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ON RHEONOMIC NONHOLONOMIC
DEFORMATIONS OF THE EULER
EQUATIONS PROPOSED BY BILIMOVICH

A. V. Borisov and A. V. Tsiganov

ABsTrACT. In 1913 A. D. Bilimovich observed that rheonomic constraints
which are linear and homogeneous in generalized velocities are ideal. As a
typical example, he considered rheonomic nonholonomic deformation of the
Euler equations whose scleronomic version is equivalent to the nonholonomic
Suslov system. For the Bilimovich system, equations of motion are reduced to
quadrature, which is discussed in rheonomic and scleronomic cases.

1. Introduction

Let ¢ = (q1...,Gn) be generalized coordinates on the configuration space Q of
the system. The Lagrange equations describing the motion of the system may be
written as

dtdg;  dqi
where T' denotes the kinetic energy and @ is a force. Assume now that the system
is subject to additional independent constraints

fj(q,(j,t) =0, j=1,....k<n
and we have a constrained Lagrangian system with the number of degrees of freedom
dim@ —k = n—k. These constraints may be thought of as an addition of constraint
forces to the original Lagrange equations.
The constraints are called integrable if they can be written in the form

d
fj = agj(qat) =0

for some functions g;. Otherwise the constraints are called nonintegrable. After
1917, according to Hertz, nonintegrable constraints have been called nonholonomic.

2010 Mathematics Subject Classification: 37J60; T0F25.
Key words and phrases: rheonomic Lagrangian systems, nonholonomic mechanics, integra-
bility by quadratures.
155


https://doi.org/10.2298/TAM200120009B

156 BORISOV AND TSIGANOV

Similarly to the Lagrangian function, constraints may be time-dependent (rheo-
nomic) or time-independent (scleronomic). Thus, we say that the constrained La-
grangian system is scleronomic (rheonomic) if the constraints and the Lagrangian
are time-independent (time-dependent).

A nonholonomic constraint f; = 0 is said to be ideal if the infinitesimal work of
the constraint force vanishes for any admissible infinitesimal virtual displacement

(1.1) Z afhs

This equation is the so-called Chetaev condition (see the paper [8], published in
1932). Some simple examples show that Chetaev’s rule cannot be used in general
(see [7,19]).

Equations of motion of the nonholonomic system are deduced using the La-
grange—d’Alembert principle, Gauss and Appel principles, Hamilton—Suslov prin-
ciple and so on. The general theory of linear and nonlinear, rheonomic and sclero-
nomic, ideal and nonideal constraints and the corresponding nonholonomic systems
has been discussed in many recent papers and textbooks. From the existing exten-
sive list of literature, we have chosen publications particularly close to the work of
Bilimovich [2, 3], see [1,6,9- ,20-24] and references therein.

In 1903 A D. B1hmov1ch graduated from Kiev University with the gold medal
for his work “Application of geometric derivatives to the theory of curves and sur-
faces”. He was a student of famous mechanicians K. G. Suslov and P.V. Voronets.
After graduation, he was appointed a teaching assistant at the Department of The-
oretical and Applied Mechanics. In 1907 he received the title of Privatdocent of
the Department of Theoretical and Applied Mechanics of Kiev University, where in
1912 he defended his master’s thesis “Equations of motion for conservative systems
and their applications”, which was published later in two papers |2, 3].

After the death of A. M. Lyapunov on November 3, 1918, he headed the com-
mission for the preservation, processing and preparation for printing of the aca-
demician’s works, which saved his manuscript “On Some Equilibrium Figures of a
Rotating Fluid”.

In January 1920, he left Odessa and soon found refuge in Serbia, where he
created a large scientific school of analytical mechanics. Much credit also goes
to him for creating a number of scientific associations and institutes in Serbia (in
the 1920-1960s), and participating in the publishing activities of his immigrant
compatriots: the Russian Academic Circle (April), Russian Scientific Institute, two
editions of "Materials for the Bibliography of Russian Scientific Works Abroad”,
and the Mathematical Institute of the Serbian Academy of Sciences, the opening
of which took place in May 1946. In 1949, the first volume of “Transactions of the
Mathematical Institute of the Serbian Academy of Sciences” was published. It was
in this edition that he published his works for several years, including the memoirs of
Lyapunov in Odessa (1956). In addition, A. D. Bilimovich was one of the founders
of the Yugoslav Society of Mechanics. His scientific activity was marked by his
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election on February 18, 1925 as a corresponding member, and February 17, 1936
as a full member of the Serbian Academy of Sciences and Arts [4].

