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Abstract. The paper discusses some problems of investigation of peculiarities of families of invari-
ant manifolds, which give a stationary value to the families of first integrals of differential equations
of motion of mechanical systems. The method of investigation is based on using the envelope of such
families of first integrals. Examples illustrating application of the method are given. The computer
algebra system MATHEMATICA was applied in computations.

One of the problems arising in the process of investigation of the phase space of systems of differential
equations, which assumes several first integrals, is finding out and analysis of qualitative properties of
peculiar sets of both these integrals and their families, in particular, the properties of invariant sets on
which some elements of the first integrals algebra reach their stationary values. Such sets will further
be called the invariant manifolds of steady motions (IMSMs). The latter statement is valid due to the
statements made in the spirit of the Routh-Lyapunov theorem asserting that — in the case of sufficient
smoothness and under some requirements of nonsingularity imposed on the equations of stationarity
of first integrals — their solutions are indeed the invariants sets (and, as a rule, are the manifolds) of
the initial system of differential equations. As far as co-dimension of one is concerned, the analysis of
peculiarities in first-integral algebra itself is also of substantial interest. Enveloping first integrals of such
families represent one of the simple forms of peculiarities for the families of first integrals.

Since not only one first integral can reach its stationary value on a given IMSM or on their family,
for the purpose of obtaining complete information on the IMSM’s properties it is desirable to know the
complete collection of such first integrals. This is especially useful in the case of algebraic first integrals.
Here we deal with some analogy of a construction with a field of rational functions on a surface (or on a
curved line) in algebraic geometry. Constructing of all first integrals, which reach their stationary values
on some family of invariant manifolds, represents a special serious problem even for the low-dimensional
problems of mechanics.

In the present paper we restrict ourselves to the problem of the construction and use of envelopes for
the families of first integrals.

Note only that other techniques (useful for the analysis of the families of IMSMs), which are needed
to the end of obtaining ”additional” first integrals for their one-parameter families, are also possible. For
example, let there be a one-parameter family of first integrals (with the parameter \) for a system of
differential equations:

K:VI‘F)\V2+)\2V3=C1+)\CQ+)\263.

(Here c1, co, c3 are constants of integrals V;, Vo, V3). Then it is possible to construct, generally speaking,
two families of first integrals by solving the following equation with respect to A.

(Vi —c1) + A(Va —¢2) + A2(Vz —¢3) = 0.

As a result, we have

Ma = 3=V — ) V/(To = 2 — 4Vi — e (Vs — )V — )

Often such ”dual” first integrals allow to obtain some additional information on IMSMs corresponding
to the initial family K in terms of arbitrary constants ¢y, co, c3 of these integrals.

Let us turn back to our principal theme and give specific examples of the construction and application
of envelopes for the first integrals in problems of mechanics. Let us start with the case of quadratic first
integrals.
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The case of the Lagrange top in the force field of constant gravity As is well known, the
differential equations of motion for the Lagrange top [1]:

Ap = (A — C)gqro + 2072, 71 =T0Y2 — q73,
Ag = (C — A)rop — zom1, Y2 =DPY3 — rovis
Cr =0, Y3 = qy1 — P2

have a one-parameter family of first integrals

1 1
K= 5(14]92 + Ag® + 22073) — A(Apy1 + Agye + Crovys) + EA)\Q(%Q + 722 4+ 732). (1)

As it is obvious from the following steady-state equations, the stationary value to the elements of this
family

0K 0K

o (p—In)=0, 94 (@ —M2) =0,

0K 0K

— = QMp—-I1)=0, — =—-AA(g— M) =0, 2
A (P 71) 972 (q 72) ( )
oK

— =20 — XCrg + )\QA’}/g =0
03

is given by the elements of the family of invariant manifolds of regular precessions
p—M1=0, ¢—X2=0, 20— ACro+ \2Ay3 =0. (3)

