<2x0/v7,—11 <71 <1y),
p=uwo/v1 £\/23/vi — %, r =173, (—z0/v1 <q<zo/Vh, —V1 <T <)

Analogous maps can be constructed when xgry < 0. A vector field is defined in each map.
Let us write down equations of perturbed motion in the neighborhood of IM (6). In 4th map
these equations have the form:

2 = Toqre, Zo = —qz1/T0, T=—2q(x0/v1 — T2V} — ¢ — z1/11),
24 = —z29m0 /11 —&-r\/x%/uf—qz—zl/yl. (8)

Analogous equations can also be written in other maps on IM (6). Equations (8) admit the first
integral:
2AK = 23 + 2323,

In other maps the integral for equations of perturbed motion has analogous form. Because the
integral is sign definite on z1, z2, we conclude that IMSM (6) is stable.

2 Kirchhoff’s Problem

Let us consider the problem of motion of a rigid body in ideal fluid in case [5]. The differential
equations of motion

r1 = (ary + Bro + 2s3)re — 1382, 1y = —(ary + Bra + 283)r1 — 1381, T3 = ri1Sg — rasi,
1= —(Bs3 + (a2 + B?)ra)rs + (ar1 + Bra + s3)s2,
So = (asg + (a® + B)r1)rs — (ary + Bra + s3)s1, s3 = (Br1 — ars)ss 9)

admit the following first integrals:

2H = (57 + 52 +253) + 2(ary + fra)ss — (@ + B%)r3 = 2h,
V1 = 8171 + 8272 +83T3 = Cq, 2‘/2 :T%+T’§+T’§ = Ca,
2V3 = (r181 + 1252)((@® + B?)(r151 + r282) + 2(asy + Bs2)s3)
+52(s% + 53 + (ary + Bro + 53)%) = 2¢3. (10)
In order to find stationary solutions and IMSMs of system (9) we construct the families K of

first integrals
K =XH — MV — AV — A3Vs. (11)



from problem’s first integrals (10).
The necessary conditions of extremum for K (11) with respect to variables s1, $2, 83, 71,72, 73

g—i = Mos1 — Mir1 — As[(a? + B2)ri(ris1 + 7as2) + sasz(ars + Br1) + s1s3(2ary + s3)] = 0,
0K ) )
3ey = osz— A2 = Xal(0” + BY)ra(risy + rasa) + sasa(arz + Bra) + s253(20r2 + 53)] =0,
oK
9 No(ary + Bry + 2s3) — A3 — Az[(asy + Bs2)(r151 + rosa) +
s3((ary + Bra + 2s3)° + 57 + 5 — ss(ary + Bra + 2s3))] = 0,
ng = Xoasz — A181 — darp — As[(a® + B2)s1 (1151 + 79se) + s153(asy + Bsa)
+asj(ary + Bra) +asi =0,
%i = Bhoss — Aisa — dara — Ag[(a® + B2)(ris1 +72)s2 + (st + Bsa)sos3
+Bs3(ary + Bra) + Bs3] =0,
oK = (@4 80+ dalrs ~ hass =0 )

define the families of stationary solutions and the families of IMSM of differential equations (9).
Computer algebra system MATHEMATICA allows one to apply the Grobner basis technique [6]
for finding solutions of nonlinear algebraic system. The Grobner basis for system (12) constructed
with respect to some part of parameters Ag, A1, A2 and some part of phase variables r3, s3 writes:

{)\2 (pzz)\g + q2$2>\3) , —zh—z ((ﬂrl +ary) 52+ 2(—ary + Bra) s182 — (Br1 + arg) s%)
Ao — G?2? N3, —pg*ho— (B2rf — 2aBrirs + 13 (a3 + s3) — 2r1 (afrs + rosis2) +
r? (Gr% + s%)) A2, =Yz — q*ws3A3, —pz (ary + Bra) Ao + qz? (Grz — sy — s2) )\3}.
(13)
Here the following denotations

2 2 2 2
q=fs1—asy, =118 +1282, Yy =T152—1281, 2 =Pr1i—ary, G=0o"+F*, p=r7+r;. (14)

were used.
Let us consider one family of solutions of system (13) (here Az is the family parameter):

83 = afy/pz, r3 = y/zv >\2 = —q2$2A3/pZ2,
M= — (z (—pg® + Gy? + Gpz?) A3) /p22, Ao = 2? (y? + p2?) A3 /p?22. (15)

Analysis of the above relations showed that expressions for 3, s3 (15) define IMSM of differential
equations (9). The vector field on IMSM (15) is described by equations

=72 (y +ar +ﬁ7’2> - LZQ, To = —T1 <pzy +ary +Br2> + y71,

pz
o Y (zyB + Gpzra) + z (xy + pz (ary + Bra)) sz
1 pZ2 )
. y (zya + Gpzry) — z (zy + pz (ary + Br2)) s1
S9 = p22 . (16)

The expressions g, A1, A2 (15) are the first integrals of equations (16). It can be showed that these
integrals correspond to the integrals of initial differential equations (9):

So = (VU(HV: % \/(02(H2 — 2V3) + 8GVEV)A) (VP — AGVZ),

M= (2GHWVE + (V2 — 2GV22)\/ (H2v} — 2V2V3 + 8GVZV3)A3)/ (Vo (V2 — 4GVY)),

So = (VEUGHVZ + Vo[ (03(H? — 2V3) + 8GVEV)A))/ (V2 — AGV3).



2.1 Second Level Invariant Manifolds

Let us find IMSMs of 2nd level on IM (15). For this purpose, we shall use narrowing of the integral
K on IMSM (15). First integrals (10) on IM (15) in denotations (14) have the form:

2 2,2 2 2 2
~ q°x VY ~ VY ~ VYT + 2
H=ve—gmt o i=et 5 ="
- (vy? + 22?) (—¢?z + (G +v?) (vy? + x2?))
3= ’
224

Using above integrals and taking into account expressions for A\g, A1, Ay (15), we can write integral
K (11) on IMSM (15) as:

K = 0®Wia (Way + 2GWia + 20 Wia) A3 = v Wi2Q, (17)

where v = z/p, Wiz = (y* 4 pz?)/22%, Wa1 = —pq?/z* are the first integrals of differential
equations (16) on IMSM (15). The conditions of stationarity for K (17) enable us to immediately
obtain one of stationary solutions of the problem. It has the form

v=ua/p=(ris1 +1259)/(r? +73) = 0. (18)

The rest solutions are determined by equations:

ov OW1a 0Q
2873%W12Q + v( o, Q+ Wi Bz,

)=0, (i=14) (19)

where z1 = r1, o =719, T3 = 81, T4 = So.

We shall not analyze system (19) here, only note that 2nd level IMSM (18) is stable, because
v is the first integral of equations (16). We also note that equation (18) defines IM of initial
differential equations.

All calculations have been performed with the aid of Mathematica system and program package
[7] written in Mathematica language.
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