So, in 1913-1914 Bilimovich published two papers in which he discussed the
“commonly known fact” that scleronomic constraints

Fi=) bi(@)g+b;=0, j=1....k<n,
=1

are ideal if b; = 0. Bilimovich noted that rheonomic constraints which are linear
and homogeneous in generalized velocities

n
Fi= bij(a,0)g; =0, j=1....k<n,
=1

are also ideal constraints. Bilimovich’s first paper [2] was submitted to Comptes
rendus de I’Académie des Sciences by Appel, so Appel also knew this “commonly
known fact (1.1). Thus, Appel, Suslov and Voronets also knew this “commonly
known fact” (1.1) about linear and homogeneous constraints in generalized veloci-
ties, but we cannot find the original source of this fact.

A typical example of rheonomic constraints is a rod of varying length, see
Bilimovich’s paper [3]. In this note we discuss another typical example associated
with a rotating rod, which allows us to study rheonomic nonholonomic deformations
of the Euler equations [2]. This rheonomic Bilimovich system is a generalization
of the scleronomic nonholonomic Suslov system up to the choice of coordinates.
The physical realization of the corresponding constraint which was proposed by
Bilimovich is not realistic, in contrast to the nonholonomic pendulum [3], but
it is also a typical rheonomic nonholonomic system, which we will integrate by
quadratures below.

1.1. On constraints that are linear in velocities and imposed on a
conservative dynamical system. Consider Lagrange’s equations of the second
kind

(1.2)

in which the kinetic energy is a second-degree polynomial in the generalized veloc-
ities and can be represented as

T=T+T + Ty,

where

n n
T = % Z ai;qi4;, Ti = Zak(ﬁm Ty = ao,
i,7=1 k=1
and the coefficients a;; and aj, are functions of the generalized coordinates ¢1,. .., g,
and time t.
If one divides the forces @Q; into potential and nonpotential ones

oV ~
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then one can formulate a theorem of the change in the total mechanical energy
E =T+ V of the holonomic system

oL
(1.3) Z Qidi + T1 +2T0) = 57

where the Lagrangian is L = T — V. The imposition of k¥ < n nonholonomic
constraints

fj(Q,d) =0, j=1,....,k<n
changes Lagrange’s equations (1.2)

doT T b of
— — = Q) ; ,=1,...
dt 0g;  Og; Ot ; & 9¢;” T

and the theorem of the change in the total mechanical energy (1.3)

- d oL o) fJ
E ZQﬂrQ G+ 5 (T +2T0) = == Q] ZA i
where @) are the reaction forces of the nonholonomic constraints.
The homogeneous linear functions of the generalized velocities

fi = bjila, )
=1

are distinguished by the fact that in this case the imposition of nonholonomic
constraints does not change the theorem of the change in the total mechanical
energy, since the work done by these corresponding reaction forces is zero

n k n f: k n k
LTS IPYD BF- D DI DUNED SRV
i=1 j=1 =1 * j=1 =1 j=1

This fact follows from Euler’s theorem of homogeneous functions, which is also used
for a standard derivation of the initial theorem of the change in the total mechanical
energy of the holonomic system.

In discussing this well-known fact, in [2], Bilimovich noted that the coefficients
b;; can explicitly depend on time ¢. Thus, imposing rheonomic constraints which
are linear in the velocities in the velocities on the conservative system whose total
mechanical energy does not change during the motion of the system, we obtain a
rheonomic nonholonomic system for which the total mechanical energy is conserved
as well.

2. Rheonomic deformations of the Euler equations

The main example in the work of Bilimovich [2] is related to the nonholonomic
deformation of Euler’s equations

. d /0T
Iv=Iwxw < %(&ui)_(IWXL‘))i’
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where w is the angular velocity vector of a rigid body and I is the inertia tensor of
the body. For this conservative system the total mechanical energy coincides with
the kinetic energy

T = 1(Iw,w),

which remains unchanged during motion, as does the squared angular momentum
of the body, M?2.