The first integral, which serves as the envelope for the family of the integrals (1), can easily be found
here by the standard algorithm, i.e. by computing the derivative of K with respect to A and equating it
to zero:

oK

Sy = ~ AP+ Agyz + Crons) + MG 493 +193) = 0.
From the resultant equation we obtain:

Apy1 + Agyz + Croys)

A=
AWy +73 +13)

(4)

After that, by substituting this value of A into expression (1), as a result of elementary transformations

we have the formula for the first integral which envelopes the family (1):

(Apn + Agye + Crovs)?
A(? 473 +73)

It represents a rational function of first integrals, which enters the initial family K. The conditions of
stationarity for the integral A are as follows:

2A = (Ap® + Ag* + 2z073) — = const.

oA A (Apy1 + Agye + C’rofyg)%] —0

Op AT +73 +73) ’

oA (Apm1 + Agyz + Crovs)

5 ~ 4 A(E +93 +13) ] )
o4 (Apn + Agya + Crovs) Alp— (Apy + Agye + Cro%)%] -0

I A(E +735 +73) A+ +73) ’
QﬁZ_L%%+AWrH%w9Mm_Mmrhhw+0m%aﬂ:0

072 A(? 473 +73) A 493 +%3) ’

oA (Apy1 + Agyz + Crova) (Apy1 + Agya + Crovs)®

— = zy — Cr —+ A =0.
o T AGEEE R RO

Direct comparison of the latter equations with the conditions of stationarity (2) of the family K shows
that they formally coincide when the expression

(Apy1 + Agye + Croys)
A(F +93 +73)
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in (5) is replaced with A.
When substituting the values of constants of the first integrals of squares and directional cosines

Apyi + Agya + Croys =m, i+ +73 =1,

into the formula (4), we obtain that the stationary value for the enveloping first integral is given only by
such invariant manifolds (3) for which the restriction of the form

A= —.
A
is imposed on A.
To the end of defining which part of IMSM (3) is represented by the solutions for the system (5), let
us use equations (5) in order to remove p, ¢ from the square integral. As a result, we have:

Apy1 + Agyz + Croys = m(yi +73) + Croys = m — my; + Croys = m,

or
~v3(—mys + Crg) = 0.

Since from the latter equation (5) it follows that

mCrg — z0A
V3=,
m
then for (—m~s + Cro) the expression zoAm ™! is obtained, which can vanish only for zp = 0 or m — oo.
Consequently, for the precessions corresponding to the enveloping integral, 73 = 0, and the precession
angular rate is A = zo(Cro) L.
So, the enveloping integral reaches its stationary value on a special subset of the family of invariant
manifolds, which correspond to the initial set of first integrals K.
If p, ¢, and 73 are removed from the integral of squares with the aid of equations (3), then for A we
obtain the fourth-degree equation:

AN — AmA3 + Crozo\ — 22 = 0. (6)

Consequently, on the hypersurface of the level of the integral of squares for a fixed value of the constant
m there may be up to four regular precessions, for which the values of angular rates of the precessions
are real roots of the latter equation.

If equation (6) is rewritten in the form

AN (AX = m) + 20(CroX — 29) =0,

then for AX —m = 0 this equation implies that the restriction A = zo(Cro) ™! is imposed into the angular
rate of the precession, and m in this case turns out to be equal to 29 A(Cro) .
The substitution of the latter value of m into equation (6) allows one to factorize the latter:
ovs  20A% 4 _ 20 243 —
CTQ(A A — ——— X 4+ CrozoX — Zo) = ()\ — —)(A A%+ CTQZ())C’I“Q =0.
C?"o C?"o
Hence, it follows that besides the precession with X = 2¢(Cro)~!, 73 = 0, on the hypersurface of the
square integral having the value of the constant m = 29 A(Cry)~! there is another precession with the

angular rate of A = {/(—Crozo)A~2.