Solving two equations T' = E and M? = m for w; and w, and substituting the
resulting solutions into the equation of motion for the third angular velocity com-
ponent, we obtain the well-known autonomous differential equation with separable
variables

do.)3 dw;;
dt dt
which contains a fourth-degree polynomial P, in w3. An explicit form of this poly-
nomial and a solution to this quadrature in terms of elliptic functions can be found,
for example, in the textbooks [5,10].
Imposing on this integrable system the nonholonomic rheonomic constraint

(2.1) f=wi—g(t)ws =0,

where ¢(¢) is an arbitrary function of time, changes the equations of motion

2
= +/Py(ws, E,m) or ( ) = Py(ws, E,m),

o af d oTy o of
(22)  Io=Iwxw+dgs, < a(awi)_(waw)ﬂmaw,

in which, however, the total mechanical energy of the system remains unchanged:
T =1(lww)=E.

The undetermined Lagrange multiplier A appearing in these equations can be found
by differentiating the constraint

df ~Of . 8f

8601‘
Solving the equations T'= E and f = 0 for w; and wy, we obtain

oy = VA = (g(t)I13 + Iz3)ws o), w = VA= (9(t) 13 + Iz3)ws

C C

where
A=2EC — Bw?, C = g(t)?I1 + 29(t) 12 + Iz,
B = g(t)*(In11s3 — I75) + 29(t)(I12133 — I13123) + Ioolss — I35

Substituting these solutions into the equation of motion for ws, we obtain a nonau-
tonomous differential equation with separable variables
dws (1 —g*)ho 4 g(I11 — I2))A

(2:3) 3 = BO

(1 4 g*)ws — ¢ IWVA — g'ws(glhis + I23)) (g(T11 123 — Ti2T1z) + Ti2I23 — T13122)
BC ’
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where g = ¢(t) and ¢’ = dg(¢)/dt. Similarly to the Euler case, it can be rewritten
in a square-free form

(2.4) (@ (A =g*) N+ gl — I2))A
dt BC
_ (g'ws(glis + I23))(9(J11123 — 12 113) + Li2los — 113[22))2
BC

(L + gP)ws — 92 (g(T111os — Iinths) + T1oIos — Ii312;)% A

= BO .
Bilimovich reduced a similar equation for rheonomic nonholonomic pendulum to
elliptic quadrature after a suitable change of time [3]. We suppose that this equation

(2.4) could also be reduced to elliptic quadrature. If one integrates this equation,
then the remaining components of the angular velocity vector, wy(t) and wo(t), can
be found from the equations "= E and f = 0.

Thus, we obtain formal quadrature (2.4) for the abstract rheonomic Lagrangian
system with constraint (2.1). Of course, in general we have to define more exactly
the physical properties of the constraints, which impose restrictions to the set of
possible values of the constraint forces and to the admissible path. In order to do
it, we need a realistic physical realization of the constraints, which is absent for the
Bilimovich system.

In 2] Bilimovich studied tensor of inertia

A0 0
(2.5) I=({0o A o],
0 0 C

and proved that integration of the equations of motion (2.2) is reduced to the
simultaneous integration of the following equations in terms of the Euler angles

1 sin ¢[— cos 0 + g(t) sin 8] 4 ¢[sin @ + g(t) cos ] = 0,
z[) cos ¢ + 6= I,
A% sin? ¢ + ¢?) = 2E — CI'?,

where T" is an arbitrary constant. Of course, we can also rewrite our quadrature
(2.3) in terms of the Euler angles using change of variables

w1 =p=—1singcosd + psinb,
wo =q= 1/}sin¢sin0+g'ﬁcos€),
w3 = T¢COS¢+9

from the Bilimovich paper [2]. If g(t) = o € R the constraint (2.1) can be written
in the form

f=(a,w)=0, a=(1,-a,0),

where a is the eigenvector of tensor I given by (2.5) and at the level of the angular
velocity we have w = 0. Thus, we actually deal with the Suslov problem [25].
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Let us briefly discuss solutions to (2.3) in other partial cases. For example, if
the tensor of inertia has the form

Iiw iz O
I=1I1 I, 0 |,
0 0 I33

then the second term in (2.3) disappears and the separated equation becomes square

root free
dws _ (2E — I33w3) (Ii2(1 — g(t)?) 4+ (11 — In2)g(t))
dt I33(1119(t)? 4 21129(t) + I22) '
The general solution to this equation is