The case of Lagrange top in the central force field In the case of Lagrange top in the central
force field [2] the set of special regular precessions, which are separated by the enveloping first integral,
is substantially richer. The differential equations of motion of a body in this case are as follows:

Ap = (A= C)qro + zov2 — (A — C)yays, Y1 =T0Y2 — qV3s
Ag=(C = A)rop — 207 — p(C — A)yzy1, Y2 =Py — o7, (7)
Cr =0, Y3 =gm — PYe.

For these equations there is a one-parameter family of first integrals (7) similar to the family (1):

2Ky = [(Ap* + Ag® + 22073) + u(Av? + Ay2 + C2)] — 2M(Apy1 + Agy2
+ Croys) + AN — ) (m® + 72 +73%). (8)
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The invariant manifolds of the system (7)
P=M1=0, ¢=MA2=0, 2z —ACro+[u(C —A) +X2A]y3 =0 (9)

give the stationary value to the elements of the above family K.
The latter directly follows from the equations

0Ky 0Ky
8p (p ’Yl) ) 8q (q ’72) )
0Ky 0Ky
— =—-QMp—-2I1)=0, — = -XA(g— Ay2) =0, 10
A (p Y1) 372 (q Y2) (10)
0K
—0 — 20— ACro + [u(C — A) + X2 A]3 = 0.
03
By equating the derivative of K with respect to A to zero, we obtain the equation
9Ky _ 2 2 2y
ox = A+ Agrz + Crovs) + AAn” + 72" +75%) =0,

whence we find
Apm1 + Agyz + Crovs)

A(7f 413 +13)
When eliminating A from equation (8) we obtain the envelope for the family of first integrals (8) of
the form

o !

240 = [(Ap* + Aq® + 22073) + p(Ar} + Avs + C33)]
(Apy1 + Agya + CT’O’YB)Q 2 2 2
- —nAML + 72 +73)- (11)
AT+ 73 +73) P
Let us separate the invariant manifolds which give a stationary value to the first integral Ag. The
stationary conditions in this case differ from the stationary conditions of the first integral A only by the
last equation. For Ay it writes:

d0Ag (Apy1 + Agys + Croys)

— =20 — Cro+ [n(C—-A 12

o T A ) e A 12
(Apy1 + Agyz + Croys)’?

A? (’Yl2 + 722 + ’732)2

Similarly to the case of equations (5) for A, the stationary conditions for Ay coincide with the stationary
conditions (10) of the corresponding Ag of the family K of first integrals if the following substitution is
performed in these stationary conditions

(Apy1 + Agyz + Crovs)
A(m? + 722 +73°)

Furthermore, similarly to the case of the Lagrange top in the constant force field, in the case of the
enveloping integral there appears a relationship AA = m between the parameter A and the constant of
the integral of squares.

If equations (10) are used to remove p, ¢, 3 from the integral of squares, then we obtain the 5th
degree equation with respect to A:

=\

A3NS — A2mAt — 2u(C — A)AZN3 + A[Crozo — 2u(C — A)ym]\?
HARA(C — A)? = 2] + C2r3u(C — AP\ — ju(C = A)Crozo (13)
+u(C — Aym] = 0.
So, there may be up to five regular precessions (9) on the hypersurface of the integral of squares under
a fixed value of m in this integral. If one recalls the relationship AX = m between m and A, which is

imposed on these parameters in the process of constructing the envelope integral, then after writing down
the equation (13) of the form

AZXNH AN —m) — 2u(C — A)AZN3 + A[Crozo — 2u(C — A)m)A\? + {A[u?
x(C — A)? = 28] + C*r2u(C — A\ — u(C — A)[Crozo + u(C — A)ym] =0
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and taking account of the above relationship, it is possible to obtain
ACro200* 4 [C*r2p(C — A) — Az2]u(C — A)Crozo = 0.