2F 2F Lia(1 — g(t)?) + (I11 — I22)g(t
ws(t) = /tan< /(C/( 12( 9(2) ) + (111 — Ia2)g( ))dt>>,
I33 I33 Iig(t)? + 2@129(t) + 122
where ¢ is the constant of integration.
For example, at B = 1,[33 == 4,[11 == 2,[22 = 1 and 112 = 113 == 123 = 07

solutions to the separated equation (2.3) with g(¢t) = cos(t) and g(t) = « are
presented in Figure 1.
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FIGURE 1. Graphs of U.}g(t) at I1o = I13 = Ir3 = 0.

The red curve denotes a graph for the scleronomic constraint g(t) = 0.4, and
the blue curve is a solution graph for the rheonomic constraint with the periodic
function g(t) = cost.

If at the same parameter values the off-diagonal moment of inertia I;5 is not
zero, for example, I;2 = 0.05, then the solutions to the separated equation (2.3)
with g(t) = cos(t) and g(t) = « have the following form:
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FIGURE 2. Graphs of W3(t) at I1p = 0.05, I13 =153 =0.

For the rheonomic constraint we have the following corresponding phase portrait

FIGURE 3. Dependence w; on ws at I1o = 0.05, I13 = I3 = 0.

If I3 # 0 and I3 # 0, the solutions to the separated equations (2.3) or (2.4) can be
obtained numerically. For instance, if I15 = 0.05 and I;3 = —1, then the numerical
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solutions to the separated equation (2.3) with g(t) = cos(t) and g(t) = « have the
following form at A > 0
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FIGURE 4. Graphs of (JJ3(t) at I = 005, 113 = —1 and 123 =0.

For the rheonomic constraint we have the following corresponding phase portrait

FIGURE 5. Dependence wy on ws at I1o = 0.05, I;3 = —1 and I3 = 0.
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After some time the motion becomes almost periodic. Here I13 # 0, but equation
(2.3) can be integrated numerically because A > 0 under selected initial conditions.
At the other values of parameters and initial conditions we have to solve second-
order nonlinear equation (2.4), which cannot be converted to an explicit first-order
system.

The off-diagonal moments of inertia almost do not change the motion pattern
in the case of the scleronomic constraint. In the case of the rheonomic constraint,
the motion pattern depends on the values of the off-diagonal moments of inertia
rather strongly. In what follows, we will show how in the scleronomic case the
off-diagonal moments of inertia are related to the existence of an invariant measure
and to the Hamiltonian property of equations of motion.

2.1. Scleronomic deformations of the Euler equations. If we assume
that the function ¢(t) is constant, g(t) = «, then the system of three differential
equations (2.2)

n 1
X=[w|=T"Twxw) + A" |-«
W3 0

defines a dynamical system on the plane
(2.6) D ={f=(a,w) =w1 — aws =0}

with the integral 7. This is Suslov problem and the solution can be found in [11]
for the case a = (0,0, 1). After a suitable choice of coordinate system, the solution
from [11] can be directly used for a = (1, —«, 0).

This makes it possible to reduce the order of this system by two and to obtain
one differential equation (2.3), which in this case has the form

di
(7)== Flws, B,a)
_ (@®l1a — a1y — Iz2) — I12)A
BC
(o + 1) (a(I111o3 — Iialhz) + IiaIoz — I13129)wsV/A
+ 9
BC
where
A = Bwj +2EC, C = (L1 + 2al12 + L),

B = a?(If3 — I11Is3—) + 20(I131o3 — T12133) — Ioalss + I35
Note that calculations simplify considerably at
(2.8) a(l11123 — Ii2l13) + Lialos — I1310 =0
when in the definition of the function F (2.7) the root v/A is absent and
(0I5 — a(I1y — Ino) — I12)A
BC

Under the condition det I # 0 this simplification occurs in the unique case I3 =
I>3 = 0, which we will consider below in more detail.

F =
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When I3 = Is3 = 0, the Lagrange multiplier is

waws3 ((1121 — 1 T334+ 119 wi +2wiwa T2 (T +Tao — Is3)we + (17, +I222—122133)w§)
Iiw? + 2@ swiws + [ow3

A=

Substituting A into the equations of motion (2.2), we obtain the vector field in R?