The latter will determine two values of A corresponding to precessions, on which the enveloping integral

reaches its stationary value. The first of the values of A\; = —u(C — A)Cro(Azp)~! (corresponding to
my = u(C — A)Cro(z0)~! ) defines the following value for the directional cosine ~s:
)\107’0 — 20 - Z()[M(C — A)C27'8 + AZ(%]

BT UC A FNA T u(C— A(C — A)C3 + A=)
For [u(C — A)C?rZ + Az2] # 0 one obtains

)
V=
u(C — A)

This kind of regular precessions is distinguished in the family (9) by the property that there is the axis
of permanent rotation on the cone which describes the axis of body symmetry for the given precession.
This can readily be seen from the expression for
. )\1 C’I“Q — 20
u(C—A)+ 1A
In the case when the expression in square brackets is zero we have
A% (O = A)

u(C—A) A
The angle 3 remains arbitrary in this case. Therefore, for r§andA] defined by formulas (14), the precession

may be realized for any constant vs.
In case of Ay = 29(Crg)~! the equation for v3 assumes the form:

Y3 when \; — 0.

Cry? = and \}? = (14)

2
Azg

[W(C = A) + AX3)ys = XaCrg — 29 or  3[u(C — A) + e
0

]=0.

As a result, we have either precessions with v3 = 0 or for C%r3 = —A22(u(C — A))7!, Ao = —p(C —
A)(A)~! again, as in the previous case, the precession may be realized for any constant value of 3.
Here, similarly to the previous case, the enveloping first integral Ag has given the possibility to separate
a subset of special precessions in the family of regular precessions giving the stationary value to Kj.
In conclusion consider the construction of an envelope integral for the family of non-quadratic integrals.

The case of the S.V.Kovalevskaya top In the case of the S.V.Kovalevskaya top on the Delaunay
manifold

p? —¢* —zom =0, 2pq —x972 =0,
which is the stationary set for the S.V.Kovalevskaya integral [3]
V= - ¢ —xom)® + (2pg — moy2) = k*,

the differential equations

2 .2
. . . . +
2p=gqr, 2q=—rp+xoy3, T =—-2pq, 3= —w
0
have a one-parameter family of first integrals
2 2 2 .2)2
+ +
2L = 4p* + 12 —2y(r'y3+2M)+z/2('y§+ M) (15)
Zo on)
Stationary conditions for the function L are
oL v v
— =2(1-—p)2p— —®*+¢%) =0,
o (1= =p) 2 — (" +07)
oL vq V,o o
== 22(2p- = =0, 16
94 o T a) (16)
oL 0L
E:T—V’}/gzo, 8—73:—V(T'—l/’)/3):0.
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As it is obvious from the structure of the left-hand sides of the latter equations, their solutions are
represented by invariant manifolds, which form two one-parameter families:

v
1)2p—x—0(p2+q2)):0, r—uvys =0,
2)qg=0, pzi, r—uvys =0.

If the variables p, ¢, 3 are eliminated from the integral of squares, narrowed onto the Delaunay
invariant manifold,
2, .2
pyy 4 2P ) (17)
Zo
with the aid equations, which define the 2nd type of invariant manifolds, then we obtain the following

relation between m and v: )

_ Lo

The latter expression implies that there may be up to four 2nd type invariant manifolds for a fixed m
on the surface of the integral level (17). It can be easily verified that for m? < 16z0/3+/3 all the roots
of equation (18) are complex. Consequently, for the corresponding values of constant m, the invariant
manifolds which are of interest for us do not exist. In the case of the 1st type of invariant manifolds, the
relation between m and v is simpler: m = v.

Let us construct the enveloping first integral for the family (15). Having obtained v from the expression
of the derivative of L with respect to v:

8[/ 2+ 2 2+ 2\2
8_:7«73+2M_V[732+W]:0,
v Zo z3

we have .
_ s +20(0° + ¢z
73+ (P2 + ¢?)2xy
Having substituted this value of v into expression (15), we obtain the desired enveloping integral for the
family (15) of the form

2 2 2 2\2

+ + _

2/10: (4p2+r2)_[7073+2p(px0 q )]2[7??_’_ (p x;] ) ] 1.
0

Let us write down the equations defining the stationary set for the latter integral:

040 _ o[ — 8+ 2p(p° +¢*)zo "' p op— T3+ 2p(* + ¢y !
op ¥+ (P2 +¢%)%2,° o % + (P2 + ¢*)%;°
2 2
PP ta )] o,
0
08 _ 2alrys +20(0° + P)ay ], (s + 20007 + )y )
dq zo[73 + (0% + ¢%)%x;7] (V3 + (0% + ¢%)%x;°)
2 2
o
9 Ao s + 2p(p* + ¢y !
—_— =17 — o Y3 = Oa
or 73 + (0% + ¢2)%x,
0Ao _ 3+ 2p(p* + ¢*)y ! L T2’ + )z sl = 0
073 7+ (0* + ¢)?xg” 7+ (0 + ¢)?xg”

Formally, the equations obtained again coincide with equations (16) when the following substitution is
performed in them:
s+ 2p(p? + Pzt
3+ (02 + ¢?)%ag
The latter relation and the values of the first integral constants, which occur in this formula, imply
the dependence between m and v:

v =1m.
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This dependence is incompatible with the conditions of existence of the 2nd type invariant manifolds (18).
Therefore, the enveloping first integral has only the 1st type invariant manifolds, whose co-dimension is
smaller than that of the 2nd type invariant manifolds, in the capacity of its stationary set.

In conclusion it is expedient to note that for the quite integrable systems, as well as for those close to
them, rather typical is the situation, which is considered above on the examples from rigid body dynamics,
when a family of first integrals is put in correspondence to a family of IMSMs. In this case, constructing
the enveloping first integral not only leads to finding out the peculiarities in the co-dimension of one but
also allows one to obtain some additional information on the structure of the respective family of IMSMs.

When the aids of computer algebra are available, the technique proposed allows one to investigate
systems of rather high dimensions. For example, the above approach has been employed for finding out
peculiar IMSMs of a system of rigid bodies with the carrier [4], whose lagrangian writes:

3 3
= Z Z 046 wawﬁ +2 Z Z eka wan + Z Z CszzQ] + ZU( ) (19)

k=1a=1 i=1 j=1

where w, (o = 1,2, 3)are the projections of the carrier body’s angular rate onto the axes bound up
with this body; ¢;,¢; (i = 1,...,n) are the generalized coordinates and velocities which determine the
orientation of the carried bodies with respect to one another and to the carrier’s body; U(q,...,qn) is
the force function.

According to [4], the system of differential equations, which is defined by the lagrangian (19) and
complemented with Poisson’s equations for the directional cosines, assumes the one-parameter family of
first integrals:

3 2 3 n 2
2K; = Z Qwa + Z ex1qk Z Jaa(q)wa + Z ekzq'k]

a=1 ) a=1 ) k=1 §

Z J3a(qQ)wa + Z eksqkl =2 { [Z Jia(Qwea + Z €k1dk1 T (20)
a=1 k=1 = —
3

Z Joa(q)wa + Z exar | 72 + Z J3a(q)wa + Z ekqu] 73}

+ 2[’71 +75 +3).

Here «; (i = 1,2,3) are the directional cosines for the ”vertical” in the axes bound up with the carrier’s
body.

It can readily be verified — by writing out the necessary conditions of extremum for K5 — that the
stationary value for the elements of the family of first integrals K> may be provided by the elements of
the family of IMSMs defined by the following equations:

3 n
Z Jla(q)wa + Z equk - )\’71 = 07
a=1 k=1

3 n
D Da(@wa + Y eradr — A2 =0, (21)
a=1 k=1

3 n
> Jal@)wa + Y exadr — Az = 0.
a=1 k=1

Here, similarly to the above examples for the Lagrange and Kovalevskaya tops, an envelope for the
family of first integrals (20) has been constructed, and with the aid of the first integral thus obtained
the peculiar IMSMs from the family (21) have been found. The computations have been conducted for a
fixed n. The results of the investigation will not be given since they are rather bulky.
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