(wihy — wa(I11 — Tog)wr — wilia)wiws

w%[u + 2wiweolqs + w%.lgg

(wihy — wa(I11 — Tog)wi — wilha)wows

X =
w%[u + 2wiweolqs + w%.lgg
—wiliy +wo(l1y — Lg)wy +wilhy
I33
which possesses first integrals T'(w), h(w) = w1 /w2 and invariant multiplier
1
p(W) - OJ1WQ,

which satisfies the standard Jacobi equation in R3
o(pX I(pX I(pX.
(pX1) + (pX2) + (pX3)

8&]1 (9(4)2 aw;g =0

This invariant multiplier defines the invariant singular measure in R3
w=p(w)dw A dws A dws.

The Suslov problem is defined on the plane D C R? (2.6) that corresponds to the
invariants set of first integral h(w) = .

According to the referee comment, it is interesting since there are various ex-
tensions. For example, if we extend the system such that f(w) is the integral, then
the kinetic energy T is no more the first integral of the system, and the system
cannot be written in the Hamiltonian form with the Hamiltonian T (the corre-
sponding vector field slightly differs from X although it coincides with X on D and
one can easily be confused). In the current extension 7' is the first integral and
the Hamiltonian form exists. Indeed, it is easy to see that the vector field X is
Hamiltonian

X = PdT

with respect to the Hamiltonian 7" and the Poisson bivector

O Igwg 7[120.)1 — IQWQ
P = wiws —I3ws 0 Towy + Twy
Iowy + Ihwy  —Iipwi — yw 0
0
wilhs — wiwalhy + wiweloe — w3lo 0 w1
_ w2

(Wil + 2wiwalis + wilso)lss —wi —ws O

Function h(w) is the Casimir function of this Poisson bivector P, i.e. Pdh(w) = 0.
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For nonphysical solutions to equation (2.8), for example,

Iy 0 I3
1=lo o o],
Lz 0 I3z

an invariant measure also exists, and the equations of motion are Hamiltonian.

If vector a in f = (a,w) is not the eigenvector of tensor I, then the system
has no smooth invariant measure. The general problem is studied in [12,16]. The
next derivation of a singular measure for the Suslov problem was proposed by the
referee. Let us take vector field X on R? and restrict X on a plane D (2.6). The
singular measure p should be restricted to D in order to have the measure for the
Suslov problem. We have

w= pdwy N dws A dws = pdf N,
where

1
= m(adwl + d(U2) A\ dwg.
Thus, the singular invariant measure of the Suslov problem is pQ|p.

3. Conclusion

In [3] Bilimovich found solutions for the rheonomic constrained Lagrangian
system in terms of elliptic quadratures. It is the first example of explicit integration
of equations of motion of nonholonomic systems with rheonomic constraints.

In [2] Bilimovich studied rheonomic nonholonomic deformations of the Euler
equations and very briefly discussed explicit integration of this system in the par-
tial axially symmetric case. In this note we present explicit integration of these
equations of motion in generic cases.

It will be interesting to study inhomogeneous Bilimovich systems with con-
straint

f=w1 —g)wa=a, a€R.
It is a nonideal constraint and the corresponding constrained equations of motion
do not preserve total energy T. However, the corresponding two-dimensional flow
could preserve some integral in partial cases similar to the inhomogeneous Suslov
problem [13].
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BNJINMMOBWREBE PEOHOMHE HEXOJIOHOMHE
JAE®OPMAIINJE OJJIEPOBUX JEJHAYVHA

PE3uUME. A. /1. Busimmosuh je 1913. npumerno ja cy peOHOMHE XOMOI'€He JIi-
HeapHe Be3e 10 TeHepaucaHnM bp3anama ujeasnne. Kao Tunuyaan npumep, pa3ma-
TPao je peoHOMHY HexosJoHOMHY nedopmarujy OjepoBux jegHaunna, quja je cKpe-
JIOHOMHa Bepauja eksuBajieHTHa CycoBbeBoM 1pobseMy. Jennadnne Bunumosu-
hesor cucrema cy cBejieHe Ha KBaJpaType, [P Y€MYy je JUCKyTOBAH PDEOHOMHHU U
CKJIEDOHOMHU CJIy4aj.
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